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This book is based on papers presented at LABS 2, the Second Latin American
Biodegradation and Biodeterioration Symposium, held in Gramado, RS, Brazil, from 2nd to
5th April, 1995, under the aegis of the Biodeterioration Society, the Brazilian Society for
Microbiology, the Argentinian Association of Microbiology and the Federal University of
Rio Grande do Sui (UFRGS).
The LABS series was created with the aim of catalyzing interchange between researchers
and industry and stimulating regional research in the important area of applied environmental
biology known as Biodegradation & Biodeterioration. That these aims have been achieved
can be seen by the number and quality of the articles in this volume. Over 90 papers were
presented in Gramado, by authors from 12 countries. This book contains 60 of these, 44
being from Brazil, Argentina and Uruguay, demonstrating that Biodegradation &
Biodeterioration is an active area of research and development in Latin America. There are
also contributions from a number of the internationally-recognized experts who were present
atLABS2 .
In this way, the LABS series serves as a means of interchange of ideas between researchers
in Latin America and the rest of the world. The establishment of mechanisms for the regular
exchange of information is a seminal part of the process of developing a strong regional
research base in any area.
In the case of Biodegradation & Biodeterioration, information exchange is all the more
important because of the interdisciplinary nature of the research and the need to apply novel
solutions to old problems. In this respect, LABS 2 was an outstanding success, providing a
congenial forum for discussion and debate and the forging oflinks between research groups,
individual scientists and industry. I am pleased to report also the inclusion in the Symposium,
and in this book, of a section on education. This important area could be expanded in future
events.
I should like to take the opportunity provided by the publication of this volume to thank all
the individuals and organizations who supported or participated in LABS 2 and who will, no
doubt, be keen to support the next Symposium, LABS 3, when we shall once again gather to
avow our commitment to the advancement · of knowledge in Biodegradation &
Biodeterioration.
Department of Soils
UFRGS, Porto Alegre
Brazil. January, 1996.

Robert W.S.P. Thomas
Vice-chairman, LABS 2
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BIOLOGICAL CONTROL OF DISEASE AND SPOILAGE OF POST-HARVEST
PRODUCE
Green, P.N., NCIMB Ltd., 23 St. Machar Drive, Aberdeen, As2 1RY, Sco~~d, UK.

ABSTRACT A significant proportion of the world's food resources are lost ~h year due to disease of the

•

plants or crops from which they are derived. In addition, further losses occur, after harvest and during storage of
perishable produce. Such post-harvest losses can be reduced or prevented by,11 variety ofmellSures. These include
improved stornge and transportation methods, llS weU llS control of the disellSe or spoilage organisms which lead
to biodeteriomtioiL In severe cases, over 50% of a particular crop can be lost by disease, post-harvest SPoilage,
or a combination of both. Apart from the obvious WilSie, in poorer countries in particular, this can lead to fiunine
and consequent malnu!rition or loss of life. Even in so called "developed countries", disease and spoilage of
edtble produce can ,sometim~ reach unacceptably high levels. This presentation focuses on examples of
post-harvest diseases and the biological mther than the chenli.cal mechanisms used in their control. This biological
method of tackling disease control in food crops is gnining increllSing jnterest and research tim_e.in light or'the
growing_ preference fu.>m both consumers _and govermnents to move awaY, from the use of chemiCal agents on
edible produce.
: .. .
,
:; ,,
INTRODUCTION Post-harvest losses of durable crops are estimated at,around 10"/o worldwide an~ 20"/o or
more in developing countries; particularly in the tropics. The Food and Agriculture Organization of the United
Nations (FAO) evaluated the extent of losses worldwide in 1976 llS at least 10"/o for cereals, 10-20"/o for root
crops and tubers, and l0-30"/o for fruit and vegetables. Other w~rkers have estimated losses of up to 50% in
harvested crops, much of this due to rots caused by microorganisms (Aidoo, 1993).
Virtually aU types of crops are subject to biodeteriorntive processes whether they be cereals, root crops, fruit,
vegetables, or other specialty produce. The precise nature of post-harvest disease or deteriorntion depends of
course on many different things. For example, the type of crop • whether it is a soft fruit, a harder stoned fruit, or
cereal • will have a significant bearing upon its storage life. As one would expect, produce with a high water
content and a thin ellSily bruised skin or testa will not keep llS long, or handle as ellSily during harvest, llS nuts or
beans for example. In met physical damage during harvesting, perhaps more than anything else, is responsible for
facilitating the entry of post-harvest pathogens through wounds and abrasions to the crop (Wilson & Wisniewski,
1989). Many of these pathogens are of course present on the surface of the crop or are already active llS disellSe
agents before harvesting. Some are unsightly, like Colletotriclnnn musite which causes anthracnose of b~
even although the crop may still be edible; others such llS Erwinia carotovora , which causes soft rot of lettuce,
Penicillium spp., which cause green mold of citrus, or Botrytis cinerea, which produces grny mold on harvested
stmwberries, render the crops affected totaUy useless, aod iri some CllSeS dangerous because of toxins they
' ·
·· '
produce (Aidoo, 1993).
Other factors which affect the biodeterioration of agricultural produce, apart from the type of crop and
physical damage during harvesting and packaging, are storage conditions and post-harvest treatment. Waxing of
fruits such as oranges, cold storage, modified atmospheric stomge and rapid, refrigerated tmnsportation between
the farmer and the market place are aU methods used to prevent spoilage. Some of these practices however are
too expensive, inoperable, or simply not available in many arellS of the world, and so loss of at IellS! some of the
crop is accepted almost llS a met of life. This is particularly so· where the crop caruiot be preserved by traditional
methods such as drying, smoking, pickling, salting or fermenting. Fresh produce which is not preserved, chiUed,
or can reach the market place quickly, will therefore begin to deteriorate unless it is treated to prevent spoilage.
At present such produce is either not treated at aU, or is treated chemically with fungicides. However, in many
cases, particularly in Europe and the USA, chemical treatment of edible produce to prevent spoilage is
increllSingly losing favor, mainly because of llSsoclatOd health risks. So what are the alternatives? One obvious
alternative is the use of microorganisms to restrict or inhibit the growth of pathogens or deteriogens present on
the surface of the crop concerned; in other words -BIOCONTROL.
BIOCONTROL
Defmition and principals Biocontrol can be defined llS ... "any condition under which, or prnctice whereby,
survival or activity of a pathogen is reduced through the agency of any other living organism (except man
hiinself), with the result that there is a reduction in incidence of the disease caused by the pathogen". (Garrett,

a

•

i%s).

·

Having defined biological control of plant disellSe; if we consider biocontrol in its broader sense, there are

several possible approaches open to us in terms of its implementation. These routes are:
(i) via constitutive or induced resistance of the plants own defense sYstem
(ii) by the use of natural plant products
(iii) by the use of antagonistic microorganisms to control post-harvest pathogens.
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The first two routes are worthy of chapters on their own, and have been well documented by other workers
(e.g. Kuc, 1987; Schonbeck & Dehne, 1986; Wilson et al., 1987). It is the third route on which I wish to
concentrate for the rest of this chapter.
Use of antagonistic microorganisms in post-harvest disease Antagonistic microorganisms (principally bacteria
and fungi) can be used to control or inhibit the growth of the spoilage flora present on or just beneath the surface
of a crop under study. Two basic approaches are available to us for using antagonists to control post-harvest
diseases (Wilson & Wisniewski, 1989): scientists can either promote and manage natural antagonists that already
exist on fruit and vegetable surfaces, or they can artificially introduce antagonists against post-harvest pathogens.
The first question which should perhaps be addressed is therefore: does there exist a naturally occurring
epiphytic antagonist population on. the surfaces of target crops which we can manage in order to control
post-harvest disease? The answer I think in many cases, is yes. Certainly there are reports of naturally occurring
antagonists on the surface of apple and citrus fruit which have been isolated from the fruit and re-applied as
effective biocontrol agents (Chalutz & Wilson, 1989). It has also been noticed that when fruits and vegetables are
washed, and by implication some of the disease-suppressing antagonists removed, they are more susceptible to
decay than those that are unwashed. Indeed various cultural practices both pre- and post-harvest can be
considered or modified to promote beneficial microflora on harvested crops. These include: prudent use of
pesticides, siorage methods, post-harvest treatments and spraying with nutrients or fertilizers.
As far as artificially introduced antagonists are concerned, there are three factors which indicate that biological
control in the post-harvest environment by such artificially introduced microorganisms may be an exceptionally
productive area to explore (Wilson & Wisniewski, 1989). First, one of the main reasons for the failure of many
biocontrol agents in the past has been man's inability to control environmental conditions. However, storage
conditions for harvested crops often include controlled and maintained environmental conditions - certainly in the
USA and Europe. Secondly, with harvested produce, the problem of directing biocontrol agents towards
effective sites, which can be a major disadvantage when treating phylloplane or rhizosphere pathogens, is of far
less significance. And thirdly, the high market value of many harvested crops makes the application of elaborate
biological control procedures more cost-effective than similar procedures in the field. Additionally, in testing
biologici!l control agents for use against post-harvest diseases, the jump from the laboratory to the post-harvest
environment is not as abrupt as that from laboratory tests into field trials. Laboratory conditions can be made to
mimic more closely post-harvest conditions where fruits and vegetables are handled and stored.
Given these circumstances, we can perhaps expect a more rapid application of laboratory results for
post-harvest biological control than we have experienced with their field application. Very many post-harvest
infections of fruits and vegetables occur through wounds. To control such pathogens, effective antagonists must
be able to colonize wounds and inhibit the pathogen in situ. This can involve a complex interaction involving host
resistance and the wound response, as well as the effect of other interacting microorganisms. The role of many of
these factors and of the post-harvest physiology of fruits and vegetables is not fully understood and requires
much more research effort.
The ideal candidate hiocontrol organism When selecting a potential biocontrol agent for post-harvest
diseases, the ideal candidate organism should possess a number of important properties. These should include:
(i) ability to survive and persist in the environment in which it is placed
(ii) competitiveness, both with the pathogen and other epiphytic organisms
(iii) tolerance and adaptability to a variety of conditions
(iv) ability to remain metabolically active in terms of its method of antagonism; and
(v) good shelf life with low production costs ifit is to be seriously considered as a commercial biocontrol agent.
In addition, because it is for use on materials destined for human consumption, special consideration should be
given to its potential toxicity to man and animals. Finally, as well as having the capability of surviving and
remaining active under the recommended storage conditions for the crop, any agent should be compatible with·
other chemical or physical treatment of the produce.
Selection of antagonists So, how does one go about screening for potential antagonists? Where should we look
andwhere have successful candidates been found so far?
To date, effective antagonists have been found in the soil, on fruit and other plant surfaces. Looking further
ahead to their possible commercialization, however, the argument can be made that it would be more acceptable
to select antagonists from the environment where they will be used. Those that occur naturally on fruit or
vegetable surfaces, and are then re-applied as biocontrol agents, are more likely to gain public acceptance. One
concern which would have to be considered in any selection process is of course the potential toxicity of the
biocontrol agent to man. In particular, one should try to ensure that any organism selected is not either in itself a
plant pathogen, or taxonomically related to one. Nor in some cases should any antagonist used be an antibiotic
producer, which may be viewed as a "food additive" in some quarters. In both these cases, difficulties may be
encountered when registering such a product for use.

2
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When attempting to select post-harvest disease antagonists, much more emphasis is placed on in vivo
screening, which allows for the. recognition of other modes of action apart from antibiosis and also alleviates or
lessens the problems presented by a poor correlation between in vitro activity and in vivo performance.
Examples of organisms which exert biocontrol via antibiosis include Bacillus subti/is on grape, stone and
citrus fruit, Trichoderma spp. on citrus; and Burkholderia cepacia (formerly Pseudomonas) and Burkholderia
gladioli (formerly Pseudomonas) on pome fruits. Examples of biocontrol via mechanisms other that antibiosis
involve Ps. syringae, Cryptococcus spp.,. Pichia gui/lermondii, and Sporobolomyces roseus on pome fruits, as
well as Enterobocter cloacae on stone fruits, Penicillium spp. on pineapple and P. guillermondii on citrus, grape
and tomato. (For individual references see Wilson & Wisniewski, 1989).
Many of the above potential biocontrol agents have been used in trials in handling and packaging plants. Dr.
Larry Pusey and his colleagues from the ARS, Tree Fruit Research Laboratory .at Wenatchee, USA, have been
involved in trials relating to the application of Bacillus subtilis on peaches to control brown rot. A suspension of
B. subti/is is applied as a spmy on part of the production line, after which the peaches are air dried and boxed. Its
efficacy in terms of brown rot prevention is assessed alongside untreated fruit.
What the future holds While the prospects for developing a successful biocontrol agent for application against
post-harvest disease look a better bet than targeting these agents in the phylloplane or rhizosphere, a number of
factors still need to be investigated and/or taken into account. None more so than the wide range of storage
conditions to which harvested fruit and vegetables are subjected.
Hruvested crops may receive a variety of treatments, from chilling to hot water dips, or they may be cured at
elevated tempemtures and humidities. The effect of such treatments on epiphytic microbes, including potential
antagonists, should be studied. Also, tbe composition of epiphytic microbial populations on harvested
commodities entering storage may affect their stombility, and pre-storage treatments can profoundly affect such
populations.
In selecting antagonists, we should look at the inhibitory effect these antagonists have on the pathogen. We
should also look for organisms which are well adapted to survive and grow on fruit and vegetable surfaces and in
wounds under storage conditions. These may have an "adaptive advantage" over the pathogen or pathogens. For
example, Tronsmo selected an isolate of Trichoderma that grew at low temperatures, to use in the control of
Botrytis rot of stmwberries in stomge. Also nutrients on plant surfaces can affect the composition of surface
flora. As fruits and vegetables mature, they release a variety of nutrients, volatiles and other secondary
compounds, some of which favor or inhibit microbial growth.
If researchers are to build upon the early promise of biocontrol of post-harvest disease and effectively apply
antagonists to prevent or control stomge diseases of fruits and vegetables, they need to understand much more
about the changing nutritional, chemical and microbiological components of the produce during the storage
regime for that crop. They must also understand the interactions between these physiological, chemical and
physical factors and the antagonist-pathogen-host relationship. Then, and only then, will scientists be better
placed to select and implement a biocontrol stmtegy with any degree of confidence or likelihood of success.
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SELECTION AND ISOLATION OF PHENOL DEGRADING MICROORGANISMS
Bastes, A.E.R.\ Tsai, S.M. 1, Moon, D.H.1, Furlan, G.R2, Tomisiello, V.'
'Microbiology Laboratory; 'Ecology Laboratory, Center for Nuclear Energy in Agriculture, Piracicaba, SP,
University of Silo Paulo, Brazil.
ABSTRACT Microorganisms collected from undisturbed forest and 8 year-old pasture soils, from Ariquemes,
RO., West Amazon, were adapted to increasing phenol concentrations. 700ppm phenol was considered the
optimum for the adaptation process. Phenol degradation by the adapted mixed cultures, sludge collected from an
industrial treatment plant, domestic sewage, river water and the original soils, and 4 standard microorganisms
was determined. Radiorespirometry C'C,H50H) was used to characterize the degradative process. The phenol
degrading capacity of the adapted soil samples was greater than that of the other cultures tested, but there were
no marked differences between the adapted cultures in their ability to use phenol.
INTRODUCTION Phenolic compounds of natural origin are biodegraded in the soil (Paul et al., 1994,
Middelhoven et a!., 1991). Man-made phenolic contaminants, produced by chemical industries (drugs, resins,
pesticides) are a matter of environmental concern when they are persistent. The aim of this work was to study the
adaptation of microorganisms from soil and their ability of the isolates to utilize phenol as a sole C source.
MATERIALS AND METHODS
Soil Undisturbed forest (F) and 8 year-old pasture (disturbed; P) soils were collected from the Nova Vida fann,
Ariquemes, RO., W. Amazon; the climate is wet tropical and the soil is classified as Oxisol.
Growth medium 5xM, a minimum medium containing, per liter: Na}IP04 34g; KH,PO, 15g; NaCl 2·5g;
NH..CI Sg; IM CaCI, O·Sml; IM MgS04 !Om!; pH 6·7-7·0 (MM) or nutrient broth without glucose, pH 6·7-7·0
(NB) were used. MMG and NBG are these media with added glucose (100mgl·' ).
Culture conditions In the initial phase, soil samples were added to 250m! of growth media MMG & NBG, to
which 20, 40, 80, 120, 160, 200 and 250 ppm phenol were added. After maximum growth (assessed by turbidity,
A. = 600nm), growth was assessed by viable counts on plate count agar.
Adaptation Aliquots of bacteria grown in the presence of phenol (P & F) were successively subcultured into
fresh medium with higher phenol concentrations {100, 200, 300, 500, 700, 900, 1100 & 1300ppm phenol). In this
2nd phase the growth was performed in 250ml flasks containing MM, MMG, NB and NBG. In both phases, the
cultures were incubated at 29°C, ISO rpm.
Determination or phenol degradation Degradation was measured in MM at I 00 & 700ppm phenol, using
adapted and original biomass, samples of sludge (A & B), sewage and river water, original soil samples and
adapted isolates. Three positive controls, Rhodococcus erythropo/is (ATCC 4277), R ruber (DSM 43250) and
Acinetobocter ca/coaceticus {ATCC 11171) and I negative control Rhizobium tropici {CIAT 899) were also
tested. After incubation, samples were centrifuged (3000rprn, 5min, 25°C) and the supernatant diluted 10 times
and phenol read in a spectrophotometer, HP 845!A, at 270nm.
Radiorespirometry Sludge (A & B), sewage, river water, adapted cultures (P & F), active isolates from P & F
soils and R erythropolis were incubated with labeled phenol at IOOrpm, 29°C in MMG for 12 days. Labeled
phenol {''C,H,OH-UL, Sigma, 18,200 Bq) was added to the Erlenmeyer with a C02 trap (O·Sml IN NaOH). At
24h intervals, the trap was washed with !Om! of scintillator cocktail (POP 4g; POPOP 0·2g; Renex95 330m!;
toluene 670ml). 14C02 evolution measured in a liquid scintillation counter (Packard Tri-Carb 1600 TR). At the
end of the incubation period, the culture was centrifuged and the radioactivity in the deposit and supernatant
measured. Soil respiration was measured in the original soil samples using 14C-glucose (Freitas eta!., 1979).
RESULTS AND DISCUSSION Soil respiration ( 14C02 evolution from labeled glucose) was 22·4% higher for
the pasture soil. This agrees with the higher viable counts obtained for this soil.
In the 1st phase, there was no relationship between cell counts and dose of phenol (20-250ppm). In the 2nd
phase, initial cell growth was better for the community grown in MM (Figures Ia & b). In the cultures originally
grown in NBG + phenol, added glucose improved growth, but not at phenol concentrations higher than 500ppm.
Cultures without glucose at 500 ppm phenol showed no growth. In the cultures initially grown in MMG +
pheno~ growth increased up to 700ppm phenol and growth was observed up to 900ppm phenol. Glucose only
slightly enhanced growth at all phenol concentrations. Organisms adapted to growth in MM + 700ppm phenol
{F700 and P,) grew progressively better up to 700ppm phenol (Figure I c). At higher phenol concentrations, there
was no improvement in growth. P100 and F 700 were plated out on solid medium. 53 and 54 growth forms were
selected from the pasture and forest soils respectively. They grew fast on agar medium, with or without phenol
{1-2 days after inoculation), were tolerant to high salt concentration (56·5gll) and to phenol at 700ppm. Of the
standard microorganisms, only Rhodococcus erythropolis and R ruber grew on MM (1·8% agar) with 50ppm
phenol. Preliminary tests in liquid medium with 700ppm phenol indicated that 2 isolates (P, & F 1) from the
adaptive process and one control (R erythropolis) were effective in diminishing phenol concentrations.
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In the degradation experiments with I OOppm phenol, the adapted biomasses (P100 and F,.) and the isolates P,.
F 1 and R erythropo/is showed high rates of phenol depletion (800/o) in the first 24h. For the collected biomasses
(sludge A, sludge B, sewage, river water), a similar reduction was observed after 48h. In the original pasture soil
the phenol concentration fell at 72h and for the original forest soil at 96h. In the degradation studies using
700ppm phenol (Figure 2), the isolates P9 and F, showed a high rate of phenol depletion (90%) at 48h. For R
eryfhropolis a slow reduction (50%) occurred at !Odays. The adapted biomasses (P700 and F.,.) reached 900/o
reduction at 72h; at 48h, 700/o of phenol had already been lost. There was a long lag time before the collected
biomasses began to remove phenol. The sewage biomass reduced phenol concentration to 500/o at 6days, sludge
B at 8days, river water at 9days and sludge A at I Odays. The original soil samples began to reduce phenol
concentration slowly after 13days (P 18%; F 8%, 19days). Uninoculated controls showed no reduction. The
adapted biomasses, the isolates P,. F, and R erythropo/is and sludge B showed growth (turbidity) in MM
without added phenol, but less than with phenol addition.
Phenol degradation, measured by radiorespirometry, was carried out on all the above isolates except the
original soil samples (Figure 3). An initial period of rapid 14C02 evolution and a longer period of slow evolution
were observed for all the isolates. The rates of evolution in the early and late phases were similar in all cultures,
but the duration of the initial rapid phase varied. The duration of the initial rapid phase was longest for the
sludges and the isolate, F 1• At the end ofthe respirometric study (12days), only 11·5 - 16·5% ofthe initial activity
remained in the flask for all samples. More residual. activity was present within the cellular precipitate (counts
61,073-134,829dpm) than in the supernatant (counts 42,810-52,442 dpm) with the exception of sludge B.
Approximately 600/o (53-62%) of the added phenol was not detected.
CONCLUSIONS Forest and pasture soils did not show significant differences in the adaptation process for
phenol degradation. The minimum medium was more suited to adaptation than nutrient broth. Original soils have
a nstural ability to degrade phenol but can be adapted to high phenol concentrations. Adapted isolates of high
efficiency were produced.
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Figure 1 Effect of phenol concentration on growth of enriched cultures from phase 1 (P &
F) in media with and without glucose. la = NB; lb =MM. lc =Inoculum adapted to 700ppm
phenol, in MM & NB with phenol as sole carbon source.
la •F-NB; + F+NB; • P-NB; ....,_

lb

•F-MM:+F+MM;"PoMM;"P+MM

}C

•F-NB; +NIB; •F-MM: · -

,A\
...... ....,.)o,
...

'

'

\
\

' ', ' \
' ~

'-:c-:_,.~...,.'=t-~~,..;.
.... ~ - - ...._

•,

a • 7 • 1 11 11
Pftonol.,.,.. (lc 100 PP!')

1

-

Dooo (lc 100 ppm)

5

2

a

4

-

a

1 1 e • 11
0... (lc 100 ppn)

~

u

13

Bastos, Selection of phenol degraders
Figure 2 Variation of phenol concentration with time for 11 inocula in MM containing
700ppm phenol.
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DEGRADATION OF LIGNOCELLULOSIC MATERIALS BY FACULTATIVELY
ANAEROBIC SOIL FUNGI
Durrant, L.R, Faculdade de Engenharia de Alimentos, Univeridade Estadual de Campinas (UNICAMP),
Campinas, SP, Brazil.
ABSTRACT Two cellulose-fermenting fungi were isolated from soil samples on cellulose agar under anaerobic
conditions. Both isolates lilso used pentoses, hexoses, cellobiose, xylan and lignin-derived compounds as
microaerophilic and aerobic growth substrates. The isolates were an unidentified basidiomycete and
Trichocladium canadense. Their production of cellulose-degrading enzymes on ball-milled filter paper slurry was
investigated under aerobic, anaerobic and microaerophilic conditions. Xylanase, cellulases and !3-glucosidase
were detected. Highest activities were obtained under microaerophilic conditions for T. canadense and aerobic
conditions for the basidiomycete. Laccase was detected in the culture supernatants of both strains, but only the
basidiomycete produced peroxidase. Ethanol and acetate were the major non-gaseous fermentation products of
both these isolates.
JNTRODUCITON Most fungi need oxygen in at least small amounts for growth. However, certain rumen
microorganisms, originally believed to be protozoan flagellates (Orpin, 1975), have now been identified as
zoospores of anaerobic phycomycete fungi. These anaerobic fungi are now considered to be normal members of
the rumen microbiota and to contribute to lignocellulose digestion and fermentation (Bauchop, 1989; Akin &
Borneman, 1990). Cellulases and xylanases are produced by these anaerobic fungi (Lowe et al., 1987; Orpin,
1988; Teunissen & Op den Camp, 1993; W~son & Wood, 1992), and are thought to be important in the
breakdown of lignocellulosic tissues in the gut.
The microbial production of chemicals by lignocellulosic fermentation has generated considerable research
interest. Commercially available celluloses are unlikely to be used as substrates for industrial fermentations, but
fuel production by fermentation of agricultural and forest residues is attractive as a renewable energy source.
This work aimed to investigate the production under various cooditions of oxygen availability of cellulose,
xylan and lignin degrading enzymes by two fungi isolated from anaerobic, poorly-drained soils. Ethanol
production by anaerobic cellulose fermentation was also investigated.
MATERIALS AND METHODS
Culture conditions The defined liquid medium used throughout contained (per liter): KH}'04 1g; NJI.Cl 0·54g;
CaCI, 0·3g; urea I·Og; I.-cysteine HCl1·0g; resazurin (0·1% w/v) 0·1mi; minerals l·Omi of solution containing
(ammonium tartrate 0·22g/l; manganese sulfilte 0·66g/l; iron sulfilte 0·15g/l; cobalt sulfirte 0·10g/l; zinc sulfilte
O·!Og/1; copper sulfate 6·4g/l; aluminum potassium sulfate !Omg/1), vitamin solution 0·5mlll (mg/1 biotin 2·0; folic
acid 2·0; tbiamine-HCl 5·0; riboflavin 5·0; pyridoxine-HCI 10·0; cyanocobalamine 0·10; nicotinic acid 5·0;
DL-calcinm pantothenate 5·0; tbiotic acid 5·0) plus cellulose. The cellulose was filter paper Whatman No. I,
either as a strip (I x !Ocm), or as a slurry prepared by wet ball milling (Leschine & Canale-Parola, 1983). Agar
medium contained 0·6% (w/v) cellulose slurry and 0·9"/o agar (Difco). Media for anaerobic culture were
pre-reduced. Agar plates were stored in an atmosphere of 5%
I 0% If,, 85% N, in an anaerobic chamber
(Coy Laboratory Products Inc., Ann Arbor, Mich.) until the resazurin indicator became colorless.
Isolation of cellulose-fermenting fungi Enrichment cultures were performed by inoculating soil and sediment
samples into Neoprene-stoppered anaerobic culture tubes (Bellco Glass Inc., Vmeland, NJ), each containing lOmi
of pre-reduced medium under N,. Filter paper strips were used as cellulose source and 601Jg/mi of a mixture of
anbbiotics (penicillin, ampicillin, chloramphenicol and streptomycin) were added to restrict bacterial growth.
After incubation at 30°C, liquid and sediment from the cultures showing cellulose degradation were plated onto
cellulose agar. Clear zones were observed around colonies on this medium afler 3-4 weeks. Fungi were purified
by repeated sub-culture on the same medium.
Enzyme preparation and assays The production of cellulose, xylan and lignin degrading enzymes was assayed
in anaerobic, microaerophilic and aerobic cultures. 800mi of defined liquid medium containing 0·2%(w/v)
ball-milled filter paper slurry was dispensed in !liter flasks. Pre-reduced anaerobic cultures were incubated for 4-5
weeks; microaerophilic cultures, in jars containing BBL gas generator envelopes (BBL Microbiology Systems,
Becton-Dickinson, MD, USA), were cultured for 3weeks and aerobic cultures were incubated in loosely-capped
flasks in air and shaken every other day for up to 3 weeks. After growth, the medium was filtered, then
concentrated by ultrafiltration using a Novalcell stirred cell (Filtron Tech. Corp., Clinton, MA, USA) equipped
with a I Ok Mr cut-off membrane. Cellulase, carboxymetbylcellulase (CMCase) and xylanase activities were
determined by measuting production of reducing sugar from crystalline cellulose (Avice!), carboxymetbylcellulose
(CMC, Sigma), or oat spelt xylan, respectively, using dinitrosalicylic acid reagent (Miller et al., 1960). lmi
aliquots of !%substrate in O·OSM acetate buffer, pH 5·0, were incubated with samples at 50"C for 20min prior to
the addition of 2mi of IM NaCO,. Absorbance at 41 Onm was measured. One unit of enzyme activity was defined
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as the number of ~moles reducing sugar or p-nitrophenol produced per ml of enzyme solution. Protein was
detennined using a kit (BioRad Laboratories, Richmond, CA) and bovine serum albumin as standard.
Lignin degrading enzymes were determined using syringaldazine (Kawai et al., 1988) for laccase and
syringaldazine (Harkin & Obst, 1973) or o-dianisidine (cited by Ander & Eriksson, 1987) for peroxidase.
Polyacrylamide gel overlays (zymograms) Proteins were separated by SDS-PAGE, using a PhastSystem and
PhastGels (10-15% polyacrylamide linear gradient, Pharmacia). Prior to electrophoresis, samples were mildly
denatured by incubating with SDS for IOmin at 50°C. CMCase and xylanase activity bands were detected in the
gels after washing twice at RT with 0·1% Triton-X 100 and once with 0·05M acetate buffer pH 5·0 (all washings
for 30min), followed by incubation with the respective enzyme substrates (PoWschroder et al., 1994).
Substrate utilization Utilization of various substrates was detennined by visual estimation of growth after two
transfers in liquid media containing the potential substrate and by growth on the respective agar media. Final
substrate concentration was 0·5%. Media without potential substrates did not support growth. 0·2% (w/v) lignin
sulfonic acid and lignin organosolv were used to test for utilization of lignin-derived compounds.
Fermentation products These were detected by HPLC (Model 2300, ISCO Co., USA) using an SP8430
refractive index detector and an SP4290 integrator (both Spectra Physics, CA). The column was an Aminex resin
HPX-87H from BioRad Labs., USA.
Chemicals and cellulose substrates All chemicals used were reagent grade. Microcrystalline cellulose (Avice!
type PG-105) was a gift of FMC Corp., PA, USA. Syringaldazine, lignin sulfonic acid-sodium salt and lignin
organosolv-2-hydroxyethylether were purchased from Aldrich Chemicals Co., Milwaukee, WI, USA.
RESULTS AND DISCUSSION Two cellulose-degrading fungi were isolated under anaerobic conditions and
were identified as Trichocladium canadense and a basidiomycete. Although both grew and fermented cellulose in
pre-reduced media in the absence of oxygen, faster growth and complete cellulose degradation were achieved
under microaerophilic conditions. In liquid cultures incubated in air without shaking, growth was restricted to the
bottom of the tubes. The basidiomycete grew and utilized cellulose most rapidly in shaken, aerobic conditions.
T. canadense preferred low oxygen tension for growth on cellulose and is a facultative microaerophile when
cellulose is the sole substrate. Active aeration did not improve growth or cellulose degradation by this strain and,
in aerobic, unshaken cultures, noticeable growth only occurred near the bottom of the tubes. The basidiomycete
grew better under microaerophilic than under anaerobic conditions, but best growth and cellulose degradation
were seen in fully aerated cultures.
Both isolates utilized D-glucose, cellobiose, D-xylose and xylan in microaerophilic cultures. D-Mannose and
D-galactose supported moderate growth. Slight growth by T. canadense was seen in media containing
L-arabinose. Moderate to good growth of both strains was observed under microaerophilic and aerobic
conditions with lignin sulfonic acid, but there was no growth in anaerobic conditions. T. canadense could not
grow on the lignin organosolv as sole carbon source.
CMCase, cellulase, 13-glucosidase and xylanase activities in the supernatants are shown in Table I. Enzyme
levels were greatest for T. ctinadense when grown under anaerobic or microaerophilic conditions and for the
basidiomycete when grown in aerobic or microaerophic conditions.

•

Table 1 Variation of cellulolytic enzyme production by fungal isolates grown under different oxygenation.
Basidiomycete
T. canadense
Enzyme
Anaer
J1Aer Aerobic
Anaer
J1Aer Aerobic
CMCase (mnolcs mt'mln·')

1200

1500

2100

900

1600

800

Cellulase (mnoles mt'mln·')

38

47

66

17

13

0

13-glucuronidase {mnolcs mt'mtn·')

70

80

50

230

380

100

1650

2750

3150

1700

2450

900

Xylanase (omolcs mt'mln·')
Anaer

=

Anaerobic

)IA.er =Microaerophilic

Laccase was detected in both culture supernatants, but peroxidase was only found in.the basidiomycete. The
results are shown in Table 2. Both strains grew in lignin sulfonic acid, but only the basidiomycete was able to
grow on the more complex lignin-related substrate (lignin organosolv). The results of tests with syringaldazine
and o-dianisidine indicated that different enzyme systems are utilized by the strains for growth on lignin-related
compounds. The basidiomycete produced laccase and peroxidase, which are involved in lignin degradation
(Morohoshi, 1991). The detection tests used here did not demonstrate peroxidase production by T. canadense.
This probably explains why it did not grow on the lignin organosolv substrate; These enzyme systems need
further investigation.
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Table 2 Lignin-degrading enzymes of the fungal isolates grown under microaerophilic conditions
Enzyme activities (pmoles ml"1min"1)
Laccase
Peroxidase
Isolate
Syringaldazine + H,O,
o-Dianisidine + H,02
Basidiomycete
2·77
4·15
10·2
T. canadense

6·46

0

0

Growth substiate: 10m! of0·2S%(wlv) ball-milled filter paper medium.

•

CMCase- and xylanase-positive bands were seen in all PAGE gel samples tested. Only one CMCase and one
xylanase band were detected for T. canadense and these did not vary with oxygen tension. Under aerobic,
microaerophilic and anaerobic conditions, 5, 4 and 3 CMCase-active bands, respectively, were seen in
basidiornycete samples. Two xylanase-positive bands were detected in samples grown under aerobic conditions
and only one band was present when the basidiomycete was grown in microaerophilic and anaerobic conditions.
The appearance of enzyme bands in T. canadense supernatants was not affected by oxygenation, although
changes in staining in these bands was possibly discernable. On the other hand, the basidiomycete enzyme pattern
and protein secretion levels were clearly seen to be affected by oxygen tension.
Tolerance to low levels of02 has been observed in aquatic fungi (Deacon, 1984) and a number of yeasts and
filamentous fungi, such as Mucor hiemalis and Aspergillus fumigatus, can grow by the anaerobic fermentation of
sugars (Dube, 1990). 1n compost, in waterlogged soils and in both coarse and fine aquatic sediments (sand and
mud), anaerobic activity starts close to the surface (Ljungdahl & Eriksson, 1985) and aerobic conditions are
present only in the surface layers. A substantial amount of cellulose is degraded in such anaerobic environments.
The ability to degrade lignin sulfonic acid suggests that the two fungal isolates may be able to attack the lignin of
plant cell walls over a wide range of oxygen tension. Moreover, their ability to digest celluloses and xylans over a
wide range of oxygen availabilities brings a new perspective to our understanding of the breakdown of these
polymers in soil, where small oxygen-deficient composting aggregates are frequently found. These fungi are more
versatile than obligate anaerobes, which can degrade cellulose only in soils that are essentially devoid of02• They
have an advantage over strictly aerobic decomposers, which grow poorly in environments that are
oxygen-depleted. The ability of these fungi to exploit a wide range of habitats with varying oxygen availability
and to switch between oxidative respiration and sustained anaerobic fermentation should give them a great
natural advantage in unstable environments, such as in soil, where waterlogging .and plant detritus vary
seasonally.
Both isolates produced ethanol and acetate as .the major non-gaseous fermentation products. These are
products of industrial value and the economic potential of fermentation of agricultural residues should be
considered.
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BIODEGRADATION STUDffiS OF ATRAZINE IN A TROPICAL SOIL
Brigante, J. 1, Barbieri, S.M.'
'Programa de P6s-Gradua~ao em Ecologia e Recursos Naturais, Centro de Ciencias Biol6gicas e de Saude;
'Departamento de Genetica e Evolu~iio,Universidade Federal de Silo Carlos, SP, Brazil.
ABSTRACT Biodegradation of atrazine and the influence of this herbicide on the microbial community were
evaluated in a tropical soil under laboratory conditions. The study was cairied out using soil from depths of 0-10,
10-20, 20-40 and 40-60 em. The initial half-life of atrazine was 13·9 days in unsterilized soils and 26·6 days in
sterilized soils. Atrazine residues were still present after 320 days, and were almost 15 times higher in the
sterilized soil Samples, indicating the importance of biological degradation. The rate of degradation slowed after
40 days in both sterile and unsterilized soil. There were no significant differences in atrazine concentration
between soil samples collected at different depths over the period of incubation. Atrazine breakdown was faster
and greater in unsterilized soils. The Most Probable Number estimation of microbial population showed
variations at all levels analyzed, but in the first 20 days it was generally higher in atrazine-treated soil. Thus, the
microorganisms probably used atrazine as carbon and nitrogen sources.
INTRODUCTION The herbicide atrazine (2-chloro-4-ethylamino-6-isopropylarnino-1,3,5-triazine) is widely
used in the control ofbroad-leafweeds in corn, cotton and sugar cane crops. The persistence of the herbicide is
moderate and its degradation rate depends on the geographic location (Nicholls et al. 1982; Felding 1992).
Studies on tlie persistence and fate of atrazine have been carried out to understand its potential environmental
effects. However, most of the studies have been in soil from temperate regions which differ from tropical soils in
many ways. Tropical soils are subject to higher ambient temperatures and have low water retention capacity. The
soils are usually more acidic and their organic matter is more rapidly degraded by their microbial communities
(Primavesi 1990). The half-lives of many herbicides vary in soils from different geographic regions and the rates
of vertical and lateral movement are also dependent on soil composition (Korpraditskul et al. 1993).
Atrazine has been used in both temperate and tropical agricultural fields and it is important to study its fate in
tropical soils. This work was performed to evaluate the effect of atrazine on the microbial population of a tropical
soil and to estimate the ability of the microorganisms to degrade the herbicide under laboratory conditions.
MATERIALS AND METHODS
Soil treatment and sampling: Podzolic soil collected from the northwest of Siio Paulo State, Brazil, was used in
the degradation studies. This soil has never been exposed to any kind of pesticide. Samples of soil were randomly
collected in a 20m2 area from four different depths (0-10, 10-20, 20-40, and 40-60 em) and stored at 4°C until
used. Approximately 400g of soil was sieved (2·0 mm mesh), contaminated with atrazine (Gesaprim 500 - Ciba
Geigy Agrochernicals) and packed in polyethylene bags. To determine biological degradation, samples of soil
were sterilized by autoclaving for at least 2 hours (121 °C, twice on consecutive days). Sterilization was
confirmed by inoculating samples into a rich medium. After autoclaving, the soil samples were contaminated with
atrazine and maintained in closed jars. AU samples were incubated at room temperature. The experiments were
done in triplicate and analyzed after incubation for 0, 10, 20, 40, 80, 160, and 320 days. Sterilized distilled water
was added to bring the moisture content to 25% of the field capacity, which was maintained during incubation.
After these periods, the samples were combined, mixed, and subjected to chemical and biological analysis.
Atrazine extraction and analysis: JOg of soil was extracted with methanol-water (9:1). After 19h incubation
and agitation, the solution was filtered using Whatman No.2 paper, evaporated to dryness and the residues
dissolved in isooctane. Triplicate samples were subjected to gas chromatographic analysis in a Hewlett Packard
HP 5890 series equipped with a nitrogen/phosphorus detector and a methyl silicone SPB5 column (30m x
0·25mm). Helium was used as a carrier gas at a flow rate of2·2 ml/min. The temperature of the detector, injector,
and the column were 290°C, 190°C and 250°C, respectively. To evaluate the amount of atrazine lost during
extraction the soil was replaced by an equal amount of water which was subjected to the same procedure.
Biological analysis: Soil was diluted in modified J+E liquid medium (Jones & Edington, 1968) for microbial
population evaluation by means of a 5-tube, most probable number (MPN) method (Alexander 1982). The tubes
were incubated for 30 days at 27-28°C. The number of bacteria and fungi was estimated by the dilution plate
technique. Tryptic soy agar was used for bacteria and Martin's Rose Bengal agar for fungi (Martin 1975). The
plates were incubated for 5 days in the dark at room temperature.
RESULTS AND DISCUSSION The concentrations of.atrazine observed in the unsterilized and sterilized soil
samples from different depths and periods of incubation are shown in Tables 1 and 2, respectively. Atrazine was
degraded in all soils and depths analyzed. However, residues were still detectable even after 320 days of
incubation. The average values of atrazine in the unsterilized and sterilized samples obtained by the methanol
extraction method are shown in Figure 1. The atrazine concentration fell from 3,1 08ppm at zero time, to 160ppm
(average of the values obtained at all depths) after 320 days of incubation in sterilized soil and J0·8ppm in
unsterilized soil.
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Table 1 Atrazine content (ppm) ofunsterilized soil after different incubation periods
Period of Incubation (days)
Depth (em)
10
20
40
80
160
320
0-10
1050±72
500±74
211±20
176±12
42·6±0·2
13·6±7·5
892±87
10-20
532±19
147±18
179±8·5
57·2±4·9
12·9±3-6
1098±54
687±83
228±2·5
157±4·6
20-40
32·0±0·9
9·9±3-4
40-60
1132±97
666±68
336±27
199±20
38·8±1·8
6·7±0·0
Table 2 Atrazine content (ppm) of sterilized soil after different incubation periods
Period of Incubation (days)
Depth (em)
10
20
40
80
160
320
0-10
845±60
1367±77
556±40
397±16
206±8-1 67·1±22·4
10-20
1774±60
1234±54
733±13
884±39
392±24 164·4±58·6
20-40
1940±87
1186±80
981±13
823±18
305±25 154·9±45·5
40-60
1822±16
1057±48
725±101
1468±25
488±29 252·5±76·7
Underlined value was not included in the statistical analysis.
Atrazine breakdown was slower in the sterilized soil, showing mean values of 1,845 v 1,043ppm in sterilized v
unsterilized soil after 10 days and 160 v 10·8 ppm after 320 days. The residual atrazine concentration in sterilized
soil was 77% greater after 10 days and 1,380"/o greater after 320 days. The rate of degradation slowed after 40
days in both sterile and unsterilized soil. Acidity and high temperature of tropical soils may contribute to
non-biological degradation (Korpraditskul et a!., 1993}, but these results show the importance of the biological
process in detoxification, which is confirmed by the calculated half-lives of atrazine, 13 ·9 days for unsterilized and
26·6 days for sterilized soils between the 1Oth and 40th days of incubation.
The total microbial population (bacteria, fungi and actinomycetes), analyzed by the MPN method, varied
between 2·Sx10' and 1·6x10'g·' initially and showed a decline with time. In the 0-10cm and 40-60cm samples,
there was some evidence of an initial increase in microbial numbers in atrazine-treated soils. Enrichment of the
microbial community after atrazine application has been observed in many types of soil (Spitidonov & Yakovlev
1968; Percich & Lockwood 1978}. This might he due to direct stimulation by atrazine or by its degradation
products. The addition of the herbicide could also cause a decrease in competition between the organisms,
eliminating the sensitive ones and increasing the number of atrazine-tolerant species (Fox, 1964}. Higher numbers
of fungi were observed in the 0-10 em samples. At this depth, the untreated soil samples showed a population of
18·4 x 10'cells·g·' after 20 days, while the corresponding treated soil showed values of 12·3 x 10 2cells·g·' of soil.
Fungal numbers increased over the time of incubation as the atrazine concentration decreased. In the 320-day
samples there were 16·12 x 102cells·g·' of soil and the atrazine concentration was 13·6 ppm.
The bacterial population was higher in contaminated soils over the first 20 days of incubation. This was more
evident in samples of soil collected from 20-60cm, where there were 2·6 x 1o'bacteria·g·' of contaminated soil
compared to 7 x 10"bacteria·g·' of untreated soil. Unlike the fungi, bacterial numbers decreased rapidly within the
first 50 days of incubation at all depths and in both treated and untreated soils, stabilizing at around Sx10'g·'.
Many different bacterial types were observed at all soil depths. However, these types did not change from one
depth to another, varying only in numbers and time of emergence. Studies are under way to identify the species
that appeared more frequently during the experiment.
Acknowledgment The authors wish to thank Dr. Silvio Cresrtana (EMBRAPNCNPDJA) for the opportunity to
carry out this work and Instituto Agron6mico de Campinas for their facilities. This research was supported by a
grant from F APESP (proc. # 90/3773-7).
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Figure 1 Atraziile degradation in sterilized and non-sterilized soil at various incubation
times. + = sterilized soil; • = unsterilized soil.
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ABSTRACT Bacterial strains resistant to the herbicide, clomazone (2-(2-chlorophenyl) methyl-4, 4- dimethyl3-isoxazolidinone), have been isolated from a planosoil in Rio Grande do Sul, Brazil. One of the isolates was
identified as a Pseudomonas sp. Growth curves were performed for this organism in a mineral medium with
200mg·l·1 clomazone as sole carbon source and in the presence of200mg·l·1 mannitol. The bacteria were able to
grow with clomazone as sole carbon source. The highest growth rates were found between time zero and 24h,
when fJ was 0·270 h' 1 and generation time 3·6 h. The cell concentration at the end of the exponential phase was
1·12 x 107cfu·mt· 1• Supplementation with clomazone during growth did not increase the cell concentration, unlike
mannitol, which allowed faster growth. The data obtained so far indicates that the Pseudomonas sp. isolated from
soil is able to grow with clomazone as sole carbon source.
INTRODUCTION The genus Pseudomonas has been much used in studies of degradation of aromatic
compounds because of its capacity to utilize them as sole carbon source. These compounds include benzene,
toluene, ethylbenzene, chlorobenzene and phenol, among others. Such microorganisms able to mineralize
chemicals in the environment in pure culture could provide a technological form of environmental protection. The
presence of .halogenated substances in the soil has become a subject of growing interest because of their effects
on the enviromnent.
Clomazone (2(2-chlorophenyl)methyl-4,4-dimethyl-3-isoxazolidinone) is a pre-emergent herbicide used in the
control ofweeds in the flooded rice fields in the state of Rio Grande do Sul. When incorporated into the soil, it is
accepted that microorganisms contribute to its disappearance (Anon, 1992). However, there have been no
attempts to isolate or identify the microorganisms involved in the degradation of this compound in the soil, nor to
elucidate the degradation kinetics .
Recently, bacterial strains resistant to clomazone were isolated from a planosoil in Rio Grande do Sul (Mattos
& Thomas, 1993). Two predominant strains were chosen for future study in pure culture. Isolate 2 was identified
as a Pseudomonas sp. Although this organism was shown to grow in the presence of the herbicide clomazone
(Mattos & Thomas, 1994}, the kinetics of growth in medium containing it as sole carbon source have not
previously been studied. This paper reports the results of such a study.
MATERIALS & METHODS
Characterization of the bacterial isolate The isolate was characterized by morphological and biochemical tests
and by growth on Pseudomonas selective medium containing cetrimide and nalidixic acid.
Culture media Minimal medium (MMS) for the growth curve assays contained (per liter): 0·8g K,HPO,, 0·2g
KH,PO., 0·2g MgS04 .7lJ,O, O·Ig CaSO., 5·0g (NH,),SO,, 0·001g (NH.J6Mo70 24 .4H,O; pH 7·2 (Kaufinan &
Kearney, 1965). Thornton's medium (MT) was used with, the addition of agar, for viable plate counts. This
medium contained (per liter): 1·0g K,HPO,, 0·2g MgS0,.7H,O, O·Ig CaCJ,, 0·1g NaCl, 0·002g FeCI,, 0·5g
KNO, 0·5g asparagine, 1·0g mannitol; pH 7·2.
Growth curves Slopes ofMMS plus 200mg·J·1 clomazone (M200) were prepared from cultures maintained on
the same medium. After 72h incubation at 28°C, 5·0ml of MMS was added to each tube and the bacteria
resuspended. This suspension was added to 500ml flasks containing 1OOml M200 or MMS. Flasks were
inoculated in an orbital incubator at 28°C and 180 rpm. Three replicates of each treatment were used. Samples
were taken at various time intervals for viable cell determination using the Spiral Plater (Spiral Systems, Inc.) and
Thornton's agar.
RESULTS & DISCUSSION The Pseudomonas sp. was able to grow in medium with clomazone as sole carbon
source (Fig. 1). This genus is recognized as being capable of using various complex chemicals. Yatome et al.
(1993) demonstrated the growth of Pseudomonas stutzeri in medium containing 4-diethylaminoazobenzene-2-carboxylic acid as sole carbon and energy source and Stockinger et al. (1992} described the utilization of
(3-chloro-4-methylaniline) as a source of carbon, nitrogen and energy by a Pseudomonas cepacia strain CMAl
isolated from soil.
From an initial concentration of 10' cfulml, the exponential phase of the Pseudomonas sp. reached 107 cfulml
in 24h and this concentration was maintained up to 96h, characte1izing the stationary phase. After this time, there
was a decrease in cell numbers. The growth rate was 0·27h' 1, corresponding to a generation time of3·6h. In the
absence of clomazone, the bacteria reached the log phase of growth (106cfu·mt· 1) in 24h; there was a small
increase up to 48h before the decline phase began (Fig. 1). The prolonged stationary phase in the presence of
clomazone suggested the exhaustion of the carbon source, which led to the second experiment in which the
medium was supplemented with extra clomazone. On adding this compound to the medium at time 120h (Fig. 1),
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no increase in cell growth was noted. This behavior suggests that the cells lost their ability to utilize clomazone
after a period of stationarjl growth. Similarly, the addition of supplementary clomazone at time 26h (Fig. 2) did
not induce an increase in cell numbers. The loss of clomazone-utilizing capacity occurs between time zero and
26h.
Although clomazone allows the growth of the Pseudomonas sp., mannitol produces a more rapid increase in
cell numbers. This characterizes clomazone as being difficult to assimilate as a carbon source.
The results show that it is possible to obtain growth of the Pseudomonas sp. with clomazone as sole carbon
source. The highest growth rates were found between time zero and 24h, this being followed by a stationary
phase which was not affected by supplementation with more clomazone. Future studies will concentrate on
growth up to 24h and will include assays of clomazone concentration in the medium.
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Figure 1 Growth of Pseudomonas sp. in minimal medium (MM) and supplemented or not
with 200 mg·l·' clomazone as sole carbon source (M200) and with extra clomazone added at
120h. Coefficient of variation <1 0%
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ABSTRACT Propanil is a herbicide used predominantly in rice fields in Brazil. Propanil degradation was studied
in four different soils, two without prior propanil exposure and two soils exposed to propanil and used for rice
cultivation, Soil samples from fields were taken and experiments carried out under both flooded and dry
conditioos. 1'C02 evolution from .ring-labeled ~<c-propanil was measured. The activity of solvent extrsctable and
non-extractable fractioos was assayed in the rice field samples. Non-flooded samples showed greater 1"CO,
evolution and lower extractable propanil concentratioos than flooded samples. Fungi (Fusarium spp.) able to use
propanil as sole carbon source were isolated.
INTRODUCTION Propanil (3,4-dicbloropropionanilide) is a post-emergence amide herbicide used to control
weeds in rice culture. It is normally applied as a foliar spray 12 hours before flooding. Its herbicidal activity lasts
one month or less. A review up to 1970 by Bartha & Pramer has shown that biological degradation is the main
mode of dissipation ofpropanil from soils. Propanil is aerobically metabolized to 3,3',4,4'-tetracbloroazobenzene,
3,<klicbloroaniline (DCA) and propionate in the soil. Anaerobic degradation ofpropanil to m-cbloropropioaniline
via DCA has been suggested by Steppe et al. (1985) and Pettigrew et al. (1985). Propanil and its metabolites
have been reported to be toxic to mammals (Ambrose et al., 1972), fisb (Call et al., 1983; Crossland, 1990) and
microbes (Corke & Thompson, 1970).
Microorganisms from propanil-treated soil sble to grow in a medium containing the herbicide as sole carbon
source are mainly fungi such as Fusarium so/ani, F. oxysporium, Aspergillus nidu/ans and Geolrichum
candidum (Lanzilotta & Prarner, 1970; Kaufinan et al., 1972; Bordeleau & Bartha, 1972).
Microbial degradation is the primary mechanism of propanil removal from soil and the degree of
biodegradability varies with soil type. No studies of 1'C-propanil mineralization have been carried out under
Brazilian conditions. Brazil has typical tropical soils with low pH and organic content. Moreover, there is no
literature about degradation of propanil following repeated application to soil. The aims of the present study were
to determine the mineralization rate of propanil in Brazilian soils with no history of propanil exposure and in
wetland soils under rice cultivation. The latter were exposed to propanil and 14C C02 evolution determined under
dry and inundation conditioos.
MATERIALS AND METHODS
Cbemicals Technical propanil was obtained from Herbitecnica (Londrina, PR). It was used to dilute the
uniformly ring-labeled product, 14C-propanil (Sigma) with specific activity 32.4mCi/mMol and 98% radiopurity.
Soil Samples of Entisol and Oxisol soils (0-15cm depth) with no history of propanil use were collected from
Piracicsba, SP. TJpical wetland rice fields, treated with propanil for two and seven consecutive years at
Piracicaba, SP and Sta Maria, RS, respectively, were sampled. The soil characteristics are given in Tsble I. After
collection, soils were allowed to dry, passed through a 2mm sieve and stored in a loosely sealed plastic bag at
4°C. Degradation studies began within 30 days of sampling.
Table 1 Soil characteristics
Soil
Sand% Silt 'Yo Clay % Organic matter 'Yo pH (NaO) CEC (m.eq/lOOg)
4
Entisol (Piracicaba, SP)
94
2
0·56
4·3
2·2
Oxisol (Piracicaba, SP)
I0
10
80
5·24
4·6
11-3
Wetland (Piracicaba, SP)
23
19
58
2·00
6·6
16·4
Wetland (Sta. Maria, RS) 32
49
2·90
4·0
13·8
19
Estimation of propanil mineralization in soil Ten grams of Entisol or Oxisol soils were placed in glass jars
and treated with ltnl of a solution containing 10 or !00jigml·1 of unlabeled propanil and 1·3x!O' dpm 1'C-propanil
in acetone. Samples were stirred to allow acetone to evaporate and to ensure thorough mixing. Soils were then
moistened to 75% of the water holding capacity and glass vials containing O·IM NaOH were placed inside each
jar to serve as C02 traps. Autoclaved samples were moistened with autoclaved deionized water. Jars were
incubated in the dark at 23°C for 28 days. Tbe traps were analyzed every 7 days.
Soil samples from wetland fields were treated with a standard concentration of 5·4jig propanil·(g soil)'\
activity of I OOOBq·(g soil)'1 was prepared by adding propanil in acetone to I Og of air-dried soil. The solvent was
evaporated from the soil sample and it was then mixed with 500g (dry weight) offresb soil. Soil samples (!OOg
dry weight) were then placed into 250m! glass jars and the moisture content of each sample was adjusted and
maintained at 75% water holding capacity; alternatively, water was added to 2cm above the soil surface to
simulate inundation conditions.· Glass jars were fitted with C02 traps, coosisting of a layer of granulated soda lime
in a long glass column open to the atmosphere (Anderson, 1990). After 4, 8, 16, 31, 47 and 64 days, the traps
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were exchanged and the soda lime extracted with HCl and the CO, evolved was collected in an alkaline solution
. (ethanolamine/methano~ 8:2 v/v) for scintillation counting.
Extraction and fractionation of soil samples Duplicate soil samples were extracted by shaking with
acetonitrile followed by centrifugation at 13,000rpm. The procedure was repeated three times and the combined
extracts assayed by liquid scintillation counting. The radioactivity of the resulting solid residue was determined by
combustion. The supernatant was conceotrated in vacuo and analyzed by TLC (silica gel 60F254, Merck) and
developed using the solvent system hexane/benzene/acetone, 7:3: I v/v.
Estimation of mkrohial populatio11s Microbial counts were carried out with I Og aliquots of each soil sample,
resuspended in· 90ml of 0·85% NaCI. Serial dilutions of the suspensions were plated on nutrient, Martin's and
peptone agars for total aerobic bacteria, fungi and actinomycetes, respectively. The viable population was also
evaluated by fumigation-extraction procedure described by Vance {1987).
Screening of potential propanil degrading microorganisms 0·5g soil sample was inoculated into 50ml of
medium (Pontecorvo et at., 1953) containing propanil as sole carbon source, incubated at 28°C and subcultured 4
times at 15 day intervals. The cultures were plated on to agar containing 54ppm propanil as sole carbon source.
The isolates were identified by standard methods.
RESULTS AND DISCUSSION After 28 days incubation, the amount of "CO, evolved from the soils varied
between 1·06 and 2·94% of the applied radioactivity in soils without prior exposure. The rate of propanil
mineralization was higher at 1Oppm than at 1ppm (Table 2). "CO, evolution from samples under non-flooded
conditions (4·6 and 8·4% after 31 days) was much greater than from the samples taken from sites not previously
exposed to propanil (Table 3). The present investigation confirms the report by Chisaka & Kearney (1970) that
the soil characteristics influence the rate of pesticide degradation. This study also confirms the importance of the
microtlora in degradation, since little evolution of "CO, was observed in tests with sterilized soil.
Table 2 Release of "CO, from ring-labeled propanil.
Soil
Propanil Initial activity
Time of incubation
(ppm)
(Bq)
7d
14d
2ld
Cumulative 14CO, release (Bq)
Entisol
I
2222
6·33±1·03 17·71±3·61 29·77±1·88
10
1973
13·10±2·04 25·14±3-91 43-48±5·53
2222
0·59±0·06 1-48±0·38 2·48±0·63
Sterile
2222
Oxisol
I
2-45±0·93 10·81±1-40 16·20±4-64
1973
10
3·61±0·67 11·40±1·26 19·24±1·52

Total "CO,
released
(% initial)
40·04±1·39
1·83
58·00±1·98
2·94
3·61±0·83
0·16
23-66±6·92
1·06
26·53±2·15
1·34
28d

I

"

Values are the means and standard deviation ofS replicates

Table 3 14CO, release from ring-lsbeled propanil and solvent-extractsble propanil recovery in dry and
flooded rice-growing wetland soils.
Soil sample
Piracicaba,
Piracicaba,
Santa Maria, Santa Maria,
dry
inundated
dry
inundated
Time
Cumulative"CO, release (Bq)
4d
645±60
56.5±3.3
2584±122
136±33
8d
1243±92
132.6±7.9
4430±180
246±104
16d
1441±47
196±7.9
5670±185
393±106
31d
5481±99
389±35
8015±437
703±185
47d
9211±212
542±9.6
9750±475
804±184
64d
11006±761
980±66
11035±457
1154±121
Totai 14CO,as%totai 14C
9·15
0·82
11-61
1·22
Solvent extractable"C
10·67±0·4
58·68±0·2
11·80±5
59·00±1
Recovery~.
19·82
59·5
23·41
60·22
Unextractable
81·55± I
41.58±8
76·15±5
39·43±9
Water 14C residue(%)
0·23
0·26
Total"C recovered(%)
101·37
101·31
99·56
99·91
Values are the means and standald deviations of triplicate samples.

••
.

••c

The initial application~ 100% for Piracieaba soil~ 120·275KBq/100g and for Santa Maria soil= 95·05KBq/IOOg.

The fact that the !nineralization rate was higher for soils with a history of propanil use supports the hypothesis
that propanil degradation might be enhanced by propanil exposure: Moreover, the initial rate of mineralization,
assessed by "CO, evolution, was higher for the Santa Maria soil (0·54 v 2·72% in the first 4 days, a 5-fold
difference). This result suggests thst .repeated propanil treatment over 7 years may increase the initial biomass
present sble to metabolize propanil compared to soil treated for only 2 years. However, the rate of "C02
evolution over 64 days (9·2 v 11·6%) and the recoveries of solvent-extraetable radioactivity (10-7 v 11-6%) are
16
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similar. These results agree with those of Chisaka & Kearney (1970), who reported 70-80% non-extractable
propanil residues in soil. Bartha (1971), working on solvent extractable and non-extractable metabolites,
concluded that most of the inunobilized residue consists of DCA. 1LC on extractable residue after 64 days of
incubation showed propanil and DCA present in flooded but not in unflooded soil samples. The amount of
extractable residue was inversely correlated with the amount of "C02 evolution. In sterilized soil, the amount of
extractable residue was 61.15% and the non-extractable 33.1%, and 1LC on the extractable residue fraction
showed that only propanil was present, indicating that degradation of propanil increases the unextractable
residue.
The decrease in mineralization following inundation (0·32 and 0·74% after 31 days) was notable in both soils
collected from rice growing sites. This indicates that propanil is far more persistent in flooded soils and that the
present practice of application 12 hours prior to flooding should perhaps be reconsidered. A longer interval
would allow more natural biodegradation of propanil to occur and, if the interval were not too great, should have
no significant impact on weed control.
Table 4 shows no significant differences in the numbers of microorganisms in the collected soil samples. The
build up of the fungal population during incubation is notable; the significance of this on propanil metabolism and
the role of the applied propanil on fungal numbers should be investigated. In contrast the soil biomass ofboth the
wetland soil samples fell during incubation (238 to 94JlgC (g soil)"' in the Piracicaba sample and 553 to 414JlgC
(g soil)"' in the Sta. Maria sample.
Table 4 Numbers of bacteria (B), fungi (F) and actinomycetes (A) (CFU/g dry soil)
Soil
Day 0 before treatment
28 days after treatment
64 days after treatment
4
6
4
B I 10" F I 1o' Ax 10
B x 10 F x lo' Ax 10
B xl04 F x 107 Ax 104
10
Entisol
7
8
2
543
0
Oxisol
I
25
I
52
427
0
Wetland (SP)
5·7
4
0·2
2
1·2
Wetland (RS)
1·1
42
3
19
7·3
Pure cultures were isolated from plates containing 54ppm propanil as the sole carbon source. Three species of

Fusarium were isolated from the Piracicaba soil and one from the Santa Maria soil. Lanzilotta & Pramer (1970)
reported the isolation from propanil-treated soil of a fungus, Fusarium so/ani, in a medium with the herbicide as
sole carbon source. It hydrolyzed propanil to propionate and DCA. The propionate was used for growth, but the
DCA accumulated to levels that inhibited growth. Kaufman (1974) also isolated Fusarium so/ani from propanilenriched soil.
This study showed enhanced mineralization of propanil in non-flooded wetland soils growing rice. The
microorganisms capable of utilizing prop ani! as sole carbon source were isolated and identified as Fusarium spp.
The increment in fungal population after propanil application and incubation of the soils showed that this
herbicide has low toxicity to fungi. The repeated use of the herbicide in monoculture farming systems may
selectively stress the soil microbial population, favoring the build up of soilborne pathogens. Moreover, some
anilines and azo compounds, subproducts of propanil degradation, are known for their undesirable biological
effects. Thus it is desirable to keep the soil well aerated and to use crop rotation to avoid the repeated use of the
same herbicide .
Acknowledgments We are grateful to Welington Luiz de Araujo for the identification of the fungi, to CNPq for
a grant for the second author and to EMBRAPA Contract No. 11.0.94.227 for partial sponsorship.
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ABSTRACf The research was carried out in the biological treatment station of a citrus fruit industry in Siio
Pau1o, Brazil. This station operates with anaerobic and aerobic systems composed of three and two ponds,
respectively. Chemical Oxygen Demand was used to follow the change in organic matter in the ponds. The
microcrustacean, Daphnia simi/is, was used to monitor acute toxicity. Compound samples were collected every
two hours for twelve hours at six different sites. The anaerobic treatment reduced the organic content to 65-80"/a
and totally removed the acute toxicity. The organic matter was still being reduced in the aerobic system, despite
the fact that there was no residual acute toxicity in the effiuent. During this period of observation it was
concluded that this treatment system is very efficient in removing acute toxicity from citrus fruit industry waste .
INTRODUCTION Research on biological processes for environmental control has grown since the last decade.
Various processes and combinations have been proposed for the treatment of wastewaters. Traditionally,
biological treatment processes were planned to remove conventional pollutants such as BOD and solids in
suspension. More recently, biological treatment design engineering has begun to take into account the removal of
both organic and inorganic compounds which are toxic to water life (Eckenfelder, 1991).
Experimental toxicity tests have proved to be essential tools in any biomonitoring strategy (Buikema et a!.,
!982). Toxicity tests may be integrated into design and pollution control processes, with two emphases;
toxicological diagnosis and. toxicological engineering. The first evaluates the toxicity of a specific contaminant,
eftluent or process, and the latter is based on design engineering to produce processes which might alleviate
toxicity problems (Herricks et al., 1991).
The Daphnia assay has proved very valuable as a bioindicator in the detection of emission patterns of waste
dumping (Morris & Buckley, 1984). In Brazil, acute toxicity tests with Daphnia simi/is have been recently used
to evaluate the performance of biological treatment and to detect emission patterns of waste dumping, so that
environmental impacts in water courses may be alleviated (Zagatto, 1992; CETESB, 1990; Bertoletti, 1990).
This study was carried out at the Industria Citrosuco Paulista S.A (a concentrated citrus fruit juice factory),
located in Limeira, in Silo Paulo state. The factory has been working since 1978 with a system of aerated and
non-aerated ponds. Despite the fact that the biological system is efficient in the reduction of organic discharge,
thus complying with the limits set by the operating legislation in the country, nothing is known about its toxicity,
since such eftluent toxicity concerns in Brazil are relatively recent.
The objective of the present research is to evaluate the performance of the biological treatment system in
relation to the reduction of acute toxicity, using the bioindicator Daphnia simi/is.
MATERIALS AND METHODS
Sampling The treatment station at Industria Citrosuco Paulista S.A. is represented in Figure I, together with the
location of aU sampling sites (PI to P6). It is basically composed of three non-aerated and two aerated ponds. At
each site compound samples were collected every two hours over twelve hours. They were collected weekly for
seven weeks, from November to December, 1994.

Fignre 1 D'lUll ramofeftluent treatment SJ stem.
Inlet, 130m'tr1

,

Anaerobic pond, 25343m',
Retention time 8days

Anaerobic: pond, 26343m',
time 8days

Anaerobic pond, 30112&m',
Retention time 10days

-ntion

Pl
I

Sludge

n!

return

_!

Aerated pond, 3998m',
Retention time 2·5days

Aeratad pond, 3998m''
Retention time 2•5days

I

•
i

i

I

-

tP3
P4
Settling Tanks

-+-

Maturation Pond, 3034m3 I
Retention lime 1day
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Waste Characterization The eflluent is derived from washings of the equipment utilized in the processes of fruit
milling and cleaning and the gases used to dry the orange skins, and home drainage. The main pollutants found in
the waste were oils, aromatic essences, strongly alkaline pH and high BOD (1000-2000mg Oil.').
Analyses The following analyses were done:
- pH (potentiometric method);
-Chemical Oxygen Demand (COD), by oxidation with potassium dichromate (Standard Methods, 1992);
- acute toxicity with Daphnia simi/is (CETESB, 1986). The resuhs of this test were given as CE(l)SO; 48h, i.e.,
the concentration of the toxic agent which causes immobility of 50% of the test organisms in 48 hours of
exposure. This was converted into Toxicological Units (TU), corresponding to 100/CE(l)SO; 48h. The reference
substance potassium dichromate was used at 0·04-0·17 mg·l' 1 to evaluate the test organisms' sensitivity at
CE(l)SO; 24h.
The data was analyzed statistically by the Trimmed Spearman-Karber method (Hamilton et al., 1977).
RESULTS AND DISCUSSION Table 1 shows the pH, COD and toxicity data of sites at the biological
treatment station at Citrosuco. All sites apart from PI had no detectable toxicity. As can be seen, the influent
which arrives in the first aerated pond has a wide pH variation (4-11), acute toxicity in the 8-36 TU band and
COD corresponding to 2000 - 6000 mg·l-1•
Table 1 COD, acute toxicity and pH values at six sites of the biological treatment system
Sampling points
pH
COD (mg·t·')
P1
P2
P3
P4
P5
P6
P1
P3
P4
P5
P2
2091
973
823 449 318 262
11-02 7-40 7·35 7·60 7·71
524 374
5897 1048 786 561
11·69 7-39 7·54 7-80 7-77
5·54 7-63 7·53 7-48 7-86
4210 1600 710 371
371
190
110
96
11·24 7-42 7-97 8·07 8·03
3500 1710 840 326
3290 2130 900 130 124
80
9·43 7·53 7-98 7-86 8·11
194
3980 1010 602 490 312
4·50 7-62 8·00 8·16 8·05
10·82 7-41 7·52 8·19 8·01
3850 2100 1100 300 . 280 160
Mean 3831 1510 823 375 291
194
9-18 7-49 7·70 7-88 7-93
TU =Toxicity unit (vlv) + 100/CE(l)SO; 48h, as a pcreentage

P6
7·90
7-94

8·25
8·11
8·25
8·24
7·62
8.04

TU
P1
33-33
11·76
8·33
14·28
35·71
13-33
12·50
18·46

At the exit of the non-aerated treatment system (P2), the pH stabilizes at a lower level (7-9). The influent COD is
drastically reduced and the acute toxicity is totally removed. The acute toxicity test is considered a reliable
method for the evaluation of industrial waste toxicity (Bertoletti et al., 1992) and in this study it gave excellent
reproducibility. Anaerobic treatment is important for waste with high BOD organic discharge (Metcalf; 1991). In
the case of the eflluent in this study, the efficiency of the anaerobic treatment was high. This was caused in major
part by the long retention time of the eflluent in the anaerobic system (23 days).
The reduction of organic discharge in the aerobic treatment was 30-80%. This system continues to reduce the
organic discltarge which is still high. The effiuent retention time in the aerobic ponds is relatively short (2·5 days)
and is insufficient to reach the legal limits. No correlation was observed among the parameters analyzed.
In conclusion, the combination of an anaerobic system followed by an aerobic system is efficient for both
reduction of organic dischsrges and toxicity for citrus wastes, but longer treatment is necessary to reach legal
limits. Future studies will evaluate the sub-lethal toxicity in these systems.
Acknowledgments. To Industria Citrosuco S.A. which allowed and supported this work.
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ABSTRACT Four species of Aspergillus were cultivated with agitation in sugar vinasse, with or without the ·
addition of citrus vinasse (12·5%) for 72h. A. niger and A. su/phure11s grew in both media with a COD reduction
of 41·70% and 60·94% respectively for sugar and 61·19"/o and 57·60% for sugar+ citrus vinasse.
INTRODUCTION In the State of Silo Paulo the annual alcohol production is around 8 billion liters, which
corresponds to two thirds of the national total and the vinasse generated at each harvest reaches a minimum
volume of 80 billion liters. This vinasse is mainly used as fertilizer, which leads to soil salination and pollution of
both underground and superficial water streams located near the dumps, as well as near the crops fertilized with
the vinasse (Szmrecsanyi, 1994}.
Citrus vinasse originates from concentrated juice production; the waste is citrus molasses, that can be used as a
source of carbohydrate for ethyl alcohol production for alcoholic beverages (Asenjo & Morris, 1978; Kesterton
& Braddock, 1976). This waste contains more organic matter than sugar vinasse, especially nitrogen compounds,
reducing sugars and lipids, as well as more minerals such as phosphates, sulfates, calcium, copper, zinc, iron, etc.
Aspergillus species have a degradative metabolism shown by the production of a variety of enzymes such as
proteases, amylases, pectinases, lipases (Raper & Fennel, 1956). Due to these characteristics, this genus is widely
spread throughout the world and can grow on several substrates giving it an economic importance also for
production and deterioration. Studies have been carried out with respect to the use of this genus in the
degradation of industrial effiuents. A. niger has been studied in olive mill wastewaters (Hamdi et al., 1991) and
apple distillery waste, where it produced a COD reduction in the range of 50 to 80% (Friedrich et al., 1983}.
Another fungus which has been the subject of bioconversion studies is A, oryzae in palm oil processing effiuents,
reaching a BOD reduction of 85% and COD of 75-80% (Barker & Worgan, 1981), or in wood vinasse
supplemented with fertilizer NPK and sugar cane molasses, reaching a BOD reduction of 85% (Nalin & Kiyan,
1989). These two fungal species were included in the current work.
MATERIALS & METHODS
Microorganisms The following fungi were supplied by the Dept". de Tecnologia e Ciencia da Escola Superior de
Agricultura Luiz de Queir6z, USP, Piracicaba, SP: Aspergillus oryzae, IZ!33; Aspergillus niger, IZ9; Aspergillus
japonicus, IZ1073 andAspergillussulphureus, IZ1774
Substrates The sugar cane vinasse came from the continuous fermentation process of Usina Santa Lucia at
Araras, SP and the citrus vinasse came from a batch fermentation process of Citrosuco at Matilo, SP. their
compositions are shown in Table 1. The substrates consisted of cane vinasse enriched with 2·5% molasses and
citrus vinasse diluted in sugar cane vinasse to 12·5%, supplemented with 2·5% molasses. This latter medium was
designated, "citrus vinasse". Undiluted citrus vinasse inhibited the growth of Aspergillus.
Table 1 Physicochemical parameters of sugar cane and citrus vinasse obtained from ethanol distillation
Parameter
Sugar cane vinasse
Citrus vinasse
10·00
Suspended solids (mg•l' 1)
2·50
6·28
54-60
Total solids (g·l'1)
Ash (g•l'1)
1·55
5·38
4·73
49·20
Organic matter (g·l'')
3-64
4·34
pH
0·81
1·57
TotalN2 (%)
0·41
1-85
Reducing sugars (mg·t1)
67·00
COD (g·l'')
238·08
BOD (g·J·')
7·90
94·78
Inoculum preparation Fungal spores were suspended in 0·1% Tween 80. They were inoculated into 250rnl
Erlemneyer flasks containing I OOrnl of each vinasse supplemented with 5% molasses to give a final concentration
of 107 spores·rnl·'. Samples were agitated at 250rpm and 28°C for 48h .
Fermentation The culture was inoculated with 9"/o of the above preparation ·and incubated at 250rpm and 28°C
for 72h. All fungi grew in the sugar cane vinasse, but only A. niger and A. sulplmreus grew in the citrus vinasse.
Analytical methods After culture, the mycelium was separated by vacuum filtration using filter paper. The
fungal biomass was dried to constant weight. The liquid waste was analyzed for COD, BOD, total solids, ash,
organic matter and total nitrogen.
Analytical results were tested for statistical significance by the Kruskai-Wallis test mentioned by Singe! (1975).
BOD results were not analyzed statistically.
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RESULTS AND DISCUSSION Best growth in sugar vinasse was shown by A. niger (Table 2). This culture
gave the highest total solids reduction and organic matter reduction.
Table 2 Physicochemical parameters of sugar cane vinasse after 72h incubation with various Aspergillus species
A. japonicus
A. sulphureus
Parameter
A. niger
A. oryzae
·~reduct.
%reduct.
o/oreduct.
%reduct.
Biomass (gt·')
8·88
6·20
5·68
7·72
Total solicb (g/IOOmQ
2·23
40·10
35-44
3·22 28·25
3·07 28·84
2·71
Aoh (gllOOml)
5·99
0·77
6·28
0·85
9·55
0·96
0·88
Organic matter (gllOOml)
1·37 48·90
1-88 42·55
2-17 38·63
2·25 36·34
Total N, (%)
72·87
15·86
54· 51
NO 26·49
0·43
0·78
0·85
COD(gt')
24·14 41·70
59·00
25·93
73-94
27·58 42·80
18·41
BOD(gt')
9·15
58·30
6·08 63·00
8·45 49·10
9·82 34·30

"'

A. oryzae, which has also been the subject of many studies on effluent degradation, did not show high
development of biomass, probably due to the fact that this sugar case vinasse has only 0·81% total nitrogen. The
necessity for this element is represented in the total nitrogen analysis which shows good consumption of nitrogen.
In spite of this poor development of biomass, the reduction of COD, BOD, total solids and organic matter were
close to those produced by A. niger. A. japonicus showed the second best biomass production. The use of
organic compounds for mycelial growth resulted in a good reduction of COD and BOD. A. sulphureus produced
6·205g·l·' of biomass and the highest reduction in COD. There was also a good total nitrogen reduction, showing
the same behavior as A. oryzae. A. oryzae had the best BOD .result at 63% reduction and A. sulphureus a good
performance in COD reduction. A. niger and A. oryzae gave the best BOD reductions in sugar vinasse.
The sugar cane vinasse used in this work (Table I) contains less organic material than others mentioned in the
literature. In cultures using molasses vinasse, A. niger and A. oryzae reduced COD by 51·50% and 60·80%
respectively (De Lamo & Menezes, 1978). Other workers found these values to be 60"/o and 70% for the
respective species for BOD reduction (Nalin, 1987). In the current investigation, the A. niger COD and BOD
reductions (41·70% and 58•30%, respectively) are reasonable if compared to these data, especially for BOD. For
A. oryzae the results are rather different and suggest that the lower concentration of organic compounds, mainly
nitrogen, reduced fungal growth.
Only A. niger and A. sulphureus grew in citrus vinasse. Biomass production by these organisms was greater
than in sugar cane vinasse (Table 3). This could be because it has a higher level of organic and inorganic
nutrients. The citrus vinasse was diluted with sugar vinasse and the final medium could be regarded as sugar
vinasse supplemented with nitrogen, sulfates and potassium, causing increased growth and a greater reduction in
CODandBOD.
Table 3 Physicochemical parameters of citrus vinasse diluted to 12·5% in sugar cane vinasse
containing 2·5% molasses, after incubation for 72 h with two species of Aspergillus
Parameters
A. niger % reduction A. sulphureus % reduction
10·48
13·47
Biomass (g·l'1)
Total solids (g/IOOml)
3·38
39·29
3·66
40·88
Ash (g/IOOml)
0·63
0·87
Organic matter (g/IOOml)
2·78
89·10
2·79
47·28
Total N, (%)
1-48
0·89
57·60
COD (g·l'1)
35-81
61-19
31-43
BOD (g·l'1)
I 1-69
62·80
16·32
54·90

••I
I

Both A. niger and A. sulphureus produced more biomass in citrus vinasse than in sugar vinasse. The COD and
BOD reductions were similar to those in sugar vinasse.
The 72h incubation of citrus vinasse was not degrade the effluent sufficiently and inorganic compounds were
not reduced. This is not the case for the sugar vinasse, a poorer substrate, where ash and total nitrogen were
reduced. Both A. niger and A. sulphureus reduced COD and BOD in citrus vinasse similarly (Table 3). The
majority of the easily assimilable nutrients in this vinasse were, apparently, still available, leading to similar
growth of the microorganisms in relation to their degradation. In citrus vinasse, A. niger was more efficient in
reducing organic matter than A. sulphureus and slightly more efficient in reducing COD and BOD (Table 3).
A. niger, A. oryzae and A. sulphureus have a good ability to degrade waste at low nutrient levels, but at higher
nutrient levels A. oryzae is not able to grow. The latter is able to grow in various substrates and was able to
reduce the organic content of citrus vinasse by 89·10%. A. sulphureus may also have this ability, but requires
richer media for good growth. In such media it produces more biomass than A. niger and approaches it in ability
to reduce organic content of wastes. For citrus vinasse treatment, 72h were not sufficient to demonstrate
degradative potential of the Aspergillus species.
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Sugar cane vinasse may be used as a diluent for concentrated agroindustrial effiuents, encouraging
biodegradation and avoiding the use of more valuable diluents such as water.
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THE EFFECT OF FLEXIBLE PVC TECHNOLOGY ON THE EFFICACY OF
INCORPORATED BIOCIDES
Bessems, E., Akzo Nobel Chemicals, Research Center Dilren, 52355 Dilren, Gennany
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•

ABSTRACI' The activity of the biocide, 10,10'-oxy-bisphenoxyarsine (OBPA), in PVC films was assayed by
measurement of the zone of inhibition of fungal spore germination in agsr. The type of plasticizer and the type of
stabilizer incorporated in the PVC formulation affected OBPA release and loss during accelerated leaching tests.
The plasticizer, di-n-decylphthalate and the stabilizer, Ba/Pb/Zn octoate were the most effective agents tested for
preventing OBPA loss by leaching. OBPA leached much more rapidly from plastisol than from calandered films.
These studies show the need for detailed examination of the effects of formulation and manufacturing processes
on biocide activity and the retention of that activity during weathering.
INTRODUCTION Industry accepts the need for biocide in plastics formulations. Biocide is added to foil to
prevent surface fungal growth. The biocides referred to in this paper are fungistats or fungicides.
Non-treated flexible plastics can be severely attacked by fungi, as can be observed in films used for roofings,
tents, pool liners, curtains, etc. As foil surfaces will be contaminated with microorganisms, the incorporated
biocide must be effective at these surfaces. The biocide must diffuse to the surface. Diffusion is strongly affected
by the formulation and by the method of production of the films. A balance between effective delivery of new
biocide molecules from the inside of the foil to contaminants on the surface and duration of activity must be
established. The activity of the applied biocide can be influenced by UV irradiation (sunlight) and such
photodegradation is strongly affected by the ingredients used to formulate the films.
The presence of water on the surface resulting from high humid conditions promotes the growth of fungi. This
is prevented if biocide is present in the aqueous surface layer, but biocide present in the interfacial layer will be
lost by contact with running water, such as rain, resulting in leaching. It can thus be concluded that the activity of
a biocide is strongly influenced by weathering conditions as well as foil formulation.
A biocide, able to prevent fungal growth in standard laboratory tests, may not be effective at the surface of
foils. Tbe considerations mentioned above demonstrate that all biocides intended to be incorporated into PVC
require a profound knowledge of the effects of internal and external factors relating to effectiveness in the
end-product. Advice to customers depends on this understanding.
Akcros, the supplier of the biocide 10,10'-oxy-bisphenoxyarsine (OBPA), focused their product research on
the "efficacy atudies" outlined above. This paper describes some of the most interesting findings.
BIOCIDE TEST METHOD The evaluation of microbial susceptibility of flexible PVC foils is performed
according to the NSA-test. This is a reproducible, critical, sensitive and valuable test developed by the
Microbiological Dept. of Akzo Nobel Chemicals (Borgrnann-Strabsen & Bessems, 1994). A sample of the test
foil is placed in the middle of a Petri dish containing NSA Molten NSA (5ml, 45°C) is inoculated with a mixed
fungal spore suspension and poured evenly over the first layer, ensuring that the specimen is covered. During
incubation the spores germinate, resulting in clouding of the agar. Ifthe foil is susceptible to fungal attack and/or
not equipped with a biocide, the fungi will grow over the surface of the specimen. Protected foils show a zone of
inhibited germination (ZIG). Aller an incubation period of3 weeks the susceptibility to fungal attack is evaluated
by measuring the ZIG.
THE EFFECT OF SOME INTERNAL FACTORS ON BIOCIDE EFFICACY Studies on the effect of
"internal" factors were performed by experiments in which the tested foils were submitted to leaching to simulate
weathering. Foil samples were leached in running water at 450C in an apparatus consisting of separate
compartments in which specimen foils were hung. Aller some days of severe leaching, the samples were
evaluated by the NSA test and compared with unleached foils.
Plasticizer effect. Freshly prepared foils, 60"1. PVC, 35% plasticizer, 0·5% stabilizer, 0·05% OBPA, were
submitted to leaching. The plasticizers used were di-2-etbylhexyladipate (DOA) and di-n-decylpbthalate (DIDP).
Table 1 shows that all the unprotected samples were covered in fungal growth, indicating that adipate and
phthalate plasticizers are utilized by fungi when no biocide is incorporated into the formulation. Growth was
much more rapid over the DOA-containing foil. Adipate-based plasticizers bave previously been shown to be
much more susceptible to fungal attack than phthalate-based plasticizers (Bessems, 1988).
Addition of 500ppm OBPA to the foil formulation resulted in the generation of a clear ZIG for the DOA foil.
This ZIG decreased with increasing leaching tinte and after 14 days ofleacbing fungi began to grow over the foil
surface. The leaching behavior ofbotb foils is affected by the plasticizer used. Aller being leached for 7 days, the
ZIG of the DOA foil was half the size of that of the DIPD foil. This indicates a clear effect of the plasticizer on
OBPA leaching. The application of DIDP contributes to a slower release of the OBPA biocide in comparison to
the DOA foil.
Stabilizer effect The incorporation ofBaiZn stabilizer affected the leaching behavior of both foils (Table 1).
Aller 14 days ofleaching, the residual OBPA was still sufficient to generate a ZIG. Foils without stabilizer were
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no longer adequately protected after 14 days of leaching and surface growth was seen. This suggests that the
presence of the Ba/Zn stabilizer reduces the leaching of the biocide OBPA It may be concluded that both the
type of plasticizer and the addition of Ba/Zn stabilizer influence the amount of biocide leached. The stabilizing
system presumably influences the migration rate of the biocide.
Table 1 The influence oftwo different plasticizers on the effectiveness ofOBPA after leaching
Plasticizer Stabilizer OBPA (ppm) ZIG (in mm) after x days of leaching
DOA
DOA
DOA
DIDP
DIDP
DIDP

0.5o/oBa/Zn

500
500

0

7

0++

0++

18
20

0.5o/oBa!Zn

500
500

0++
0++

3
0++

0++

20
21

Basic formulation: 6<m PVC, 35% Plastici= (DOA or DIDP)

14

6
8

0++

12
14
+t =

•

0++

5

stroog fungal growth

'·The observation that a stabilizer affects leaching of the biocide was further investigated using foils containing
other types of stabilizers. As in the previous experiment, the foils were subjected to severe leaching for up to 23
days. The results in Table 2 show the ZIGs are strongly affected by these stabilizers. Dibutyltin maleate
half-ester-containing foil behaves similarly to the reference foil(# 1). This indicates that the incorporation of this
stabilizer has no influence on the leaching behavior of the biocide OBPA The foils containing the stabilizers
Ba/Pb/Zn and Ba/Cd/Zn octoates prevented the decline of inhibitory activity in a similar fashion to that seen with
the Ba/Zn stabilizer. Ba/Pb/Zn octoate-containing foil gave highest ZIG values at all times and was able to
generate a ZIG even after 23 days. This indicates that these stabilizers affect migration and reduce the loss of
OBPA during leaching.
Foils containing stabilizers based on organic S/Sn compounds behaved in a notable and unexpected fashion.
No inhibitory activity was detected until the foils had been leached for 14 or 23 days. Before leaching, the
surfaces of both foils supported a slight fungal growth; the incorporated OBPA was not able to demonstrate its
fungistatic properties in the presence of the S/Sn stabilizers. After 14 days of leaching a small ZIG could be
observed for the sample containing the diestertinthioglycolacid. This ZIG increased markedly on further leaching.
After leaching for 23 days, both S/Sn-containing foils induced distinct inhibition zones. This indicates that the
incorporation of the S/Sn stabilizer completely blocks OBPA activity. This blocking effect disappears with
increasing leaching periods.

•

Table 2 The influence of the applied stabilizer on the leaching behavior of the incorporated biocide
· Foil % Stabilizer
ZIG (in mm) after x days of leaching
0
I
2
3
4
5
6

None
0. 5% dibutyltin maleate half ester
I% Ba/Pb/Zn octoate
1% Ba/Cd/Zn octo ate
0.5% diester tinthioglycol acid
0.5% dibutyltindithiodioctyl +
monobutyltintrithiotrioctyl ester

20
24
27
26
0+
0+

7
6

14
2

6

0

16
12

o+

9
1
5

23
0+
0+
2
0+
13

0+

0+

14

•

Basicfonnulation: 60%PVC; 3S%DOA; 0·05%0BPA +=growth over foil

These experiments clearly demonstrate the importance of more detailed knowledge of the effects of these
stabilizers on the release ofbiocides from plastics foils. Optimization of PVC formulations and the production of
more environmentally acceptable foils should result from these fundamental studies.
Effect of the production procedures The procedures used in foil fabrication directly affect the molecular
orientation and structure of the bulk phase of PVC foils and their surface structure. Flexible PVC foils can be
produced according to two different principles i.e. a calandered foil and a plastisol foil. Calandered foils are
produced by gelation of a dry blend between heated metal rolls, whereas plastisol foils are gelated in a heated
oven starting from liquid paste of the PVC pre-mix.
The influence of production procedures was studied on plastisol and calandered foils of the same formulation
containing 500ppm OBPA. Samples of the foils were submitted to leaching as described previously and then
tested for biocidal efficacy as before. The leaching behavior of the two types offoil was completely different. As
in previously descn'bed tests, biocide leached rapidly from plastisol foils. After I week of leaching the plastisol
foils no longer generated a ZIG and growth was noted on the surface. The loss of inhibitory activity from the
calandered foil was much slower and a distinct ZIG was seen, even after 2 weeks of leaching. A comparison of
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these differences in leaching behavior is shown in Fig. 1. It can thus be stated that the production procedure
affects the leaching behavior of the incorporated biocide.
These leaching experiments demonstrate that both formulation and manufacturing processes have very marked
effects on biocide activity. Detailed "efficacy" studies are needed to prove a biocide is effective after
incorporation into PVC products.
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Figure 1 Influence of the production procedure on the leaching ofOBPA from plastisol and
calandered films.
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BIOCIDE TECHNOLOGICAL PROSPECTION
Antunes, A., Guerra, T., Bardy, M.
·school ofChemistry,Federal University of Rio de Janeiro, Brazil.
ABSTRACf A survey ofbiocide patents deposited in the United States during 1990-1994 yielded a list of 18
compounds deposited by 33 firms. Of these, 18 firms lodged patents concerning quaternary ammonium
compounds. The major introductions on to the market are synergistic combinations.
INTRODUCTION A survey of patents on biocides deposited in the United States during the period 1990-1994
was carried out. The new technologies, processes and applications and product innovations documented in these
patents is used as the primary source of information in this review.
In the fine chemistrY industry, which includes biocides, the profile of technological development can be
searched using patent databases and can be used as a possible indicator of active investment areas. The patent
"portfolio" can be a resource of great value, attracting joint-ventures for strategic alliance between firms. The
information found in patent documents contnoutes to the data base that may be accessed by the tools of
information technology and should be used by companies, researchers and government.
RECENT R&D IN BIOCIDES In 1983, the International Biodeterioration Research Group (IBRG) conducted
a survey by sending questionnaires to biocides producers worldwide. It resulted in a list of approximately 250
· products or groups of products.
In order to get a set of products which better depict the prevailing trends in the biocide market, a smaller
subset of products was selected (Antunes et a!., 1992) with the help of more recent lists, technical articles and
information gathered from manufacturers and this subset of35 products is presented in Table 1.

ii

Table 1- Target Biocides
2-methyl-4-isothiazolio-3-ooe
11-bromo-fl-niti'Olltyrene
1, 2-benzisotbiazolin-3-one
5-chloro-2-methyl-4-isothlazolin-3-one
2-(tbiocvanometbyltbio)benzothiazole
2-phenoxyetbanol
sodium-2-pyridinetbiol-1-oxlde
diiodomethyl-p-tolylsulfone
quaternary ammonium compounds
polyhexametbylene biguanide
N-methyldithiocarbamate
4,4-dimethylo:uzolidine
2,2-dibromo-3-nitrilopropiooamide
glutaraldehyde
trichlorometbylsulfone2
N-dicbloroOuoromethylthio-N' ,N'-dimetbyl-N-phenylsulphamide
N-dlchloroOuoromethyltbio-N',N'-dimetbyl-N-tolylsulphamide
polyoxyetbylene(dlmethylimino)ethylene(dimetbylimlno)ethylene oxide
1,3,5-hoxahydrotriJizine
2-benzyl-khlorophcno1

I

-

2,3,5,6~tetracbloro-4-mcthy1-sulfonylpyridine

2-bromo-2-nitropropan-1,3-d;o1

2-[(hydroxymcthyl)amino] ethanol

2-n-octyl-4-isothiazolin-3-ono

3,3',4,4'-tetracbloro-tetrahydrothiophono 1, 1-d;oxide
3-mctbyl-4-clllorophcnol
Copper 8-quinolato
N-bydroxymcthylchloracetamide
phcnylmen:uric ncotatc

3,5-dimetbyl-1,2,5,2H-tetmbydrothiazine-2-thione
c:otylpyridinium bromide
disodium ayanodithioimidocarbonatc
<rpbonylphcnol
sodiwn pentacbloropbonote

hoxahydro-1,3,5-tris(2-hydroxyethyl)-s-triazino
Biocides encountc:red in the current search are marked in bold.

The major trends in the world biocide market can be anticipated with the help of the most recent patent
documentation. A search was performed for all 35 substances listed in Table I. Those substances the subject of
patent deposits in the United States during the 1990-94 period are given in the larger typeface.
fl-bromo-fl-niti'Olltyrene (US 5358963 us 5246963 us 5063212 us 4916164) is the subject offour patents in syoergistic
compositions deposited by two firms. In two patents by The Great Lakes Chemical Corporation, it is a synergistic
composition with 2-(2-bromo-2-nitroetbenyl)furan, used against a wide spectrum of bacteria, algae and fungi. In
the patents deposited by Betz Laboratories, this compound forms a syoergistic mixture with N-tributyl tetradecyl
phosphonium chloride or with 2-(decylthio)ethanamine.
Isothiazolones (US 5322834 us 5290512 us 5278178 us 5246913 us 5190944 us 5132306 US 5034405 us 4914118 us 5276047
us 535!Xl68 us 5125967) Only three of the four targeted isnthiazolones from the list are subjects of recent patents.
5-chloro-2-metbyl-4-isothiazolin-3-one and 2-metbyl-4-isothiazolin-3-one may be used in syoergistic
antimicrobial formulations in various industrial systems or to preserve and disinfect contact lenses.
Chloromethylisothiazolinone with 2-(2-bromo-2-nitroetbenyl) furan is effective against a wide range of bacteria,
algae and fungi.
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1,2-benzisothiazolin-3-one (BIT) is used in aqueous compositions such as dispersions of synthetic materials,
emulsion paints, adhesives, paper-coating materials, textile softening agents, sizing agents, surfactants,
detergents, cleansing and ,polishing agents, spinning baths, coolants or metal working fluids, leather auxiliaries
and silicone emulsions as an important agent against microbial deterioration. This compound is cited as a biocidal
agent in mixtures either with a substituted urea or with sulfone derivatives such as diiodomethyl-p-tolylsulfone.
2-(thiocyanomethylthio)henzothiazol (US 5198453 us 5198440 us 5196443) This compound is used in synergistic
combinations with three targeted biocides, 4,4-dimethyloxazolidine (plus 3,4,4-trimethyloxazolidine),
glutaraldehyde and hexahydro-1,3,5-tris(2-hydroxyethyl)-s-triazine to control microorganisms in industrial waters
and metal working fluids.
2-phenoxyethanol (US 5185145) A 1993 patent ofEastman Kodak describes a disiofectant concentrate used as a
mycobactericide and viricide. Another alcohol ether, phenoxypropanol, is described in an Ecolab Inc. patent,
mixed with a quaternary ammonium compouod.
Sulfamides (us 5063211) A Betz Laboratories patent on a synergistic mixture with a quaternary phosphonium
surfactant indicates it prevents fungal wood damage.
Sodium-2-pyridinethiol-1-oxide (US 5162343 us 5081134) In 1992, the Betz Laboratories deposited two patents
on synergistic biocidal compositions with 3-iodo-2-propynyl-butyl carbamate and diiodomethvl-p-tolylsulfone.
Sulfones Diiodomethyl-p-tolylsulfone is the object of three patents on synergistic formulations: Foster Products
Corporation with N-methyl dithiocarbamate; Zeneca Biocides with 1,2-benzisothiazolin-3-one aod by Betz
Laboratories, cited above. Trichloromethylsulfone (hexachlorodimethylsulfone) occurs in two patents, one in
combination with glutaraldehyde and another with a quaternary ammonium salt.
Glutaraldehyde (US 5252606 us 5250573 US 5209823 Combinations of glutaraldehyde US 5198453 US 5!58972 US 5158n8 US
5063248 us 5041463 us 5039708 us 5008023 us 5004749) Glutaraldehyde is used in synergistic mixtures with
dithiocarbamates, 2-(thiocyanomethylthio)benzothiazole, trichloromethylsulfone, I ,2-benzisothiazolin-3-one and
a quaternary ammonium chloride.
A glutaraldehyde-phenol formulation is the object of a patent by Germo Spa. The patent indicates its use as an
antibacterial and antimycotic sterilizing agent, which has considerable stability.
Ecolab Inc. have developed a stable preparation of glutaraldehvde with a carbohydrate. This patent indicates it
may be employed to preserve, sanitize, disinfect or sterilize a contaminated surface or area.
Betz Laboratories have patented some biocidal combinations of glutaraldehyde with 2-(decylthio)ethanamine,
dodecylguanidine hydrochloride and 2-(2-bromo-2-nitroethenyl)furan. The latter combination is described as a
method for inhibiting and controlling the growth of Klebsiella pneumoniae.
Polyhexamethylene biguanide (US 5356555) This compound is used as a disiofectant for contact lenses in a recent
patent by Allergan Inc.
N-metbylditbiocarbamate (US 5314719 us 5227360 us 51585%) Described as protective fungicide in combination
with barium metaborate in polymeric coatings exposed to moist air and in two other patents by Rohm and Haas
as a synergistic anti-algal composition with diphenylethers for treatment of swimming pools.
Tricblorometbylsulfone This occurs in two patents, one in combination with glutaraldehyde and another with a
quaternary ammonium salt.
Hexabydro-1,3,5-tris(l-hydroxyethyl)-s-triazine and 4,4-dimetbyloxazolidine These compounds are used in
synergistic compositions with 2-(thiocyanomethylthio)benzothiazole.
2,2-Dibromo-3-nitrilopropiamide and polyoxyethylene(dimethylimino)ethylene(dimethylimino)ethylene
dichloride These compounds are used in combination with diphenylethers as anti-algals.
Quatemary ammonium compounds (US 5290806 us 5290805 us 5288753 us 5288483 us 5284875 us 5281414

us 5266567 us 5354862 us 51455% us 5359104 us 5169625 us 5358688 us 5352833 us 5216030 us 5242684 us 5211871
us 5344838 us 5338748 us 5124359 us 5336305 us 5320805 us 5319049 us 5312841 us 5306432 us 5286575 us 5190932

US 5185145 US 5102874 US 5135811 US 5120530 US 5110493 US 5093078 US 5244666 US 524458~ US 5304237US 5300167
us 5149439) This class of products finds application in many different industrial fields. As biocides, they are used

alone or with other compounds. Twenty two companies and two independent researchers deposited 40 patents in
the USA in the period 1990-1994, 22 being synergistic formulations.
These biocides are indicated as fungicides, pesticides, wood preservatives, antimicrobial agents for textiles and
disposable medical garments, antibacterials, water treatment agents, sanitizers for environmental protection,
sterilants stable for several weeks (long shelf life), sporicides, disinfectants, viricides, anthnycotic nail varnish,
ophthalmic preservatives and as a pre-surgical skin scrub.
The quaternary ammonium compounds form synergistic combinations with the following substances:
4-(4-lerl-butylphenyl)cyclohexylarnine, phenylalkanols, phenols, polydimethylsiloxane, polyvinylpyrrolidone,
phosphonium and sulfonium salts, trichloromethylsulfone, an alkanolamine-copper complex, amorolfine and fatty
acids.
The companies that have patents in USA are BASF (1), Lonza Inc. (I), Union Oil Corp. of Ca. (I), Procter &
Gamble (1), Rohm and Haas (2), Dow Corning (5), Ciba-Geigy (1), JSP Investments (4), Cetylite Industries Inc.
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(3), Sterilix Corp. (!), Betz (!), Great Lakes Chemicals, (!), Rutgerswerke (!), Kimberly Clark Corp. (!),
Zeneca Biocides (!), Bayer (!), Ecolab Inc. (3), Bayrol Chemische Fabrik (!), Hoflinan La Roche(!), Syntex
(I), Buckman Laboratories International(!), Consolidated Chemical Inc. (!).
CONCLUDING REMARKS Of the 35 substances targeted in the study entitled "Perspectivas do mercardo
brasileiro de biocidas. ", 18 were the object of 85 patents deposited in the United States during the !990-94
period. Eleven of those 18 are cited in synergistic combinations (Table 2). Synergistic combinations were also
claimed with 15 compounds not listed in Table I. Out of the latter 15 substances,
2-(2-bromo-2-nitroethenyl)furan, N-tributyl- tetradecylphosphonium chloride, 2-(decythio)ethanamine and
2-bromo-2-(bromomethy I )glutaronitrile are the most cited. Titirty-three firms deposited patents on the 18
targeted biocides in the US during the selected years. Eighteen companies only submitted patents connected with
quaternary ammonium compounds.
Table 2. Biocide formulallons
·
· synergistic comb'mallons between targeted compounds.
mvoIvmg
1
2
3
4
5
6
4
7

8

X
X
X

'

10

KEY

1: Quatenwy IUillll<JJUum compounds
4: 2-(thiocyanometbylthio)bcozothiazolc
7: 2-phcnoxyethanol
If: 4,4-dimelhyloxazolidine

X
X
X
X

X

X
X

2: sulphones
5: Na 21')ridinethiol-1..00do
8: glutaraldehyde

•

X
X

..

3: wthiocarbamates
,, 1,2-bem:iscthiazolin-3-ooe
,, hexahydro-1,3,5-tris(2-hydroxyetbyl)-s-triazine

The criteria used for selection of preservatives, antimicrobials and disinfectants include effectiveness,
compatibility, stability and acceptability. From the manufilcturer's viewpoint biocide development is a highly
speculative procedure and only about one compound in 4000 reaches the field trial stage of development.
Antimicrobial product introductions are being delayed by the large costs and time associated with research and
development and by the tests required by the US Environmental Protection Agency. Registration of new active
ingredients for antimicrobials generally takes two years.
A major result of this study is that R&D activities in the biocide field are mostly related to new synergistic
combinations.
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ABSTRACT Incorporation of chelating agents into paints, resins and plastics creates the conditions for the

controlled diffusion of copper from an underlying substrate, such as a primer containing copper oxide, through
the superficial paint or varnish layer. To test the efficacy of such a model, a lipophilic copper complex was
synthesized and its biocidal activity tested in the field. Results are presented showing that the preparation is
highly effective for the treatment of algal and fungal growth on buildings. Studies in guinea pigs and work
previously done in rats indicate that neither the chelating agent nor the copper complex have significant toxic or
irritant effects.
INTRODUCTION The diffusion of chemicals through semipermeable substrates, such as paints and plastics, is
related to their solubility in the substrate. A model for the enhancement of diffusion by the incorporation of
binding agents increasing the solubility of the chemical in a substrate layer was demonstrated by Scholander
(1960) and Zilversmit {1965). The present work is concerned with the regulation of the release of copper by the
incorporation of a chelating agent able to form a complex with the metal which is stable in hydrophobic
environments. It is considered that the complex will have good long term stability in paints and plastics, but will
not persist in the environment once released.
Copper compounds have a long history of use in the control of microorganisms. The most traditional use for
copper is the prevention of fouling on ships' hulls. Although some environmental problems have been
encountered where large amounts of copper are released into enclosed bodies of water, such as the discharge of
water from swimming pools into the San Francisco Bay area, no significant environmental problems have been
noted in open waters. The concentrations of copper in low salinity waters found close to the mouths of large
rivers, such as the Mississipp~ are much greater than in more open waters. Atkins (1953) found that there is a
seasonal variation of copper concentration in the English Channe~ a maximum of25jlg/l being observed in winter
and a minimum of 1·5f1g/l in early autumn. These variations are probably the result of increased river run-off in
winter and uptake by marine organisms, without any recorded toxic effects, during the summer. The relatively
enclosed waters of the English Channel and the high input from industry are important factors contributing to this
variation. The concentration of copper in open sea water (1 to 25!lg/l; Nicol 1967) is well below that known to
inhibit any microorganism, but may reach higher vaiues in rivers and other freshwater bodies of lower pH.
Copper is an essential nutrient, and is found in high concentrstions in marine plants, plankton, gastropods,
cephalopods and crustaceae (Harvey, 1957; Nicol, 1967). The effect of efficient copper scavenging systems in
such organisms in the presence of higher concentrations is largely unknown. In fish, aqueous copper
concentrations around 10% of the acute LC50 cause behavioral and physiological changes (Weber, 1984).
Concentrations of free copper below 100jlg/l are without observed effects. In terrestrial vertebrates, efficient
uptake is associated with efficient excretion. No evidence of systemic accumulation is known except when
genetic defects are present, such as in Wilson's disease in man. In most such patients with defective transport and
elimination, it usually takes 30 years or more before signs of systemic toxicity resulting from accumulation of
copper appear. This data supports the general view that copper is not an accumulative poison and that it does not
pose a long term environmental threat since it is effectively immobilized on to particles.
The copper complex described in this paper contains a chelating agent with an LD50 value of 4g/Kg p.o. in
rats (Spector, 1956). This chelating agent has excellent long term stability in non-aqueous environments and is
stable in water. The free compound will be rapidly degraded by most, if not all, organisms. It is therefore unlikely
that problems of persistent environmental contamination will occur.
MATERIALS AND METHODS The complex was prepared from copper sulfate and the chelating agent. It
was tested in the in vivo irritancy studies at a concentration of 5% (w/w), and in the field trial applications at
approximately lOmg m·' (applied by spraying a solution of200mg 1·• in kerosene). The complex contained 33%
copper (w/w).
Field trials Trials were initiated in August, 1994 (late winter). The copper complex was tested on a tiled
outdoor patio after cleaning the area (which had a heavy growth of algae) with 2·5% (w/v) sodium hypochlorite.
Trials were also performed on smooth acrylic painted and rough-plastered external cement walls. In these cases,
no prior cleaning was carried out and the walls were seen to be discolored by microbial growth. The sites were
inspected periodically and compared with untreated, adjacent sites and with areas treated with a commercially
available quaternary ammonium compound (quat) applied in accordance with the manufacturer's instructions.
Topical irritancy Irritants applied to the skin cause an increase in epidermal thickness (Sarkany and Gaylarde,
1973). The chelating agent and its copper complex (5%) in emulsifying ointment BP were applied to the skin of8
guinea pigs daily for 5 days and the animals were sacrificed on the eighth day. Epidermal thickness was measured
in histological sections from the treated and contralateral control areas of skin as described by Sarkany et a!.
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(1981). 400 measurements were made from 20 biopsy sites for each treatment and for their corresponding paired
controls.
RESULTS & DISCUSSION
Field trials After 4 months, algal regrowth was heavy on the tiled surface; growth was uniform on the quat
treated tiles, but less dense than on untreated areas. Algal regrowth was still completely absent on the copper
treated site. The external roughcast wall, which was not cleaned prior to treatment, gradually lost its
discoloration after treatment with both biocides; no growth was seen after 4 months, but after 7 months patchy
algal regrowth occurred in both cases. Discoloration by fungal growth, present initially, was absent after 7
months on the copper treated surface, but was beginning to recur on the quat treated area.
On the smooth painted surface (in an area subject to lower humidity), no reduction in discoloration was seen
on the sites treated with the quat. On the copper treated areas, discoloration as a result of fungal and algal
growth continued to diminish for 12 months, but slight regrowth of algae was seen after I 5 months. The quat
was without effect on the smooth painted surface.
These observations show the efficacy of the released copper on fungal and algal biofilms. The inhibition of
these eukaryotic microorganisms by copper is well documented and this metal is used in formulations for the
treatment of marine fouling by algae and of fungal infections in plants. It is also effective against a number of
bacterial species, notably aeromonads and coliforms (Schets & Medema, 1993). The extended time interval
before microbial growth began to recur in our tests indicates that the complex continues actively to release
copper over a period of up to one year, even when subjected to the rigors of a humid sub-tropical environment,
and would be ideal fur incorporation into oil-based paints. It is without smell and, at the concentrations required
for activity, colorless.
Topical irritancy The results show that neither the chelating agent nor its copper complex possess significant
irritant properties (Table 1). Unpublished observations suggest that oligo-arnines, such as diethylene triarnine, and
other arnines, such as 2-arnino phenol, possess irritant properties, whereas other classes of chelating agent are, in
general, without irritant activity. The chelating agent used here is a natural metabolite in man and other organisms
and there is no evidence of harmful effects at low levels of exposure.
TABLE 1 Epidermal thickness of guinea pig skin treated daily for 5 days with the chelating agent or copper
complex (5% in emulsifYing ointment- EO) and of matched control skin treated with EO.
Skin treatment
Mean epidermal
Standard deviation
thickness (11m)
· Control (EO)
80·27
15·04
Chelating agent
79·23
16·31
51·53
Control (EO)
83·05
Copper complex
81·97
55·00

•

.,

I

There is no statistically significant difference between the treabnents.

CONCLUSIONS
- The novel copper complex effectively controlled algal growth on an external tiled patio for 4 months, following
a single application.
- The complex was superior to a commercial quat formulation in reducing algal and fungal discoloration and a
single application was effective over 7 months on an external rough cast wall and 12 months on a smooth painted
cement wall.
- Neither the chelating agent nor the copper complex had any pharmacological effects, as determined by topical
irritancy tests in guinea pigs.
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ABSTRACf Microbial contamination of hydrocarbons is of considerable importance in the petroleum industry,
especially with respect to fuel storage in refineries and distribution systems. Microbial activity in these systems
leads to the production of a biomass at the oil/water interface. The control of this contamination involves physical
measures, such as removal of water and good housekeeping, and chemical control by the use ofbiocides. The aim
of this paper was to select biocides of high efficiency against fungi, aerobic bacteria and sulfate-reducing bacteria
isolated from a contaminated diesel oil system. Two biocides (a quaternary ammonium compound and an
isothiazolone mixture) were found to show the highest eflieacy at low concentrations.
INTRODUCTION Microbial contamination of petroleum products has been a great problem in refineries,
storage and distribution systems. Changes in refinery practice, as well as the increased use of additives, have led
to variations in the composition of fuel, which are reflected in increased microbial growth in the systems (Smith,
1991; Hill & Hill, 1993). Many microorganisms are able to use either the hydrocarbon molecules themselves or
the additives as nutrient sources in the presence of minute quantities of water. These microorganisms include
filamentous fungi, yeasts, aerobic bacteria and sulfate-reducing bacteria. Apart from oxidizing the hydrocarbons,
with the concomitant production gums of and of corrosive metabolites such as organic and inorganic acids,
microbial metabolism produces more water, aiding further growth. As a consequence of this microbial activity, a
large biomass can develop at the oil-water interface, resulting in operational problems due to blockage of filters
and pipelines, the production of emulsions by biosurfactant activity, alteration in the quality of the fuel and
corrosion of metal tanks (Hill, 1987; Smith, 1991).
The present research was carried out with the aims of determining the principal contaminants present in the
sludge formed at the bottom of diesel storage tanks and the biocides active against these microorganisms.
MATERIALS AND METHODS
Isolation of contaminants Microorganisms were isolated from contaminated diesel fuel from refinery storage
tanks by filtration through 0·4Sflm pore-size filters followed by culture on nutrient and malt agar. The interfacial
biomass, where present, was plated directly on to these two media and inoculated into Postgate's Medium B for
identification of sulfate-reducing bacteria (SRB). Three types of diesel fuel, common, urban and marine, were
sampled. After purification of the major contaminants, they were identified by standard morphological methods
for fungi and microscopic, culture and biochemical methods for aerobic bacteria.
Bioeide tests Four antimicrobial agents, an isothiazolone mixture, glutaraldehyde, a quaternary ammonium salt
(quat) and a formaldehyde-releasing agent, were tested for their activity against the isolated microorganisms. The
minimum inhibitoty concentrations (MlCs) for aerobic bacteria, SRB and fungi were determined in appropriate
liquid growth media using three replicates for each organism. Time-kill curves were plotted for aerobic bacteria
treated at room temperature (approx. 25'C) with the biocides in Bushnell-Hass medium plus sterile diesel oil
(20: I, v/v). Samples were taken at 3, 6, 9, 12 and 24h and viable cells determined using the Spiral Plater (Spiral
Systems Model D) and four plates of nutrient agar for each concentration .
RESULTS AND DISCUSSION
Isolation of contaminants Aspergillus fumigatus and Aspergillus j1avus were found to be major contaminants
of all three types of diesel tested. In addition, Aspergillus niger was frequently isolated from urban diesel and
Honnoconis resinae from marine diesel. All sediment samples from all fuel types contained viable SRB,
confirming the presence of anaerobic niches within the system (Fram;a, 1992; Videla, 1981). Samples of common
diesel yielded two different colony types of Bacillus as the most frequent bacterial contaminants, whilst urban and
marine diesel showed a greater preponderance of Pseudomonas, a different colony type being selected from each
type of fuel.
Biocide tests The minimum inhibitory tests for the isolates showed that biocides A (the quaternary ammonium
salt) and C (the isothiazolone mixture) were the most effective against all the isolated organisms (Results not
shown).
Results of the time-kill tests on aerobic bacteria (Table I), whilst not disagreeing with this conclusion, showed
that the isolates of the genus Bacillus were considerably more resistant than the pseudomonads. This could be
due, in part, to the differences in the cell envelope. Brozel & Cloete (1994) suggest that isothiazolones interact
specifically with cysteine molecules in the outer membrane protein T of Pseudomonas aeruginosa. Such specific
interactions, along with the presence of pores in the outer membrane, could allow increased uptake of some
biocides by Gram negative cells. Both the Gram positive isolates tested in this study belong to the genus Bacillus,
spore-forming organisms. Although various chemicals can act as sporocides, it is generally necessary that high
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concentrations and/or long contact times be used, probably because of the impermeable barrier presented by the
spore coat and cortex. However, in some cases (e.g., glutaraldehyde), the biocide may exert its lethal action
directly on the spore cortex (Bloomfield & Arthur, 1984).
Of the two aldehyde-based biocides in this study (Band D), only D was able to kill Gram negative cells within
3 hours at the lower concentrations used. Neither were effective against the Bacillus isolates. On the other hand,
both A and C were bactericidal for Gram negative organisms at low concentrations and A showed reasonable
activity against the Bacillus spp.
Although Bloomfield & Arthur ( 1984) consider that quaternary ammonium salts are sporostatic rather than
sporocidal, our results indicate that cidal activity can be demonstrated under certain circumstances and that the
qoat used in these tests is the most appropriate biocide for use against these isolates. Its surfactant activity also
recommends it as a useful cleansing agent for the empty storage tanks. However, it should be realized that this
would not be a suitable biocide for addition to the fuel itself and, if this is the aim, then tbe isothiazolone mixture
would be the fonnulation of choice.
Table 1 Biocide contact time required to reduce numbers of aerobic bacteria to below detection level when
incubated in Bushnell-Haas medium plus sterile diesel at room temperature.
Biocide Concentration
Bacterial isolate
(ppm)
DU
DM
De;
DCn
I

5

•

•

24h
ND
ND
ND
ND
10
lh
ND
50
24h
lh
lh
lh
100
ND
ND
500
ND
lh
ND
1,000
3h
ND
ND
24h
10
ND
50
3h
ND
3h
100
ND
500
ND
ND
1,000
6h
ND
ND
2,000
ND
ND
24h
ND
3h
c
I
3h
ND
c
5
3h
ND
ND
10
c
ND
lh
ND
ND
c
50
ND
12h
3h
ND
c
100
3h
6h
ND
D
10
3h
ND
ND
ND
D
50
ND
lh
ND
D
100
lh
ND
ND
3h
200
ND
D
ND
ND
D
500
ND
24h
3h
1,000
ND
ND
D
3h
2,000
ND
ND
3h
ND
D
Biocide B: Di(2·hydroxyethoxy)methane
Biocide A: Dideoyl,dimethyl-ammonium chloride
Biocide D: Olutmaldehyde
Bloclcle C: 5-chloro-2-methy!-4-isothiozo-3-one + 2-mcthyl-4-isothiazo-3-one
ND -not done.
• - still detectable after 24h contact time
DM&DU = Pseudomona3 spp. isolated from naval and urban diesel. respectively
DCI & DCII = Bacillu> spp. isolab:d from common diesel
A
A
A
A
A
A
A
B
B
B
B
B
B

•

ND
ND
lh
lh
lh
ND
ND
ND
ND

•

•
•

•
•

•

•
•

•
•
•
•

•
•

•

•
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EVALUATION OF MICROBIAL CONTAMINATION AND CONTROL
IN DIESEl, OIL
Rodrigues, E.G.C., Scotfield, AL., Menezes, E P., Santa Anna, L.M.M, Furtado, MAL.,
Rocha, M.Y., Yuan, V.
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ABSTRACT Microbial contaminants (mainly bacteria, but also filamentous fungi and yeasts) were detected in
diesel storage tanks in which water was present An isothiazolin biocide was shown to be effective at 374ppm in
the laboratory and over 8 months in preventing the development of microbial contamination in vehicle tanks. The
200ppm level of biocide was not effective, but periodical addition at 50ppm controlled the development of
contamination in diesel storage tanks operating under routine refinery conditions. Chemical stability of the fuel,
assessed by solvent extraction, combined with thermogravimetric analysis and infra-red spectroscopy, and
scanning electron microscopy, did not seem to influence the development of microbial contamination.
INTRODUCTION After prolonged periods of operation, fuel storage systems usually show microbial
contamination problems associated with the inevitable presence of water in the tanks. Hydrocarbon consuming
microorganisms that develop at the water/oil interface and sulfate-reducing bacteria trigger an integrated
aerobic/anaerobic process that may lead to fuel deterioration causing serious operational problems and corrosion
in the tanks (Hartman et al., 1991 ). The aerobic contaminants form a biological sludge that settles at the bottom
of the tanks (Swift, 1987) The combined effect of this sludge and the action of the surfactant produced by the
microorganisms may cause blocking of filters and obstruction of drainage and fuel distribution lines. As a result
of this contamination, environmental conditions favorable for sulfate-reducing bacteria develop. The production
of hydrogen sulfide by these bacteria may lead to the accumulation of elementary sulfur and to the dissolution of
the sulfide in the fuel, disqualifYing it with respect to copper corrosivity (Fass et al., 1986).
In addition to microbial contamination, the fuel may undergo chemical deterioration (destabilization) caused by
exposure to high temperatures, oxygen, water and other contaminants. The susceptibility of a fuel to chemical
deterioration is related to factors such as the crude oil source, the refining processes, the use of additives and the
storage conditions (Reddy, 1988). The destabilization of the fuel gives rise to insoluble deposits that may cause
obstructions in the storage systems and exacerbate draining difficulty, thus contributing to water accumulation
and eventually to the growth of microorganisms in the tanks.
In this paper, the relationships between microbial contamination, water and fuel instability in diesel oil are
examined. A methodology to characterize the insoluble sediments formed in diesel oil is evaluated and the action

of a biocide in controlling microbial contamination is assessed.
METHODS, RESULTS AND DISCUSSION

•

Isolation and identification of microbial diesel oil contaminants Contaminating microorganisms were
isolated from diesel samples by filtration in Millipore systems and from water samples from the bottom of the
tanks. Plating on specific growth media was used and pure cultures of different colony types obtained by repeated
subculture. Filamentous fungi were identified by cell and colony morphology and bacteria and yeasts by
morphology and biochemical tests. Table I shows the main organisms isolated. Bacterial contaminants
predominated .

Table l Main diesel-contaminating microorganisms
Bacteria
Filamentous fungi

Acinetobacler calc:oaceticus
Bacillus acidocaldarius
Corynehactaium sp.
Ei1terobacter agglomerans

Paecilomyces >p. Bainier
J'aeci/omyces variolli Hainier

Yeasts·

Candida tropica/is
( 'andida jluviatilis

7hie/avia sp. Zopf

f..i1terobacter cloticae

Moraxella .<p.
Pasteurella ·"P·
Control of microbial contamination by biocide
Laboratory tests Flasks containing fuel and water (3:1, v/v) were inoculated with water from a diesel storage
tank drain and received a biocide product containing isothiazolin as active ingredient at concentrations of 186 and
3 74ppm. Microbial counts were made on water phase samples at various times. Both the concentrations of
biocide used reduced the aerobic flora significantly within a short time (Table 2). Anaerobic bacteria were also
eliminated within 48h using 374ppm biocide.
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Table 2 Biocide action on microbial contaminants in fuel/water laboratory test system
Time
Control
Biocide 374ppm ·
Biocide 186ppm
Bacteria
Fungi
Bacteria
Fungi
Bacteria
Fungi
0
1·59xl06
7·60xiO'
1·44xlO'
1·13xl0'
I·IOxiO'
8·90xiO'
1·36xl0'
7·00xlO'
2·30xlO'
l·OOxiO'
l·l2xlO'
I·SOxlO'
19h
1·36 X 106
7·00 X 10'
0
0
48h
4·00 X 10'
0
0
1·00 X 10"
4·00 X 10 1
72h
1·22x10'
I·OOxiO'
0
0
0
9 days
0
2·70 X 10'
4·00 X 10'
0
0
0
ISdays
0
I month
4·00 X 10'
0
0
2·90 X 10°
0
0
2,3,4 months
0
0
Field tests
Biocide tests in vehicle tanks Trucks using diesel oil and kept in an open yard had performance problems. In a
field trial, truck fuel tanks containing !50 liters of diesel were kept in an open yard exposed to local climatic
conditions and periodically monitored for contamination and oil stability. Two kinds of diesel, with different
levels of stability, and two biocide concentrations (200 and 374ppm) were used.
After 6 months, all the tanks contained an aqueous phase and, except for the tank where 374ppm biocide had
been added, there was microbial contamination (Table 3) and an interfacial emulsion containing sediments. All
diesel A (control) samples exceeded the ASTM color specification limits, indicating significant oxidation. The
stabilized diesel samples passed the ASTM color test throughout the test period, in spite of the microbial

•

contamination and interfacial sediments observed.

The results indicate that the performance problems of the trucks were probably related to the formation of
insoluble sediments in the fuel due to the presence of water and growth of microorganisms and were not
associated with the degree of stability of the fueL
Table 3 Action of biocide on bacteria and fungi (cfu·ml·') in diesel oil tanks

0
aqueous

Time

6months
7months
Smooths
diesel
diesel aqueous diesel aqueous
aqueous
diesel
0
3·40 X 101 2·80 X 10 1 1·00 X 106 3·00 X 10'
2·20 X 10 6
0
5·00 X 10' 2·20 X 10 1 3·60 x 101
0
0
0
0

Diesel A,
control

B
F

Diesel A,
374ppm

B
F

0
0

0

0

0

0

0

0

Diesel A,
200ppm

B
F

0
0

1·28xl07
8·50 X 10 3

>30
0

1·60 X 10'' i·JO X 10 1
2·30 X 10 3
0

7·60

0

>30
0

7·00 X 10' 1·60x 10 1 5·70 X 10'
0
0
0

0
0

0

0

0

0

4·00 X 101 2·70 X 10 1 1·25 x IO'
0
2·15xl0 5
0

0
0

Diesel 8, B
stabilized F
Diesel A, B
stabilized F
B =Baclcria

X

10'

0
0

0
0

0
0

.:

F= Fungi

Repeated biocide use in a storage tank The presence of microbial contaminants was monitored in a 30m'
capacity diesel storage tank with a fixed ceiling and a jet mixer, operated according to routine refinery procedure.
Biocide was added, at 50ppm, inunediately after each time fuel was added. Top and bottom tank samples and
water samples were analyzed microbiologically over 7 months. The diesel samples were filtered (Millipore),
washed with detergent/saline solution and the filters placed on solid growth media. They were incubated at 30°C
and colonies counted after 48h (bacteria) and 72h (fungi). The aqueous phase was diluted and plated on suitable
media for aerobic organisms. SRB were detected by inoculating bottom tank water into Postgate's medium in a
nitrogen atmosphere and incubating for 28 days.
Over the 7 months, both oil and water samples remained free of aerobic and anaerobic microorganisms. No
adverse effects of biocide addition were noted and the fuel remained within the DNC specification throughout.
The aqueous phase samples showed a reduced level of sulfite and sulfate. However, a high COD was detected,
indicating the presence of significant levels of substances prone to oxidation, which may be due to the biocide in
the tank water bottom.
It can be concluded that the systematic addition of biocide at 50ppm controlled the growth of microbial
contaminants in the fuel tank over the 7 months tested. Previous experience has shown that contamination in
tanks containing a water phase is generally observed within this timescale.
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Analyses or insoluble deposits in diesel oil The insoluble sediments ~e either gum particles resulting from
oxidation of the fuel or biological sludge caused by microbial growth at the oil/water interface (Reddy, 1988).
These sediments were evaluated in laboratory and field tests (Swift, I 987). Sequential extraction of the sediments
with heptane to remove residual diesel and with a mixture of toluene, acetone and methanol (TAM) to extract the
soluble fuel degradation products was used. The insoluble residue was evaluated by thermograVimetric analysis
(TGA) and infra-red spectroscopy (IR). The residues were also examined in the scanning electron microscope.
Laboratory oxidized and biologically produced diesel sediments were utilized as standards. The biological
sediments were obtained by contaminating diesel samples with highly contaminated fuel tank ballast water and
incubating at 30°C for one week, with shaking. The oxidized gum was produced according to the procedure
employed in fuel stability tests by incubating the samples at 80°C for one week. '
· In the thermogravimetric analysis of the heptane/TAM extract, solvent residues and moisture are lost below
200°C, volatile carbonaceous materials between 200° and 650°C and material of microbial origin between 650°
and 900°C. After heptane and TAM extraction, TGA of the microbial produced sediment in this study showed
significant weight loss at temperatures between 650° and 900°C. The same residue analyzed by IR presented
bands characteristic of N-H (l544cm'1) and C-0 (l069ciif 1), indicating the microbial origin of the residue
(Rodrigues et al., 1993).
'
Scanning electron microscopy may also be utilized to establish the origin of the sediments. Fibers are seen in
biological sediments and sphere-shaped particles in oxidative sediments (Swift, !987). In the current study,
microbiological sediments, fibers and oval-shaped particles were seen, whilst sediments produced by forced
oxidation at 800C, showed individual, chains and clusters of sphere-shaped particles (Rodrigues et al., 1993).
The insoluble sediment from the filter of a truck tank was analyzed by SEM and the microbiological origin of
the sample demonstrated by the presence of entangled fibers (Rodrigues et al., 1993). TGA aruilysis of the TAM
extract of sediment from the diesel storage tank showed little weight loss between 650° and 900°C and IR
analysis did not show the presence ofN-H and C-0 bands., indicating that the material was of oxidative origin.
CONCLUSIONS
- The presence of microbial contaminants in diesel oil storage tanks containing water was established. The main
contaminants·were bacterial, but filamentous fungi and yeasts were also present
- Laboratory tests showed that a biocide product containing isothiazolin eliminated microbial contamination at
374ppm.
.-The biocide was shown to be effective at 374ppm over 8 months in preventing the development of microbial
contamination in vehicle fuel tanks. At 200ppm the biocide was not effective.
·- Periodical addition of biocide at SOppm controlled the development of contamination in a diesel storage tank
operating under routine refinery conditions.
- The development of microbial contamination in storage tanks was related to the presence of water, irrespective
of the degree of chemical stability of the fuel.
- TGA, IR and SEM on solvent-extracted diesel sediments distinguished their microbiological or chemical
oxidation origin.
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OZONE & BIOFILMS. WHY OWNE CAN BE THE BEST CHOICE
Viera, M.R., Guiamet, P.S., Videla, H.A.
Bioelectrochemistry Section, INIFTA, Faculty of Exact Sciences, University ofLa Plata,
C.C. 16, Sue. 4, 1900 La Plata, Argentina
ABSTRACT Ozone was effective at 0·1-0·3ppm against I 06 cellslml planktonic cells of P. jluorescens after I0
and 30min. Dissolved ozone (0·15ppm) reduced sessile P. fluorescens cells (approx. 107-10' cells/em') by only
two or three orders of magnitude. The action was only slightly modified by the metal or the flow conditions. An
increase of contact times above 15min caused no significant improvement of ozone efficacy. Biocidal action on
biofilms on stainless steel is accompanied by detachment of bacterial cells. This was not seen on carbon steel.
Ozone shows a similar biocidal action on anaerobic biofilms to that reported for aerobic sessile bacteria in our
experimental conditions. The combination of high biocidal activity during water treatment with no toxic effiuent
discharge could make ozone one of the safest environmental biocides for cooling water, if an appropriate balance
between positive effects and costs is reached.
INTRODUCTION Environmental concern has led to legislation which has effectively banned the use of many
older biocides. Existing, safe biocides, synergistic blends of these biocides or new compounds have now replaced
these toxic agents. Cooling water treatment requires effective, environmentally-safe biocides that are compatible
with system operation.
The criteria governing the selection of an effective biocide may be summarized as follows: i) broad-spectrum
efficacy; ii) ability to penetrate or disperse microbial slime; iii) chemical and physical compatibility with operating
systems (e.g. pH, corrosion inhibitors) and products (e.g. paint); iv) safety; v) ease of use and storage; vi)
appropriate biodegradability; vii) cost-effectiveness. Meitz (1991) listed some of the predominant environmental
concerns of the 1990s and reviewed the impact of environmental legislation on the use of cooling-water biocides.
Ozone offers several advantages with respect to other biocides (Gaylarde & Videla, 1992): i) on-site chemical
inventory; storage and handling of biocides are minimized, since ozone is generated as it is used; ii) non-toxic
discharge; the high toxicity of ozone in aqueous solutions makes it an effective biocide, but its rapid
decomposition minimizes down-stream toxicity risks; iii) water conservation; several "zero discharge" cooling
tower applications have been reported. The combination of high toxicity during treatment with minimal toxicant
discharge could make ozone the biocide of choice. An appropriate balance between effectiveness and costs must
be reached.
The advantages and disadvantages of the use of ozone in industrial cooling systems have been reviewed (Viera
et al., 1993): a) Compared to chlorine and bromine derivatives, ozone eliminates the bacterial cells more quickly
and effectively, with complete destruction of the organic material. Thus, water is cleaner in ozonated cooling
towers and biofouling on the pipe walls is prevented; b) pH remains between 8·0 and 9·0 so that there is little
influence on the corrosion of iron, copper and alloys (Banks Edwards, 1991). The effect of ozone on the
corrosion of metals is concentration-related. c) Its use as a substitute for conventional water treatments is limited
by its high oxidative power. As a general rule, treatments using chlorine can use ozone (Hollingshad et al., 1992).
The cost-benefit ratio of ozone in an industrial system must be established. Capital costs, including installation,
and depreciation and maintenance costs must be considered. Running costs are principally power requirements
and operating costs and these are in general much lower than for other biocide treatments. Effective biocide
treatment saves money in other sectors of plant operation: cleaner water may be usable for more cycles and
reduces water charges; if the system is cleaner, flow resistance and therefore pumping costs are reduced and the
performance of equipment, such as heat exchangers, is more efficient; costs of plant maintenance (including
downtime) and the costs of treatment of discharge waters are additional savings.
Although the high biocidal efficacy of ozone against planktonic aerobic bacteria is well documented, there is
little information on its action on aerobic and anaerobic biofiims and its effect on the passive behavior of the main
structural materials of industrial use. The goal of this paper is to sUmmarize our studies on the biocidal efficacy of
ozone on both aerobic and anaerobic biofilms. A comparison between the biocidal action against sessile and
planktonic bacteria was also made for aerobic organisms.
MATERIALS AND METHODS
Ozone generation and dosage Ozone was generated by corona discharge (Videla et al., 1994). Dissolved ozone
levels were 0·1-0·5pprn, maintained by bubbling ozone through the cell. The ozone levels were measured using
either the standard N-N-diethy1-p-phenylenediamine (DPD) method or the indigo trisulfonate method. The DPD
method yields values 25% to 65% higher than the indigo method due to its greater sensitivity to many oxidants
other than ozone (Pryor & Fisher, 1993).
Microbiological experiments Pseudomonas fluorescens was maintained, grown and biofilms produced as
described previously (Videla et al., 1994, 1995a). SRB biofilms were prepared from mixed cultures of D. vulgaris
and D. desulfuricans (7 days old) in Postgate C. Metal specimens were SAE I 020 type carbon steel, AlSI 304
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type stainless steel {SS), 70:30 copper-nickel, aluminum brass and titanium grade 1, prepared as previously
described {Viera et al., 1993). After incubation specimens with biofilms were transferred to synthetic cooling
water {TabhH) and exposed to ozone for 5-60min.
Table 1 Chemical composition of synthetic cooling water {pH= 8)
Ion
Ca* Mg*
Na+
· ClSo,Concentration {ppm) 25
14
40
105
53
After exposing the biofilm to different ozone concentrations, biofilms were scraped from metal coupons with

asterile sCalpel into Postgate's medium C for SRB, or saline for P. jluorescens. P. jluorescens was counted by

•

plating on solid medium. SRB were enumerated by dilution to eXtinction in Postgate C. Some biofilms were fixed
in 3% glutaraldehyde in phosphate buffer, dehydrated through an acetone series to I 00%, critical-point dried and
examined in a scanning electron microscope (SEM).
•
RESULTS AND DISCUSSION Biocidal action of ozone on aerobic planktonic cells was demonstrated by
Videla et a!., 1995a. Ozone {0·26ppm) reduced bacterial numbers below detectable limits in 10-15min and in
30min at 0·1 ppm. These results were in good agreement with those previously reported for Legionella
pneumophi/a (Pope et al., 1984; Domingue et al., 1988). Many sessile cells of P. aeruginosa remained viable
after similar treatment ofbiofilms on metal coupons (Tables 2 and 3). Neither the type of metal, nor the presence
of corrosion products, modified biocidal activity {Table 3). Similar results have been found for glutaraldehyde
(Videla et al., 1991). Changes from quiescent or laminar flow to turbulent flow only caused an additional
decrease of about one order of magnitude in the sessile numbers (Videla et al., 1995a,b; Table 3).
Table 2 Action of ozone on P. jluorescens biofilms under quiescent conditions
Contact time
0 min
10 min
15 min
Sample
C28 CSO S28 SSO
C28 CSO S28 SSO
C28 CSO S28 SSO
Logcells·cm·' .9·0 10·0 9·6 8·1
6·3 7·4 8·0 5·6
6-0 5·9 7·9 5·6
C- Carbon steel

S- Stainless steel

30min
C28 CSO S28 SSO
5·9 S-4 - 5·5

28, 50- Ozone coru:entmtions 0·28 & O·Sppm

The action of ozone on bacterial biofilms on SS under quiescent conditions is shown in Table 2 and by Videla et
al. {1994). Afler IOmin in 0·5ppm ozone, the number of viable microorganisms was approximately 30 times lower
than for 0·28ppm. With increased contact time to 15min, the number of viable cells remained nearly constant for
0·28ppm ozone. Viable microorganisms were approximately !O'CFU·cm·' for 10, 15 and 30min contact times at
O·Sppm ozone. Thus, biocidal action was noi significantly increased when contact times were extended. SEM
showed that ozone was not only able to kill, but also to detach, sessile bacteria.
Table 3 Ozone activity {O·ISppm) against sessile P. jluorescens on various metals
Contact time
0 min
Metal

CuNi/Q CuNi/A Ti/Q Ti/A A!Br/Q A!Br/A

Log ceUs·cm·'
CuNi Copper-nickel

7·9

7·6

7·8

7·0

7·9

7·8

60 min

CuNi/Q CuNi/A Ti/Q Ti/A A!Br/Q AIBr/A

6·4

5·3

6·4

5·8

6-4

5·5

Ti Titanium AIBr Aluminum brass Q Quiescent A Agitated

Results with 70:30 copper-nickel showed no synergistic effect between ozone and copper ions on bacterial
biofilms {Table 3). Only a slight decrease of approximately one order of magnitude in sessile bacterial numbers
was found when dynamic conditions of flow were compared with quiescent experiments (Videla et al., 1995a).
Similar results were found for biofilms on titanium and aluminum brass (Videla et al., 1995b; Table 3).
Biocidal action of ozone on mixed SRB biofilms on carbon steel and SS coupons is shown in Table 4. After
1Omin, the number of bacteria decreased by 2 orders of magnitude.
Table 4 Concentration of sessile SRB {per ern') after treatment with 0·28ppm ozone•
Metal
Contact time (min)
Carbon steel
Stainless steel
•vide~

0

10

10'- 107
1O' - 107

lo'- 10'
104 - 10'

et al, 1993, with permission ofNACE.

This action on sessile bacteria, showing only partial reduction in cell numbers, is similar to the concentration vs
duration effects reported for the action of chlorine on biofouling deposits {Characklis, 1990). In the same way,
the high oxidizing power of ozone could be inducing an alteration of the extracellular polymeric substances and
corrosion products in the outer layers of the biofilm. A barrier to further penetration of ozone within the biofilm
, may be formed. The biofilm is composed of microbial clusters separated by water channels within which
· oonvective flow would predominate {Stoodley et al., 1994). As soon as these channels are blocked by oxidation
products, the access of ozone to the inner layers of the biofilm is impeded. A recently reported scanning confocal
laser microscopy study {Korber et al., 1994) of P. jluorescens biofilms exposed to the antimicrobial agent
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fleroxacin showed that biofilm channels were disrupted by fleroxacin treatment. Cells located nearest to the
biofilm-liquid interface underwent more change in morphology than cells near the attachment surface.
The concentration gradient of chlorine within the biofilm was recently measured using specific microelectrodes
(De Beer et al., 1994). The results showed that chlorine concentration within the biofilm was only 200/o or less of
the concentration in the bulk liquid. As in the case of ozone, the efficacy of chlorine against biofilms was reduced
compared with its action against planktonic cells. The transient chlorine microprofiles showed slow penetration
into the biofilm with a rate depending on the chlorine bulk concentration. Consequently, the limited penetration
was not due simply to transient diffusion but to a neutralization of the chlorine in the biofilm matrix.
Acknowledgments The authors wish to acknowledge Walvoss SRL for kindly supplying the titanium used in the
experimental work and Dr. C.C. Gaylarde, University of Rio Grande do SuJ, Brazil, for the bacterial strains.
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30m in (x 1500)
a
b
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ABSTRACT A retrospective exposition of the bioelectrochemistry research developed by the author since 1970
is proffered. Studies on biofuel cells are detailed and their advantages and limitations as non-conventioilal power'·
sources or biosensors are described. Studies on bioelectrocatalysis, mainly dealing with glucose electrooxidation,
are illustrated, together with examples of the potential applications of this reaction Research carried out in the
Bioelectrochemistry Section of INIFTA on the corrosion processes affecting medical and dental implants in
contact with biological fl•Jids is presented. The last part of this review is devoted to our studies in the field of
biocorrosion and biofouling of different metals and alloys of industrial interest. A brief' analysis of current
research trends in the latter area is finally made .
INTRODUCTION Many aspects of biological processes involve electrical potentials and currents, both of
electrochemical nature. An outstanding example is the nerve cell potential. Its modification by an external
excitation is followed by selective changes in the permeability of the cell membrane to ions and the
electrochemical phenomenon of charge transfer (Bockris & Reddy, 1970). The redox processes occurring in
mitochondria involve an electron transport chain between the enzymatic oxidation of a metabolite and oxygen
and involve specific enzyme systems. Each of these systems involves electron-transfer reactions, ordered by a
their redox potentials, that are also of electrochemical nature.
The interest of electrochemists in biology has grown and has been attracting special attention from different
research areas since the beginning of the '70s, as a consequence of an increasing awareness of the importance of
bioelectrochemical processes to applications in fields such as non-conventional energy generation and storage,
biodeterioration and biorecovery processes, biosensors and bioelectrodes, among other areas of scientific and
industrial interest. There has long been a history of an important intellectual cross-fertilization of ideas between
physiology and electrochemistry; the increasing involvement of biochemistry in these two areas has created many
new opportunities for the development ofbioelectrochemistry research.
The aim of this review is to offer an account of our studies since 1970 at the Bioelectrochemistry Section of
INIFTA. These have been in several areas: biological fuel cells; bioelectrocatalysis; deterioration of medical and
dental implants, and most recently on biocorrosion and biofouling processes affecting metals and alloys of
industrial interest. A brief analysis of new trends in bioelectrochemistry research on metal corrosion is also made.
BIOFUEL CELLS A fuel cell is an open electrochemical electricity producer where the reactants (oi' fuel) are
stored outside the electrochemical system. Closed electrochemical systems with internal stocks of reactants are
known as batteries. Among fuels used in chemical fuel cells are hydrogen, hydrocarbons, alcohols, hydrazine and
ammonia These fuels are anodically reacting materials and are employed in combination with an oxygen cathode.
A rough division of fuel cells may be made according to the temperature of operation: those working below
150'C are called low-temperature fuel cells and those working above 500'C, high-temperature fuel cells. The
principal problems ·oflow-temperature fuel cells are: how to raise the exchange current density; the availability of
suitable cheap fuels and the production of electrode materials which do not make the initial cost of these devices
too high. The goal of cheap fuel cells might be achieved by applying the knowledge derived from the field of
electrocatalysis to low-temperature biological fuel cells.
Biological fuel cells (biofuel cells) operate through the participation of a microbiological system
(microorganisms, enzymes or metabolic products) in either in one or both of the two electrochemical processes
occurring at the anode and the cathode. In a microbial biofuel cell, oxidative reactions within living cells provide
the reducing power to generate an anodic potential. An important feature of such systems is the transfer of
electrons from the microorganisms to the anode; redox agents are used to couple the cellular processes to the
anodic reaction (Bennetto eta!., 1983). The main goals ofbiofuel cell research during the '70s was to obtain new
electrical sources based upon the combustion of cheap and easily available materials and to develop cells that
could be used in isolated and restricted areas such as space stations.
Besides the practical potential for high efficiency energy production, biofuel cells offer other possibilities such
as coupling a fermentation process with an electrochemical system, or using this device for studying the influence
of electric field on biological reactions and vice versa.
Our research in the area was focused on the depolarization-type biofuel cell. In these devices the driving force
for the current output is provided by microbial metabolism, i.e. the metabolic oxidation of a nutrient such as
glucose. Inert electrodes, such as platinum or platinum black, were used to provide the electrical interfaces,
whilst the oxidative metabolic reactions within the living cells provided the reducing power to generate an anodic
potential.
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Our first publication in this field reported coupling a discontinous fennentation system using Micrococcus
cerificans metabolizing n-hexadecane to the bioanode of an electrochemical cell (Videla & Arvia, 1971). In this
biofuel cell, electricity generation occurred without disturbing the metabolic pathway of the microorganisms,
although no quantitative correlation between either cell current or efficiency vs. number of cells could be
established, due to the emulsion fonned between the microorganisms and the electrolyte. In a later publication
(Videla & Arvia, 1975), the response of a biofuel cell using Saccharomyces cerevisioe metabolizing glucose
under various fennentation conditions in the anode was studied. An equation relating the current, the number of
microorganisms and the substrate concentration was found. The bioanode potential corresponded to that of an
oxygen concentration polarization cell. A model to interpret .a depolarization-type biofuel cell of this kind was
later constructed describing a Micrococcus cerificons/glucose resting-cell system as the bioanode (Di Salvo eta!.,
1979). A simple equivalent circuit for the bioanode was presented, where an oxygen-consuming zone within the
bacterial cells was represented as a potential separated by several serial resistances (membrane interfaces). The
influence of different substrates and microorganism concentrations on the kinetics of the overall process was
evaluated, and the maximum efficiency conditions for cell design were discussed. A Ph.D. thesis on a biofuel cell
of this kind was presented to the Faculty of Exact Sciences, University of La Plata by Di Salvo (I 974).
In one of our last publications in the field of biofuel cells (Di Salvo & Videla, 1981) the role of
microorganisms in the oxidation of glucose on black platinum electrodes was highlighted. This reaction received
special attention for its potential use in bioelectrochemical sensors inside the body, for regulating the blood sugar
level in diabetes therapy (Rao et a!. 1976). The active participation of the microorganisms is achieved by
changing the environment in the vicinity of the bioelectrode. The respiratory activity and its effect on the
electrode behavior was shown when cells were suspended in the bioanode without any substrate. In this case, no
oxygen consumption was observed and no noticeable current output was obtained. Thus, although the catalytic
activity of black platinum is evident, the active participation of the microorganisms through a suitable
modification of the environment (i.e. oxygen depletion) was able to increase the electrical output of the biofuel
cell.
BIOELECTROCATALYSIS: THE ELECTROOXIDATION OF GLUCOSE The glucose electrooxidation
reaction on noble metals, such as platinum, has been studied by several authors in relation to the development of
biofuel cells as implantable power sources for cardiac pacemakers (Weidlich eta!., 1976) and for glucose sensors
(Rao eta!., 1976). A critical review of the then available literature relating to the kinetics of the reaction revealed
different mechanistic interpretations. According to Rao and Drake (I 969), the electrooxidation of glucose on
black platinum in phosphate buffer solutions yields gluconic acid as the only reaction product. This compound
would later inhibit the reaction by adsorption on the electrode surface. Similar results had been reported by other
authors for glucose and gluconic acid on platinum electrodes (Yao et a!., 1969). In later studies, it was assumed
that the presence of gluconic acid, produced through the hydrolysis of glucono-0-lactone in glucose solutions, is
able to inhibit the electrooxidation of glucose in the hydrogen adatom potential range (Skou, 1978) through an
intennediate glucose adsorption pathway.
The electrochemical reaction of glucose electrooxidation on bright platinum electrodes was investigated in our
laboratory by using combined potential/time perturbation programs and different electrolytes within a
temperature range of 30-64' C (De Mele at a!., 1983). The electrooxidation reaction occurred through the
fonnation of several intennediate species involving electroadsorption processes, as well as chemical and
electrochemical reactions. The ionic composition of the solution, as well as its buffering capacity and ionic
strength, modified the electrochemical behavior of the glucose (De Mele et a!. I 982a) in the electrooxidation
reaction.
- The influence of different perturbation conditions, anion adsorption, inhibition reactions of products and
temperature, was analyzed by measuring the modification of potential/current profiles. The electroadsorption
process should take into account both the anion adsorption and the dehydrogenation processes, which may be
accompanied by a bond breaking in· the organic molecule and desorption of adsorbed intennediates. Thus, the
electrooxidation of glucose would occur through the fonnation of a variety of intennediate species. Under
potentiodynarnic conditions, the contribution of each stage involved in the overall reaction scheme would also
depend on the potential sweep rate and switching potentials.
A comparative study between the electrochemical oxidation of glucose and other carbohydrates of biological
interest was made (De Mele et a!., 1982b). In this investigation, a comparative analysis of the electrochemical
behavior of glucose and gluconic acid was correlated with their structural characteristics. Potentiodynarnic and
potentiostatic measurements with inositol, fructose, xylose, arabinose and glucose-1-phosphate were also made in
an attempt to find a relation between the electrochemical behavior and the structural characteristics of these
molecules. Our results suggested that the hemiacetalic group of the glucose molecule plays an important role in
the electrooxidation process. Thus, the electrooxidation sequence of different carbohydrates and derivatives
seems to be similar to the electrochemical conversion order established for other organic compounds such as
alcohols, aldehydes and aliphatic organic acids, which is directly proportional to the number of hydrogen atoms
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linked to the a-carbon. Under conditions of constant electrolyte composition, temperature and electrode
pretreatment, the electrooxidation susceptibility of the molecules increased according to the following order:
glucose, arabinose, xylose, gluconic acid, fructose, inositol, glucono-0-lactone and G-1-P-K,. The conclusions of
this study of the electrooxidation of different carbohydrates in terms of the electrochemical reactivity of the
hemiacetalic group gives further support to the general reduction pathway presented for the electrooxidation of
glucose on platinum in different electrolytes (De Mele & Vide1a, 1981; De Mele et al., 1982b). A detailed review
on pure and applied aspects of the glucose electrooxidation reaction, offering to the reader a more detailed
description of our research, has been published (De Mele & Videla, 1985).
BIODETERIORATION .OF METALLIC IMPLANTS A metal or alloy that will be used as constructional
material for an implant must comply with strict requirements. It must offer an appropriate mechanical resistance
and have stable passive behavior in the biological media where it will be implanted. Additionally, as in the case of
cardiac implants, good compatibility with blood and tissue elements is mandatory, to avoid thrombogenic effects
in the circu!atory system.
When a suitable material is going to be used as an implant in a living organism, it must provide a spontaneous
passive film on the metal surface, capable of resisting the corrosive conditions that are be present in the medium.
In the case of breakdown of the passivating film, it must be capable of repassivating at a rate sufficiently high so
that eventual exposure to the corrosive environment will be minimal (Kruger, 1979).
During the '70s, aluminum was considered as a possible material for cardiac valves and implantable power
sources (Sawyer, 1978) because of its low corrosion rate, low toxicity, low degree of destruction of blood cells
and the absence of thrombogenic effects in in vivo conditions. Our studies on the electrochemical behavior of
aluminum and its alloys in the presence of microbial contaminants of aircraft fuels allowed us to use the expertise
gained in this research to assess the interaction of aluminum with different isotonic saline solutions and complex
media such as whole blood or citrated plasma {Salvarezza et a!. 1984). Conventional electrochemical techniques
complemented with scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDXA) and electron
microprobe were used in these studies.
In chloride-containing media, such as various physiological solutions or human plasma, the passivity
breakdown of aluminum occurs mainly through pitting corrosion, which starts when the potential rises to the
breakdown potential (E,) (Syrett & Wing, 1978). During potentiodynarnic polarization experiments performed
with aluminum in different saline solutions, citrated plasma and whole human blood, we observed a displacement
of the E., potential towards more anodic (noble) values. When pitting started, isolated spots of an amorphous
precipitate were present at the surface and high corrosion rates of about one A·cm-> were measured, whereas the
remaining passive surface showed a low corrosion current of a few A-em·'. Inside the pits, the formation of a
saturated solution of AICI3 and low pH values (ca. 3·0) were able to induce protein denaturation. Electrnn
microprobe analysis of the amorphous precipitate corroborated this assumption. Immunoelectrophoresis assays,
performed with the precipitate resuspended in saline solution, showed a severe degree of protein denaturation
(Salvarezza et a!. 1985). Our studies revealed that a proper assessment of the electrochemical behavior of
metallic implants in in vitro conditions requires the investigation of biological media such as plasma or whole
blood, in addition to isotonic saline solutions, in order to evaluate the important interactions between
polypeptides and the metal surface.
Another study in the field of metallic implants was made to assess the electrochemical behavior of endodontic
silver cones used in root canal therapy (De Mele et al. 1986). Silver was shown to be a long-standing acceptable
obturating material by several authors (Zielke et a!., 1975). It was used in the obturation of thin curved canals
due to its ease of manipulation and its definite radiographic appearance. However, when silver carne in contact
with tissue fluids, deterioration was observed, with associated inflammatory reactions and unsuccessful
obturation of the root canal. Sulfur and silver were found in the biopsy tissue from the peri-apex and were
generally associated with severe surface erosion. To study the electroche.mical behavior of pure silver in
physiological solutions (with and without sulfide anions), as well as in human plasma, potentiostatic and
potentiodynarnic electrochemical techniques complemented with SEM observations and EDXA were used in in
vitro conditions. Chloride and sulfide anions were particularly aggressive towards the metal surface of silver
cones. Chloride ions are present in tissue fluids and human saliva. The main sources of sulfur in the body are
sulfur-containing amino acids, sulfate, sulfate esters, taurine, thiosulfate, thiocyanate and thiamine, and these are
all potential sources of sulfide. Thus precautions to avoid contact between saliva or tissue fluids and silver cones
must be taken if a good performance of the cones is desired. Fractures and discontinuities occasionally present in
the adhesive material increase corrosion risks.
BIOCORROSION AND BIOFOULING OF METALS AND ALLOYS The major part of the research effort
in the Bioelectrochernistry Section of INIFfA since 1975 has been focused on biocorrosion and biofouling of
metals and alloys of industrial. interest. This field has been attracting increasing attention in recent years, in
response to industrial demand (Videla & Gaylarde, 1992). The present knowledge ofbiodeterioration processes
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demands recognition of the role of biological fouling of metal surfaces in natural or industrial environments,
leading to biofilm formation. Microbial adhesion processes, mediated by extracellular polymeric substances
(EPS), induce an important modification of the metal/solution interface, forming barriers to the exchange of
elements between metals and the aqueous environment. The changes in the type and concentrations of ions, pH
values and oxygen levels are able to modifY the corrosion behavior of the metallic substratum, its corrosion
products and the electrochentical parameters used to assess the corrosion rate. These features drastically change
the classical electrochentical concept of electrical interfaces employed in corrosion studies, which must now be
adapted to the characteristics of the biologically conditioned interface (Videla, 1989). The role ofbiofilm/passive
layer interactions in biocorrosion processes can be easily understood if we consider that all metal surfaces
immersed in natural or industrial waters undergo a sequence of biological and inorganic changes that lead to
biofilm formation and passivity respectively. The sequence of biological changes is initiated when a thin film (less
than IOOnm thick) is formed on the metal surface due to the deposition of inorganic and organic molecules. This
adhesion process alters the distribution of electrostatic charges and the wettability of the metal surface (Marshall,
1985), facilitating its further colonization by nticroorganisms. The second stage is the adhesion of different kinds
of nticroorganisms to the more hydrophilic surface. When this adhesion is accompanied by the nticrobial
production of EPS, it leads to bonding of nticrobial cells to the metal surface. Subsequently, this results in the
formation of a biofilm consisting mainly of water, bacterial cells and EPS. Thus, a biofilm is the result of an
accumulation process at the interface which is not necessarily uniform in time or space (Characklis & Marshall,
1990).
The sequence of inorganic changes at the metal/solution interface occurs simultaneously with nticrobial
colonization and biofilm development, and is related to the processes of metal dissolution (corrosion) and
corrosion product formation (passivation). Although corrosion and biofouling take place within the same
time-scale, beginning immediately after the immersion of the specimen in the aqueous environment, the processes
occur in opposite directions. Corrosion and passivation are directed from the metal towards the solution, as a
consequence of metal dissolution and the progressive accumulation of inorganic passive layers on the metallic
substratum. Conversely, biofouling and biofilrn formation are produced in the opposite direction, due to the
deposition of nticroorganisms on the metal surface. The consequent corrosion behavior of the metal will vary
according to the extent of the reciprocal interaction between biofilms and passive layers at the metal/solution
interface (Videla, 1991).
A detailed description of the research developed at the Bioelectrochernistry Section ofiNIFTA in the field of
biocorrosion and biofouling is out of the scope of this article. The main cases studied in our laboratory, listing
one key publication in each case, were: i) biocorrosion of aluminum and alloys in aircraft by nticrobial
contaminants of jet fuels (Videla et a!. 1988); ii) anaerobic corrosion of iron by SRB (Videla, 1988); iii)
biocorrosion and biofouling of different metals and alloys in seawater (Videla et a!. 1987); iv) biocorrosion and
biofouling interactions on titanium and copper alloys in seawater (Videla, 1994) iv) the effects of biocides
(glutaraldehyde, ozone) on biofilms and corrosion (Videla eta!. 1991a; Videla eta!. 1995); v) protective action
of some bacteria on the corrosion of iron and aluminum in fuel water systems (Videla & Guiarnet, 1987); vi) use
and limitations of electrochentical techniques in assessing biocorrosion (Dexter et a!., 1992); vii) biocorrosion and
biofouling interactions (Videla & Characklis, 1992); vii) strategies for monitoring biocorrosion and biofouling in
industrial water systems (Videla et a!. 1994); viti) biodeterioration problems in oil production (Videla et a!.
1991b); ix) metallurgical aspects of biocorrosion of stainless steels (Videla et a!. 1991c); x) biofouling and
corrosion in cooling water systems of coastal power plants (Brankevich et a!., 1990); xi) bacterial biofilms and
cathodic protection interactions in seawater (Videla eta!., 1993).
FUTURE TRENDS AND FORTHCOMING RESEARCH A dramatic improvement in recent years of
analytical, microbiological, electrochentical and nticroscopic instrumentation has allowed the development of new
strategies for assessing the effects of nticroorganisms at solid/liquid interfaces. In situ measurement using specific
nticrosensors for important physicochentical parameters such as oxygen concentration, pH gradients, redox
potentials and anionic profiles, among others, has led to an enti;ely new conception of biofilm structure and to a
new interpretation of processes occurring within the biofilm (Lewandoswki et a!., 1995). Advanced
nticrobiological techniques such as DNA probes, applied to the assessment of the structure of nticrobial
communities (Westlake et a!. 1993), and sophisticated nticroscopic techniques such as confocal scanning laser
nticroscopy, yielding clean, three-dimensional images of living biofilms (Costerton, 1994), are some examples of
the new methods in research. These basic research tools are complemented by innovative sensors for use in the
field or plant. For example, novel bioelectrochentical fuel cells may be used for on-line monitoring of biofouling
in industrial water systems such as heat exchangers or injection lines (Licina & Nekoska, 1994).
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ABSTRACf Current developments in coatings for the protection of wooden structures are discu.ssed, with
particular attention to new environmental requirements aod the need. to prevent biodeterio~apon. The
Inoculation:Environment:Resistance concept is presented to indicate the interaction of these various factors on
the performance of a coating.
INTRODUCTION When exposed outdoors the unprotected surface of a timber such as Scots Pine Sapwood
will undergo photo, hydrolytic and biological degradation. Low molecular weight fragments arising from the
decomposition of cellulose and lignin, .together with readily available sugars, provide sources of nutrition which
will support fungal colonization of the wood surface layers. Depending on the surface microenvironment, type of
wood, and wood moisture levels, surface fungi will germinate, grow and penetrate the wood structure to cause
blue staining. Eventually, decay fungi will colonize the timber to produce a loss of structural integrity aod
mechanical strength.
·
In the U.K., surface protection of external timber building elements has traditionally been addressed by the use
of opaque solvent-borne surface coatings (e.g. white spirit-borne primer, undercoat, topcoat). Such a system
would not generally have been formulated to contain a film biocide, although the joinery itself may have been
protected against decay by treatment with a chemical preservative. Whatever the effectiveness of the latter,
surface protection against biological attack will rely largely on barrier properties of the coating and, hopefully, its
inhospitable nature towards settling spores. One drawback of a relatively impermeable coating system like the
above is its tendency to retain water which enters through the end grain inside the wood structure.
Solvent-borne clear and stain coatings, as well as newer water-borne opaque and stain coating systems are also
available. Although UV protection should have been considered in transparent and semi-transparent systems, a
film biocide will not necessarily be used in any of the above types. Indeed, Germany questions the need to have
such chemical additives present in a topcoat. Also, the efficiency aod persistence of action of both film_ aod
anti-stain biocides may be limited, as can be seen at times when fungal growth occurs at the wood/film interface.
Seen through a clear or stsin coating, this will reduce aesthetic qualities of the decorative system, while pustules
appearing through an opaque coating may be the first visible warning that structural decay of the timber will soon
follow.
CURRENT TRENDS AND DEVELOPMENTS The Coatings Industry is involved in fundamental product
changes in response to current legislative, environmental and market-driven pressures to reduce volatile organic
compounds (VOCs), limit industrial discharges and reduce toxicity. Manufacturers are developing new
water-borne and compliant coatings technologies to replace traditional solvent-borne products. It is anticipated
that the forces now directed towards interior products, will lead inevitably to the introduction of similarly
compliant exterior coating systems.
.
Water-borne coatings for the protection of exterior woodwork cover a number of developing areas including
gloss, silk, hybrid and stain types. AB organic solvents are eliminated and low odor emulsions introduced, fihn
properties are likely to be fuodarnentally affected by these changes to the liquid formulation. Moves towards
compliant solvents, high build coatings, or water-borne alkyds may also bring considerable unknowns. and
uncertainties of performance regarding durability in general and biological susceptibility.
How will the protective properties of a water-borne exterior gloss paint or other "compliant" system compare
with a traditional solvent type? Will it be necessary, perhaps essential, to include a film biocide in the formulation
to prevent biological fouling of the surface aod the risk of subsequent microbial penetration of the film? Within
the current water-h9rne product ranges and products under development, what variation in microbial
susceptibility and bio-protective performance exists? It is not difficult to pose the questions. However, informed
answers will have tQ await the result of a program of research currently being set up at PRA
BIOLOGICAL CHALLENGE FOR COATINGS A coating on an external timber building element is the
interface between the wood substrate and the exterior environment. Since the wood surface is inherently
degradable by the actions of water, light and microorganisms, the thin coating layer is required to perform a
substantial protective task. The chemical, physical and biological degradative processes are interlinked aod
influence each other.
Biological inoculation of an exterior coated surface may come from various sources such as the airspora,
soiling and plant debris, insect contact, etc. The microbial challenge impinging on the surface can vary both
qualitatively (e.g. presence or absence of particular fungal genera) and quantitatively over a given year, and from
year .to year. 'rhe surrounding climate will determine the film and substrate microenvironments, which will be
_mpdifjed by tl!e ch~cal and physical properties of the coating.
, Data from 199:!,-3 air monitoring fur fungi at two sites are shown in Fig. 1. It can be see that fungal spore
numbers collected showed seasonal changes. The 1992 data indicate similar intersite spore levels, while much
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higher collection rates were obse..Ved at the rural site during 1993. Whether the performance of a given coating
will be significantly affected by the biological challenge factor, will also depend upon the properties of the coated
surface and the surface environment for microbial growth.
The colonization of a coated surfitce, such as a paint film on wood, will be determined by the union of three
factors (i.e., a triadic interaction) as illustrated below. The latter gives a summary of the ways in which the
parameters Inoculation: Microenvironment: Resistance interact to control the performance in situ of a given
coated surface.

Triad colonization factors
MICROENVIRONMENT
Detennines _duration
and change

RESISTANCE

J-.--oetermlnes wrvival and selecton-+i

INOCULATION

Inoculation. The parameter which includes: source of inoculum, airspora, genera, spore/cell density, retention
and viability
Microenvironment. The parameter relating to conditions at the coated surface which includes: surfitce
temperature, solar radiation intensity/wavelengths, particularly wetting/drying behavior of the
surfitce/film/substrate, adjacent air temperature/humidity. This parameter is monitored by the relevant
unpreserved controls.
Resistance. The parameter relating to surface activity, which includes: "inhibition via film inertness, biocide
presence, or substrate/environmental contribution, "support" via nutrients etc. deriving from the film, substrate or
environment,
the
loss
and
gain
changes
related
to
exposure
which
result
from
ageing/weathering/degradation/leaching processes.
MICROENVIRONMENT~ INOCULATION
Microenvironment conditions will determine whether germination/growth occurs, and will influence selection.
MICROENVIRONMENT~ RESISTANCE
Microenvironment conditions will determine the duration of coating resistance, and will change the
resistance/susceptibility response as '1ageing" processes continue.
RESISTANCE~ INOCULATION
Coating "activity" will influence spore/cell survival and selection and, as it changes during ageing, colonization
may change.
Studies undertaken on coatings at the urban and rural sites mentioned earlier have given an appreciation of the
ways in which the above triad of colonization factors interact to produce a given practical result. Where
Resistance was low, for example an unprotected coating freshly exposed on unpreserved wood, a conductive
Microenvironment led to rapid early colonization of coatings by the fungal genus Cladosporium present in the
airspora. This ubiquitous organism successfully exploited both water-borne and solvent-borne paint films,
although there were indications that wood extractives finding their way to the surface inhibited Cladosporium.
A less conductive Microenvironment delayed the colonization of exposed unprotected fresh coatings, which
therefore had more chance to age and lose water-soluble nutrient materials. This change of nutrient status shifted
selection in favor of a less abundant fungus, Aureobasidium pullulans. Further down line at the rural site, as films
became less supportive of fungi and the Microenvironment perhaps became wetter, algal growth replaced fungi,
with lichenization eventually occurring.
The introduction of a biocide into either or both the wood substrate and the coating film represented a marked
change in the Resistance factor, while Inoculation and Microenvironment remained constant. Considerable
modification of film colonization behavior occurred early on, although differences were not necessarily
maintained for long. An effect from the Inoculation factor at the rural site was the selection of film-colonizing
fungi (i.e. Alternaria and Stemphylium) which had presumably always been present, but had appeared on
protected films because of greater biocide resistance than Cladosporium. The apparent absence of these two
genera at the urban site resulted in a much better performance from the coatings in question.
Not surprisingly, the film surface Microenvironment was sensitive to moisture variations. For the two sites
mentioned, conditions were generally wetter, and wetter longer, at the rural site compared to the urban site. For
coatings, the film water uptake and water penneability, even film color, all appeared to have effects. Moisture
levels reaching the wood substrate and water movement through coatings produced a complex of interactions. A
measure of the growth Microenvironment for a given coating system could be gauged by the colonization which
occurred on its unpreserved control. In the final analysis, under a generally conductive growth condition, and
with a high inoculation rate, most coatings tested had a limited mold-free life. Where Aureobasidium pullulans
was present on the surface, penetration of coatings with subsequent colonization of the wood substrate was
detected.
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BIO-PROTECTION ASPE(:TS The inoculation of a given exterior surface cannot be easily controlled. Its
Microenvironment for growth can be addressed in part through film properties. Obviously, the use ofbiocides to
increase film Resistance is of primary importance because this parameter can be controlled and optimized. Since
both fungi and algae have been observed on exterior coated woodwork, both fungicidal and algicidal activity are
relevant. The desirability of having broad-spectrum biocidal activity has been supported by observing the growth
problem which can occur when "holes" are present in the activity spectrum. Factors such as the availability and
surfilce concentration of bioactive molecules, their persistence, UV and chemical stability, etc., will all affect
performance. The current trends to remove organic solvents from both coating and biocide formulations, coupled
with use of low odor emulsions, may well introduce new problems of stability, distribution, mobility and release
for biocides as "bio-protectors" of water-borne coatings.
PERFORMANCE EVALUATION Evaluation under laboratory conditions allows for Inoculation and
Microenvironment to be controlled, although how close these can get to the practical reality of a severe exposure
situation may be arguable. Certainly the intention will be to isolate Resistance as the parameter being assessed in
order to predict likely in situ performance. Fungal testing can be undertaken by the procedure ofBS3900: Part
G6, which uses a mixed fungal inoculum and incubation under a higher humidity condition. The absence of a
solar radiation factor, or set of wetting/drying cycles experienced naturally, undoubtedly changes colonization
pressures, as does the use of a limited range of test organisms. Algal testing can be carried out using a procedure
such as that referred to in British Board of Agreement, MOAT No. 33. One problem encountered when testing
wood coatings has been the apparent dislike of the test algae for wet wood extractives. However, the coating can
be evaluated for algal resistance as a separate entity.
Outdoor exposure site testing provides a "realistic" test bed for coatings on wood. Empirical monitoring of
test site characteristics has shown the wide variability of natural conditions which can be experienced. These are
able to produce substantial site to site variations of Inoculation and Microenvironment. which shift the challenge
level markedly. In order to correctly interpret site results, suitable control and reference systems must be present
to monitor site factors. Probably, empirical observations, perhaps made over several years, will have been
required in order to anticipate and predict site characteristics.
PRA RESEARCII Fundamental changes are currently underway in the Coating Industry. These involve the
removal of organic solvents from water-borne systems, the introduction of low odor, monomer-reduced
emulsions (which are likely to have higher levels of redox initiator chemicals in them), the replacement of
traditional solvent-borne systems by developing areas of water-borne technologies and other "compliant" types
and the removal of carrier solvents from biocide preparations. Against this framework of uncertainties and
unknowns, even the need to use a film biocide in exterior topcoat systems for wood is being questioned.
PRA believes that significant relationships exist between the three areas of (i) solvent removal, (iii) use of
monomer-reduced emulsion, and (iii) the performance of water-borne wood coatings. In order to understand the
interactions involved, assess their practical significance and implications for Joss of efficiency, and identiJY
improvement requirements, PRA is preparing to undertake a program of study linking (i), (ii) and (iii), called
New Microbial Risks for Modern Water-borne Coatings. This project has been designed in response to
industrial concerns such as those in (a)-(k) below.
Applied Films
(a) Little is known regarding the relationship between organic solvent presence in a formulation and the
distribution, release and subsequent activity of biocide in the film.
(b) There is concern for the dispersion characteristics of solvent-soluble biocides in low-solvent paint
formulations, and a need to address this in studying performance.
(c) Exterior low-solvent systems are likely to be an inevitable consequence of current trends.
(d) For the situation in Germany, a requirement to show whether it is necessary to include a biocide in exterior
topcoats.
(e) There appears to be a European interest in high solids compliant coatings and the comparisons to be made
with water-borne systems.
(f) Test sites vary in "severity" and type of exposure, and there are arguments for using more than one.
Biotic aspects
(g) For low-solvent systems there are likely to be implications, and questions of equivalence of action, for both
the wet coatings formulation and the dry film.
(h) Biocides studied in model systems need to consider acceptability (current and future), suitability for a given
application (e.g. low-solvent system), dispersion and mixing aspects for low level addition rates (e.g. O.oJ • 2%)
(i) For studies on model systems, use of chemical types rather than commercial products is preferable.
Competitive "rankings", which may have repercussions for Ei.lropean acceptability, should be avoided.
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(j) If a product fails to "perfonn", the need is to know why (e.g. unsuitable fonnulation, redox deactivation,
solvency effect, etc.).
(k) If data can be generated to provide a better understanding of the implications of the fundamental changes
occurring, this could have legislative input.

Integrated 3-Part Program

Dry Film

Wet Paint

Implications for Stability,
Distribution, Mobility of
Film Biocide?

-

Loss of
Antimicrobial Action?
Loss of Biocide
Solubilization/Protection ?

Solvent Removal

I

Deactivation of
Preservative and Film
Biocide?
Loss of Antimicrobial
Action?

Monomer Reduction
(Redox Addition)

-

Waterborne Wood
Coatings

•

-

The project on New Microbial Risks for Modern Water-borne Coatings will undertake an integrated
program of investigation into the microbiological implications of current trends in water-borne coatings
fonnulation. The study will include model and commercial systems and contain within its framework three
elements:
Solvent Reduction or Elimination from Water-borne Coatings
Residual Monomer Reduction by Use of Redox Chemicals
Water-borne Coatings for External Timber Protection
The program will likely be implemented in stages. Initially, work will concentrate on the liquid, aqueous systems
and the microbiological implications of fundamental fonnuiation changes. Building on the results from the
preliminary studies, later stages will investigate the consequences of fonnulation change on the biological
susceptibility of applied coatings and will undertake comparative biological evaluations of dried films for model
systems and for commercial products submitted by sponsors.
Funding and steering for the project is to be provided by a group of industrial sponsors who will fine-tune the
program. Delegates are invited to contact the author at PRA should they be interested in joining.
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THE CORROSION BEHAVIOR OF MILD AND STAINLESS STEEL IN AN
ANAEROBIC BIODIGESTER
Englert, G.B. & MOller, I.L.
MICILAPEC/DEMET/PPGEMM,UFRGS, Porto Alegre, Brazil.
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ABSTRACT The corrosion of mild (MS) and stainless steel (SS) was studied under conditions simulating those
in an anaerobic biodigester of an urban sewage plant, using liquid from the digester. The electrochemical
measurements and corrosion studies were canied out in CH.JC02 mixture (3 :7) at atmospheric pressure and CH.,
/CO, IN, (3:7:13) at 7 atmospheres. MS suffered generalized corrosion at I and 7atm. A non-protective corrosion
film, probably containing sulfides, formed on the surface. Pits formed on SS associated with an activation of the
corrosion potential. Microorganisms attached to both metals. Biofilms were abundant on MS and patchy over SS
surfaces. SRB survived at 7atm for 30 days. Sensitized and as-received 304 SS showed different electrochemical
behavior but no differences in corrosion or bacterial colonization.
INTRODUCTION The corrosion behavior of alloys is strongly d~ent on their composition and
microstructure. Environmental characteristics, composition, temperature and degree of aeration also influence
this behavior. Mild steel beltaves quite differently from stainless steels in most corrosive media. Stainless steels
are used conventionally as corrosion resistant materials in near neutral aqueous solutions. The presence of
microorganisms is recognized to affect the corrosion features of different ferrOus and non-ferrous alloys, even of
corrosion resistant alloys, in media such as seawater and polluted estuarine water (Gouda eta!., 1993).
The objective of the present work was to investigate the behavior of mild steel (<0·100/oC) and type 304
stainless steel in liquid from sludge from an anaerobic sewage digester producing methane from wastewater in
Porto Alegre (Brazil). These materials were selected because they are commonly used in wastewater treatment
plants. Stainless steel was used as-received and in the sensitized condition to simulate the influence of welding.
MATERIALS AND METHODS Compositions of the mild (MS) and stainless (SS) steels are given in Table I.
For the immersion tests, rectangular specimens were cut from MS and SS lrnm thick sheets, and provided with a
hole to allow the passage of a copper wire for electrical contact. The samples were polished through #600 C
paper and insulated with an epoxy resin so as to expose an area of lcm' to the solution. For the potentiodynamic
experiments cylindrical electrodes with a similar exposed area were used. SS was used in two conditions:
as-received and sensitized fur two hours at 650°C. The condition of sensitized or non-sensitized SS was checked
by the oxalic acid test. All experiments were run with static electrodes at room temperature.
Table 1 Composition of alloys(%).
Mild Steel
h
C ~ P
S ffi
99-47 0·047 0·395 0·012

Stainless Steel
Fe
C
~
69·83 O-D61

P

0·02

s

1·4 93 0·048 0·008

0·001

~

0{)()5

M

V

~

0·016 0·007 0·001

0{)()1

~

Si~NiCr

0·518

0·153

8·608

~

TI

0·003 0·001

VMoCoTi

18·67 0·044 0·416 0·120 0·001

AI

m

0

0·001

Th

W

0·019 0{)()1

AimTaW
0·015

0·011

0·003

The solution used in the experiments was obtained from a commercial anaerobic digester and the concentration of
the inorganic components is shown in Table 2. All glassware was sterilized at 121 •c.
Table 2 Composition of solution from anaerobic digester (ppm).
Cl'
SiO, Total Fe SO}·
Zn(sol)
so
11
2-1
25
0·34

~

CaCO,

0·2

184

In all experiments the solution was in contact with a gaseous phase to mimic the conditions ofthe commercial
digester; this was a mixture of 30% CH4 and 700/o CO, diluted with N,. Inunersion tests at I atm pressure were
done in anaerobic jars previously deaerated with N, before introducing the solution with a gaseous mixture of
CH/C02• The experiments at 7atm were performed in a stainless steel autoclave internally coated with
polytetralluorethylene, the cover of which was provided with inlets for the electrical leads, enabling the
acquisition of corrosion potential data. In the autoclave, the CHjC02 gas mixture was introduced from the
cylinder to give a pressure of3 atm and then N 2 was fed in to ?atm.
Potentiodynamic tests were run in a conventional three-electrode borosilicate glass cell. A saturated calomel
electrode (SCE) was used as reference electrode and all potentials in this work are referred to it. A platinum wire
served as counter electrode. An AFRDE-4 Pine potentiostat was used to program the potential scans at different
scan velocities (1, 5 and lOY/min). Before the potential scan began, a potential of -lOOOmV was applied to the
specimen for I 0 minutes to remove some impurities and preexistent oxide films on the metallic surface.
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After the experiments, metal specimens were fixed in buffered glutaraldehyde, dehydrated in a series of alcohol
solutions (50, 70, 80, 95 and 100%) and acetone, then metallized before examination in a scanning electron
microscope (SEM).
To test the viability of sulfate-reducing bacteria (SRB) after the immersion experiments, aliquots were
·
inoculated into Postgate B.
RESULTS Several kinds of anaerobic bacteria were detected in the digester fluid: SRB, methanogenic bacteria
and nitrate-reducing bacteria. Aerobic bacteria were also found (Escherichia coli and Pseudomonas sp.). SRB
grew rapidly in Postgate B in all samples indicating their survival for 30 days. Sulfide was measured using an
ion,sensitive electrode. An initial value of 1-7 x IO"'M was observed and increased to 1·7x IO..M in the fermenter.
For comparison, a concentration ofl·5 x 10~ M was found inPostgateB medium after SRB had grown for some
days.
Immersion tests The corrosion potential (E_) of MS and SS specimens at latm is shown in Figure I and the
change ofE= for the same materials at 7 atm in Figure 2. ForMS samples E_ remained at low values (-700 mV)
from the first minutes of immersion. A dark and poorly adherent film fanned on the surface; this was incomplete
at 7atm. Fig. 3 shows corrosion products present on the surface of mild steel after the tests and Figure 4 shows a
well-developed biofilm with bacteria and corrosion products. The sensitized and as-received SS samples had an
E_ around -200 mV for the first 20 hours, and then it became unstable, tending to decrease to more negaiive
values, but sometimes returning to the higher initial values at I atm. When pressure was maintained at 7 atm, the
shift to lower values was more decisive with only small oscillations. SEM showed a biofilm fonned on the SS
surface, but it was thinner than on MS. Fewer bacteria were present on SS. Figure 5 shows a sensitized specimen
which has been submitted to an anodic oxalic acid etch to reveal sensitization after the long-term exposure. In
spite of the severe treatment, some bacteria renutin on the surface, indicating they are very firmly bound.
Potentiodynamic experiments Cyclic voltammetric curves at I atm pressure (scan rates, I, 5 and 10 V/min
from -1 OOOmV to 1OOOmV) showed no current peaks for mild steel (Fig. 6) and the anodic current increased
continuously with potential. These features were seen in subsequent cycles. A dark film foimed on the surface
during the first cycle and was apparently not destroyed on the reverse scan.
Cyclic voltammograms were run for sensitized and as-received SS until a steady state was attained. At low
scan velocity (IV/min) no important differences were found but at 5 and 10 Vlmin the voltammograms were
quite different (Fig. 7 and 8). In the first scan the sensitized steel showed an anodic current peak which was
scarcely present for the as received material. At higher potentials, after passivation had occurred, a new current
increase took place in both curves; on reversing the potential scan, the current immediately decreased for the
as-received alloy whereas it remained higher than in the positive-going sweep for the sensitized sample. Even in
the subsequent cycles this feature remained, in spite of the currents being progressively smaller.
Voltammetric curves were run also on a platinum electrode to see if any redox reactions from the medium
could be detected, but no important current peaks were observed in the potential range investigated.
DISCUSSION Open circuit potentials of MS did not show important changes during the immersion tests. The
steel corroded freely, was colonized by bacteria anci produced distinct types of corrosion products. pH, inorganic
anions, e.g Cl", S04", Co,·, HS", organic constituents and ions derived from microbial metabolism may determine
the corrosion products fonned. In accordance with Pourbaix diagrams (Pourbaix et al., 1993) for iron in the
presence of water, Cr and S, the corrosion potential attained by the mild steel would be in the region of stability
of FeS, which is known to be not very protective and would explain the relatively high corrosion rate.
Nevertheless, the presence of the other anions (C03• for instance), the change of potential from the beginning of
the tests and other factors may well contribute to alter the nature of the products. MOssbauer experiments not yet
published point to the existence of pyrite (FeS,) within the film. Rosa (1993) has also found pyrite on carbon steel
in the presence ofH,S and Cr, in acid media in the absence of microorganisms. The different corrosion product
morphologies (Fig. 3) may indicate distinct phases of sulfides and perhaps oxides.
SS in its two conditions showed reduced E= both at latm and 7 atrn after some 20 hours exposure. Some
authors found that drastic alterations of corrosion potentials can be associated with the formation of biofilrns or
localized corrosion beneath them (Gouda et al., 1993; de Mele et al., 1991) although no general explanation has
been presented for all cases. In the present case, biofilm fanned within 30 days as shown by SEM, but was not
present after shorter periods, during the voltammetric tests. No generalized corrosion was seen on SS and the
sensitized specimens showed no intergranular corrosion. Nevertheless, after the oxalic acid test sensitized SS was
seen to have deep grooves along the grain boundaries (Figure 5). Those bacteria which remain on the surface
show no preferential attachment near the grain limits although the high local dissolution rate could have displaced
them from these sites. Some pits were found after exposure at 7 atm. This fact is notable, because chloride and
sulfate levels were quite low in the solution. Newman et al. (1989) have found that microbiologically-influenced
corrosion (MIC) of 304L SS could be explained even in the absence of chloride. They invoked the action of
reduced sulfur compounds produced by SRB, primarily thiosulfate, as these could stabilize metastable pitting at
potentials lumdreds of mV more negative than the stable pitting potential found in the absence of such
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compounds. This may be the reason for the E..., activation of stainless steel after longer immersion times (Fig. 2).
As bacteria, in particular SRB, settle on the surface, the fonnation of S20 3• can take place and its enrichment in
metastable pits is facilitated by electromigration due to its double negative charge (Newman et al., 1989).
Potentiodynamic curves of MS (Fig. 6) were consistent with prolonged exposure test results. No passivation
occurred and on consecutive cycles the same high current densities were obtained. Interestingly enough. a
practically linear relationship between current and potential was found which may be ascribed to the resistance of
the film that could be seen forming on the surface from the first cycle on, and through which the dissolutjon must
occur.
Voltarrunograms of SS presented quite different behavior for the two microstructural conditions (Figs 7 and
8). The large anodic peak around 200 mY on the first scan and which is not visible for the as-received material is
probably associated with the dissolution of iron and formation of iron oxides due to the impoverishment of
chromium in grain boundaries. On the other hand, the current hysteresis at high potentials also points to a poorly
protective film and in this region the sample would be prone to suffer pitting or intergranular corrosion. As this
hysteresis only appears for the sensitized SS, it probably indk ates a tendency to intergranular attack. The fact
that this localized corrosion was not observed may possibly be attributable to the short time of the experiments
and the apparent improvement of the passive films on subsequent cycles, since current decreases with cycling and
late hysteresis are no longer found.
Acknowledgments The help of the technicians of the Municipal Water Department, Porto Alegre is warmly
recognized.
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Figure 1 Corrosion potential of mild
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Figure 6 Cyclic voltammograms of mild
steel (v = SV/min) at I atm.

Figure 5 Sensitized stainless steel after anodic
oxalic acid etch (30 days at I atm.) Bar = 10~-tm.
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Figure 8 Cyclic voltammograms of
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Figure 7 Cyclic voltammograms of
as-received 304 stainless steel
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ABSTRACT PVC films (20jlm thick) were treated with bacterial suspensions on nutrient agar for a week at
37°C. No change io contact angle measurements (PVC-water) were seen. Infrared measurements showed very
marked reduction io peaks at 1561 and 1712cm·'. These peaks do not correspond to any frequencies associated
with molecular groups known to be present io PVC and are attributed to loss of plasticizer, possibly as a result of
bacterial metabolism.
INTRODUCTION In the last few years, 10 million tons of plastic were distributed io the USA. Plastics in
municipal solid wastes represent 1-5% of the dry weight and up to 200/o of the volume of total waste materials
(Krupp & Jewell, 1991). These wastes are persistent and may have adverse environmental effects. Landfill sites
are increasingly scarce and incineration of some plastics, such as PVC, release toxic products. The reuse and
recycling of a greater proportion of waste materials is a loog- established goal io some countries (Rodrigues,
1971). However, recycling does not solve all environmental problems and there is a demand for degradable or
biodegradable plastics to reduce the environmental impact of these materials (Krupp & Jewell, 1991). However,
plastics biodegradability is a subject of much controversy due to the lack of standard evaluation methods (Taylor,
1979).
Polymers of natural origin are biodegradable and are attacked by many forms of life. Most of the synthetic
polymers are relatively more resistant to microbial attack and this is considered to be due to their hydrophobic
charscter, which prevents enzyme activity (Kumar et al., 1983). Biodegradability depends on various physical and
chemical properties. Degradation slows with iocreasing chaio length and with chain branchiog (Kumar et al.,
1983). Commercial plastics usually contaio additives of different kinds and functions some of which are more
susceptible to attack than the basic polymer (KOster, 1979). Plasticizers are essential ingredients of many flexible
plastics, particularly polyvinyls, and may be potential nutrients for microbial growth on plastics materials. Vess et
al. (1993) reported that many common microorganisms are able to colonize PVC surfaces such as pipes and
demonstrated that they are more resistant to biocides. This enhanced resistance was attributed to the extracellular
materials associated with these biofilms.
The objectives of this work were to assess surface changes io PVC films by measurement of the contact aogle
(PVC-water drop) ao chemical chaoges using IR on PVC films following exposure to Pseudomonas aeruginosa.
MATERIAL AND METHODS

•

PVC fdm preparation 20jlm thick films were cast from polyvinyl chloride of molecular weights 55,000
(PVCB) and 70,000 (PVCA) (Fiuka) solutions in 1,2-dichloroethane (Synth) (Martins-Franchetti, 1992). The
solvent was evaporated io a Petri dish at room temperature and the films dried io vacuum and stored io a
desiccator for 48h.
Microbiological treatment Pseudomonas aeruginosa, obtaioed from UNICAMP, Campinas was grown on
nutrient agar (peptone (Difco) 0·5g, meat extract (Difco) 0·3g, glucose (Synth) l·Og, agar (USP) 2·0g, sodium
chloride, O·lg and distilled water lOOm!). Small pieces of film were sterilized at 121°C, latm, for ISmins.
Duplicate samples were placed on nutrient agar iooculated with P. aeruginosa and incubated at 37°C for a week.
After this period, samples were sterilized by washing twice with 700/o sodium hypochlorite and several times with
distilled water. They were then dried under vacuum and stored in a desiccate for 2 days.
Contact angle measurements Each PVC sample was placed on a glass plate and a water drop (approx. 0·02ml)
placed on the sample. The drop was projected on to a screen and the contact angle measured. This procedure
was repeated 3 times for each sample.
Infrared spectroscopy IR spectra were obtained on a Specord M82, Carl Zeiss spectrometer. Each spectrum
was recorded at a resolution of 4cm' 1 and a scao time of7mios.
RESULTS
Contact angles There were no differences io contact angle, which varied between 52° and 58° for both types of
PVC films, whether treated or not.
Infrared spectroscopy The infrared spectra ofPVCA aod PVCB films are shown in Figs. I and 2 respectively.
Table I identifies the peaks shown in Figs. I aod 2 using the data obtained from pure PVC by Krimm et al.
(1963). The peaks at 1712 and 1561cm'1 frequencies are not attributable to PVC, but peaks close to 1710cm'1
may be due to the preseoce of carbonyl group of an ester. The peak at 1561cm·' frequency has not yet beeo
attributed to any known compound. The infrared spectra of the films after incubation with bacteria (Figs. IB and
2B) show similar profiles, but with some differences. Absorption maxima at 1712 and 1561cm'1 have
disappeared. A new peak arises at 610cm'1 io PVCA, attributable to stretchiog vibrations of the CCI groups of
PVC (Fig. IB).
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Table 1 Infrared spectrum and assignments for PVC
Observed
Reported
Chemical

frequency (em·') frequency• assignment•
2970
2920
1430
1330
1260

1100
970
960
700
640
610

2970
2930
1438
1338
1258
1090
970
960
710
640
615

v(CH)
va(CH2)BI
ll(CH2)
ll(CH)AI
ll{CH)B1
v+(lti2)B1
yr(CH2)
yr{CH2)B1
v(CCI)SHC
v(CC1)Al
v(CC1)SHH
v(CC1)BI

.

'

'

1

604
v =stretching; a= bending; yr =rocking; • = IIS)'IIIllOtric; • (Krimm et al., 1963)

DISCUSSION The peak at around 1700cm"1 may possibly be due to the presence of plasticizer in the PVCs. It
has been previously shown that plasticizer is removed by microorganisms and the PVC becomes stiff and brittle,
whilst there is no evidence of attack of the polymer itself (Kuster, 1979). The nature of the stabilizer used in the
PVC formulation influences the degree of bacterial attack (Rodrigues, 1971; Kilster, 1979). We think that these
PVC transformations occur due to the attack of Pseudomonas on the plasticizer. The nature of this phenomenon
and the types of interaction involved are as yet unexplained and more investigations are required to understand
the dynamics ofthe bacterium-polymeric matrix interaction.
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Figure 1 IR spectra ofPVCA film
before (A) and after (B) bacterial treatment.

Figure 2 IR spectra ofPVCA film
before (A) and after (B) bacterial treatment.
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Oliveira, H.B.', Ferreira, V.S. 2, Rodino, E.L.G. 2
1
Petrobn\s/CENPES, Rio De Janeiro, 'Petrobnis/REDUC, Rio De Janeiro, 'PRIMUS, Rio De Janeiro, Brazil
ABSTRACT Reduced zinc content in recirculating cooling water was shown to be the result of precipitation by
sulfide associated with a leakage of diesel through a corroded heat exchanger. Zinc levels were too low for
efficient corrosion protection. The river water used. for cooling had a low sulfate content, but clarification with
aluminum sulfate and concentration by evaporation. provided levels for the sulfate-reducing bacterial activity
found. This activity is considered to be the cause of the biofouling in the system.
INTRODUCTION The recommended zinc concentration for the optimal efficiency of corrosion inhibitors is
3-Sppm and could not be maintained in the freshwater recirculating cooling system of the Duque de Caxias
Refinery (REDUC) of Petrobrtls. Precipitation of zinc ions by H,S generated by sulfate-reducing bacteria (SRB)
present in the water was suspected. Other symptoms were a floating aqueous white sludge on the cold water pool
and an oily corrosion residue found in the spool (water side) of the heat exchanger (water x diesel) when it was
opened to check for the presence of leaks. An untreated diesel stream, rich in H,S (5,000 to 10,000 ppm}, was
contaminating the system through holes in the heat exchanger. Observations one month afler replacement of the
tubes of the damaged heat exchanger showed recommended zinc levels, but indicated continued biofouling.
OPERATING CHARACTERISTICS OF THE COOLING SYSTEM The cooling system operates with a
recirculating flow of 7500m'lhour. Water taken from the Saracuruna river for feeding and make-up purposes is
clarified by flocculation with aluminum sulfate and then chlorinated. To control corrosion and fouling, dispersants
are added at 60 to 80 ppm for organic contaminants, and at 25 to 40 ppm for metals. Other additives include
corrosion inhibitors that form precipitated films of zinc phosphonate/polyphosphate (40 ppm} and azo aromatics
(approximately JOppm). A chlorine residual of 0·4 to 0·6 ppm is maintained. Biocide (isothiazoline) is added
whenever chlorine falls below this value (usually due to an increase in oil and grease in the system). Table I and
Fig. 1 show the principal physical and chemical characteristics and the flow system.
The system operates in cycles and the purge of the cooling system is defined by fixed parameters of Chemical
Oxygen Demand (COD) and turbidity; 10 mg·l·' and 20 NTU, respectively. Both zinc and calcium ions are
needed to form the passivating film with the polyphosphates; zinc is monitored to assure it is between 3-S ppm.
The tubes of the heat exchangers are of carbon steel and the film temperature of most is around SO to 60°C.
Table l Preliminary chemical and physical characterization of the water fed to the cooling systemt
pH
Alkalinity
Sulfate Chloride Silica Iron Turbidity Total solids
Hardness
(mg·l·' CaC03) (mg·r')* (mg·l-') (mg·r') (mg·r') (NTU)
(mg·l-')
(mg·l·' CaCO,)
5·0; 6·5
18·0
1·7
14·0
12·0
0·5
5·0
31·0
3·7

t Water sample taken from the Saraeuruna river water main before monitoring was applied.
' Afu:r flocculation treatment with aluminum sulfate, this concentration may reach peaks of SOmg·l·'·

CHEMICAL AND MICROBIOLOGICAL CHARACTERIZATION
Before replacement of tbe beat exchanger tubes Water from a sample consisting mainly of a floating aqueous
white sludge from the cold water pool was analyzed. Chemical parameters of this cooling water, especially the
presence of corrosion inhibitor residues, were analyzed. The results can be seen in Table 2. The recirculated
water in tbe cooling system contained 200mg·l·' C02 and 3.lmg·l·' sulfide indicating microbial activity. The
presence of SRBs was repeatedly confirmed by culture in Postgate's medium E.
Table 2 Recirculated water physical and chemical characterization (units are mg·l·' unless stated otherwise)
pH Alk. Alk.
Alk. SO,'- Si Ct Total Dissolved Turbidity Total Fe>+ PO.'" Zinc S"' Dissolved
(OH') (C03"') (HCO;)
solids solids
(NTU)
Fe
CO,
·
<1·0 10 30 600
450
350
200
7·0 16·0 1·0 H
200
5·9 absent absent 100

•

The contents of the heat exchanger (water x diesel), which was out of operation, were sampled. This oily
sample contained fouling and corrosion residues of a blackish color. A solid sample was submitted to
fluorescence and X-ray diffi'action (FRX and DRX) analysis. Analysis of samples of the corrosion residue from
the heat exchanger showed a mean of8x!O' SRBs·g·' using the MPN method .
Table 3 Chemical analysis of corrosion residue from heat exchanger.
Principal elements and crystaUization- Frx (Weight%)
Fe
S
Si
AI
P
Ca
Zn § s>-§ Fe>+ Fe>+
DRX
30·0
18·0
Jol
0·5
0·4
0·1
3280 3400
1·4
9-4 Amorphous
§=mg·kg'
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Sampling after replacement of damaged heat exchanger pipes The 5 sampling points shown in Figure 1 were
used. The results can be seen in Table 4.
Table 4 Chemical and microbiological characterization of cooling system water after replacement of
damaged heat exchanger pipes
Sample point SRB (MPNml"1) S'" ppb SO.'"ppm pH Total Fe ppm AI ppm Susp. solids ppm
<0.1
6
1
9
0
I
4·9
H
<0.1
2
2
45
II
4
4·7
1·2
0·5
29
3
4
45
30
6·8
5·8
4
15
41
30
6·5
8·1
0·5
34
0·8
69
5
25
96
30
H
13·5
Suspended dements· FRX (weight%)
Sample point
Fe
AI
s Si Na Ca p Mg Cl Zo K MoDRX
A
17·2
5·4
1
2-9 11·1
A
2
51·7
8·3
7-2 18·3
A
7-8
1·7 1·5 4·7 0·4 1·3 1'4
3
4·5
z.z 4·1
A
3·9
7·5
1·5 1·3 4·0 0·3 1·1 1·3
4
2-4 3-6
0·3 1-4 2·5 0·2 0·6 1·5 0·2 0·2
5
2·7
9·3
1-4 3·1

.:
~

I

..

I

•

A Amorphous

• Mica, kaolinite, feldspar, quartz

DISCUSSION It was originally thought that H,S produced by SRBs caused precipitation of the zinc ion, dosed
with polyphosphates as a film inhibitor. Subsequently, the main source ofH,S in the cooling fluid was found to be
from hydrocarbons rich in H,S, rather than SRBs in the water. Corrosion of heat exchanger carbon steel tubes
occorred because of the inorganic and biological fouling.
As SRB were detected throughout the system (before and after damaged heat exchanger tube replacement), a
few considerations about their physiology are required. The following equation describes SRB-produced sulfide:
Lactate + SOt ~ Acetate + 2CO, + 2H,O + S"
The stoichiometric requirements (1000/o yield) to reach the s'· level of 3·1mg·l'' (liberated by acid from the
white sludge from the cold water pool), would be of the order of 9·3mg·t·' and 7·0mg·1'1, for S04" and organic
carbon, respectively. Although sulfate ion in the raw water intake (I ·7 mg·l'') is insufficient for the production of
·this level of sulfide in the white sludge, aluminum sulfate, used as flocculant increases the sulfate concentration to
4mg·l''; concentration of the anion in the system by evaporation losses, increases S04 ,_ ion levels to 30mg·l'l The
low levels of sulfate (<1mg·l-') in the cold water pool sample before repair of the damaged heat exchange unit,
indicates possible removal by SRBs. The SRB will find necessary nutritional and energy conditions in the system
to grow. However, sulfate-reducing activity will not be high in the cooling water flow, where conditions are both
acidic and aerobic and sulfide in quantities sufficient to precipitate Zn'' may not be present in these parts of the
system. Furthermore, in these aerated regions any H,S will be easily lost to the atmosphere. The H,S from the
diesel discharges (5000 to 10000 ppm), can cause zinc precipitation close to the leakages in the heat exchanger
without microbial reduction of sulfate.
The solubility products of iron sulfides vary from 10'17 to 10'22 and of zinc sulfide from 10·23 to 10'26 • Zinc is
thus much less soluble in the presence of free S'- than iron, and the Zn"' ion, dosed as an inhibitor, may thus be
rendered locally inactive by free s'- in areas of SRB-induced corrosion. The origin of the high levels of sulfide in
solution in the cold water pool and the site at which precipitation occurred remain to be fully identified.
Samples from the heat exchanger showed high Fe", Fe" and Zn" ion concentrations, associated with sulfide in
residue and with sessile SRB (Table 3). In addition, the participation of aluminum in the fouling x biofouling
process confirms the S04" ion availability and explains the presence of planktonic SRB.
After replacement of the damaged exchanger tubes, there was a gradual reduction of white sludge in the cold
and hot water basins and a gradual elevation of residual zinc content, eventually reaching the recommended
range. Approximately one month after installation of new tubes, sampling (Table 4) showed fouling x biofouling
formation. Analyses of total iron and fluid suspended solids support the hypothesis that planktonic SRB play a
role in biofouling. Suspended solids aoalysis (Table 4) showed the importance of iron, silicon and aluminum in
fouling. After repair of the damaged heat exchanger, reduction of sulfates by SRB, with resultant sulfide
production was reduced and zinc precipitation ended, since the sulfide concentration level was not sufficient. The
zinc concentration in the suspended solids did not exceed I ppm (Table 4).
CONCLUSIONS AND RECOMMENDATIONS
,
- The low content of sulfide (96ppb maximum) and high content of sulfate (30ppm) in recirculating fluid samples
after replacement of exchanger tubes, indicate that the main reason for the reduction of residual zinc content was
contamination by diesel with a high H,S content.
- Characterization of the water x diesel exchanger showed the presence of fouling.
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- Fouling and existing sessile SRB accelerate the pitting pr9(:ess.
- It is recommended that flocculation be reconsidered, or tbat flocculation products which do not increase sulfate

•

•

or decrease alkalinity, be used.
- Because of the presence of planktonic SRB at intake, prechlorination of the feedwater and chlorine demand
tests at representative points in the recirculating fluid are recommended.
-It is recommended to test in laboratory the use ofSRB metabolic inhibitors (e.g. molybdate ion, which canalso
act as a corrosion inhibitor). Environmental impact and toxicological tests should also be done.
- A study is recommended to redefine the process control methodology; organic matter as oil content in water at
the l ppm level should be monitored in the field (infrared absorption), rather than by Chemical Oxygen Demand,
which is time consuming and not specific. It is recommended sulfate and aluminum be monitored as well as zinc.
- It is recommended to evaluate the monitoring procedure by installation ofbiocoupons in tbe most critical areas
to define the relationship between suspended solids, SRB, SRB metabolites such as sulfide, and tbe pitting
process, using scanning electron microscopy and x-ray dispersive energy spectroscopy (SEMIEDX).
Acknowledgments We thank Chemist Monica Penna, Technician Edilson Domingos da Silva, Trainee Danielle
Fernandes da Silva, and our Colleagues Chemists and Technicians of Chemical Division/CENPES/Petrobn\s, for
their valuable help.
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Figure 1 Simplified flow diagram of the REDUC/Petrobras recirculating cooling water
system
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THE BIODETERIORATION OF CARTRIDGE FILTERS USED IN A SEAWATER
FILTRATION OPERATION
Wtlliarns, C.J. & Edyvean, R.G.J.
Department of Chemical Engineering, The University ofLeeds, Leeds, LS29JT, UK.
ABSTRACT The offshore oil industry utilizes vast quantities of filtered seawater, particularly in waterflood
operations where it is pwnped into the oil bearing .fonnation to maintain pressure and force oil to the surface.
Cartridge filters are one of the most common methods used to filter the seawater. However, the performance of
these filtration systems has been found to be relatively poor. This poor performance has been attributed to the
biological nature of seawater and its high concentration of organic and inorganic particulates. This research
investigated the nature of the blockage of cartridge filters used in actual service in an offshore seawater filtration
system over a two year period. The accumulation of plankton and other organic material was assessed and
compared with the results of standard filter performance appraisals using the marine diatom Amphora
co.ffeaeformis.
INTRODUCTION The perfonnance of cartridge filters used to filter seawater on offshore oil production
platfonns has been found to be less than ideal. There are a number of problems associated with the use of natural
seawater, particularly its biological activity, the concentration of particulates, both organic and inorganic,
suspended clays, sand, oil and bacteria. It has been reported (Matthews eta!, 1984) that in North Sea water 90"/o
of the particulates are organic. The suspended organic material is comprised of plankton, both zooplankton and
phytoplankton, ranging in size from below 2Jlm to about 1cm, together with associated debris, such as extracellular products, organic excretory materials and dead cells. It is this organic material that has been associated
with the poor performance of seawater filtration systems.
Filter Element Blockage The pattern of filter element blockage in the North Sea has been docwnented by
Edyvean and Sneddon (1985). The blockage sequence is believed to be initiated by coating of the fibers, wires or
grains of the filter medium by a sticky organic material which traps particulates and plankton. The blockage soon
fonns into a solid mass of amorphous material held on to a framework of filter fibers and planktonic skeletons by
organic material derived from the plankton.
The most important groups of organisms affecting seawater filtration are copepods, diatoms, dinoflagellates
and bacteria (Mitchell and Finch, 1981). It is the nature of these organisms and their interactions on and within
the filter structures that creates problems in seawater filtration operations. These organisms tend to be comprised
of rigid skeletal materials associated with a variety of organic substances including lipids, proteins and mucilages.
In addition they also undergo rapid increases in population nwnbers at specific times of year which are referred to
as the plankton blooms. In temperate waters such as the North Sea there are two seasonal blooms which occur in
the spring and in the autumn. It is during these blooms that seawater filtration systems experience most of their
operational problems due to the vast increase in planktonic numbers.
MATERIALS AND METHODS The seasonal variation in the accwnulation of particulates and organic
substances on 5Jlm rated polypropylene spool wound cartridge filters used in a North Sea water injection system
was investigated over a two year period (1988 and 1989). The filters were removed from the Heather "A" oil
production platfonn once they had attained their maximum permitted pressure differential. The nature and type of
fouling on the surface of the spent filters was examined by scanning electron microscopy and energy dispersive
x-ray analysis (EDAX). These results were correlated with the life expectancy of the filters in the field.
The effect of plankton suspensions on the performance of identical S11m rated cartridge filters was assessed
using a standard cartridge filter test system according to ISO 4572 (1981). Cultures of the marine diatom
Amphora co.ffeaeformis were mixed with the standard filter test contaminant, ACFTD (air cleaner fine test dust),
in order to simulate both the organic and the inorganic particulates in seawater. Filter tests were perfonned in
triplicate under a constant flow rate and the increase in pressure differential across the filter with accwnulating
particulates was recorded. Particle size analysis of the influent and effluent flow streams allowed the ability of the
filters to retain particles of various sizes (element particle retention efficiency) to be determined.
RESULTS AND DISCUSSION Filter element life in actual service in a North Sea water filtration operation is
shortest in the spring during March and April and in the autumn in November; it is longest in winter and late
swnmer (Figure 1). This seasonal variation in filter life agrees with previously reported data (Edyvean and Lynch,
1990). Examination of the surface of the spent filters revealed the diversity of species that become captured by
the filter and also the extent of the fouling layer. The type of organisms that were found throughout the year
included remains from copepods, dinoflagellates, mollusks, diatoms, coccolithophores, foraminiferans and other
marine debris. Figure 2 illustrates the composite nature and density of the fouling layer. The smooth
polypropylene fibers which comprise the filter were coated in such quantities of material that they were barely
visible. Such extensive fouling of the filters would provide an ideal environment for the proliferation of a bacterial
community. However, in applications such as the offshore oil industry the development of such bacterial
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populations could be disastrous with the potential for plugging the reservoir rock in the oil bearing strata and
souring the oil prior to its extraction by the production of hydrogen sulfide.
The type of fouling layer found on the filters also varied with season. The spring fouling community was
dominated by dense accumulations of particulates containing high numbers of diatoms. Summer fouling was
characterized by the presence of copepods, diatoms and mollusks. The autumn fouling community was diverse
often dominated by diatoms, dinoflagellates and silicoflagellates. In winter, the filters were found to accumulate
high levels of silt particles, coccolithophores and pennate diatoms. Elemental analysis of the spent filters revealed
high levels of sulfur and potassium indicating the presence of organically derived material. Silicon was prevalent
during the spring and autumn, consistent with the diatom blooms, since diatom skeletal structures are virtually
entirely comprised of silicon.
The results of this investigation suggest that the presence of plankton is associated with the reduction in the
life of cartridge filters used to filter North Sea water. Accordingly, the performance of identical filter elements
was assessed in a standard test system using artificially cultured plankton.
Testing Cartridge Filters with Plankton Snspensions The life of filters tested using the standard filter test
contaminant ACFTD was found to be slightly longer at a mean value of 135 minutes (±8.5). This can be
compared with the mean life of 130 minutes (±9· 5) where the test fluid was dosed with a suspension of A.
co.ffeaejormis. The presence of diatoms in the filter feedstream was also found to adversely affect the particulate
retention efficiency of the filters. In fact those filters which were tested in the presence of diatoms were less ·
efficient at retaining particles at every particle size that was investigated throughout the duration of the test. This
is illustrated in Figure 3 which compares the mean life particle retention efficiency of the elements under both
organic (planktonic) and non-organic (ACFTD only) test conditions.
The observed slight reduction in filter element life when tested in the presence of diatoms may be attributed to
the increased level of particulates in the test fluid, since individual A. co.ffeaejormis organisms measure only
1011m in length. This can be compared with the bulk of the particulates in ACFTD which are less than 2011m in
diameter. However, the observed reduction in particle retention efficiency is consistent with that found when
filters are subjected to organically loaded feedstrearns. This suggests the action of some type of organic material
in the test fluids, although there was no evidence of aggregation of the dust particles or any free organic material
Analysis of the tested filters for protein and lipid by biochemical assays failed to detect the presence of either
organic substance. EDAX analysis of the surface of the spent filters detected the presence of high levels of
potassium and silicon. The silicon is mainly from ACFTD particles. The potassium is derived from the cells or
from the medium in which the cells were cultured. These findings suggest that organic material may be present on
the tested filters but at relatively low levels. It should also be noted that the cultures of diatoms used to conduct
these tests were only five days old and therefore young cells. Consequently, they would be small in size and there
may be less extracellular products than in actual seawater. It also appears that the concentrations of diatoms used
in tbese tests were insufficient to severely affect filter performance. Levels of plankton in seawater have been
reported to vary between 103 and 10' cells m·' (F. Green, personal communication). These tests were conducted
at a plankton loading level of 2 x 1O' cells m·'. However, in a real seawater filtration system an enormous variety
of planktonic species would encounter the filters, many of those organisms containing very high levels of lipids as
well as proteins.
Future research should concentrate on other planktonic species, particularly the copepods which contain high
levels of lipids, and dinoflagellates .
Acknowledgments The authors would like to thank the Science and Engineering Research Council for funding
the project and also UNOCAL UK for supplying filters for the research.
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Figure 1 Variation in the life of cartridge filters used to filter North Sea water in 1988
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ABSTRACT The role of microorganisms on the decay of historic buildings made of quartzite and soapstone in
Brazil and sandstone in Germany was studied with respect to the different climatic and atmospheric conditions.
The results showed the microflora is basically determined by the physical and chemical properties of the building
materials. Tropical climates favor the destructive activity of biocorrosive microorganisms, whilst air-pollution
supports biodeteriomtion in rnodemte zones.
INTRODUCTION Weathering of natural stone is caused by a combination of physical, chemical and biological
factors (Warscheid & Krurnbein, 1993). Biological processes are strongly influenced by climatic conditions and
anthropogenic influences. The importance of biodeteriomtion in the alteration and deterioration of stones has
often been underestimated and subordinated to physical-chemical processes. However, in the course of recent
investigations the importance of biodeteriomtion has been demonstrated (May et a!., 1993). The growth and
metabolic activity of microorganisms interect with physical and chemical factors. Biodeterioration causes physical
alterations in pore size distribution in stones, enlargement of creeks and fissures, changes in moisture circulation,
chemical discolomtion of stone surfaces and finally acidolytic and oxide-reductive corrosion and consequent
weakening of mineral structures (Griffin et al., 1991; Warscheid and Krurnbein, 1993). Within the
German-Brazilian project, IDEAS (Investigations into Devices against Environmental Attack on Stones), the
microflora of stones from historic buildings in Brazil and Germany was studied and their biodeteriomting activity
evaluated under different exposure conditions.
MATERIALS AND METHODS The stone-colonizing microflom of the Sanctuary of Senhor Born Jesus do
Matozinhos, Congonhas, MG, the Church of Sao Francisco de Assis, Ouro Preto, MG and the Architectural
Complex in Cara93, MG in Brazil and Aachen Cathedral, NRW, Germany was examined by:
(i) enumeration of different groups of microorganisms
(ii) quantification of their metabolism
(iii) cultivation and identification of typical microbial strains
(iv) investigations of microbial deteriomtion mechanisms (biocorrosion, biophysical effects)
(v) microscopic analysis of biofilrn formation and distribution (Warscheid et a!., 1992; Resende et a!., 1993;
Bianchi, 1994).
Blocks, approximately 10 x 10 x 2 rnrn, were cut from the stone surfaces using small diamond cutting disks
from sites characterized by the most typical weathering forms of the buildings. The specimens were removed
from the stone using a disinfected chisel and were transferred into sterile petri dishes. The characteristics of the
sample sites were noted.
The collected stone material was powdered in a ceramic mortar. Powdered stone (1g) was transferred into I 0
rn1 ofQ·OOI% Tween solution in distilled H,O and shaken for I hour at approximately 20'C. Algal, fimgal and
bacterial growth media were inoculated with the suspension. After 14 days of incubation the number of colony
forming units (CFU) or most probable number (MPN) were determined and calculated per g·' stone (Warscheid,
!990; Breams, 1992; Bianchi, 1994).
Protein content and dehydrogenase activity were measured (Warscheid, 1990; Bianchi, 1994). Selected
samples were studied by light and scanning electron microscopy.
RESULTS and DISCUSSION
Sanctuary of Senhor Born Jesus do Matozinhos, Congonbas Microscopic examination of TIC and PAS
stained samples showed the microflora on the soapstone in Congonhas preferentially colonizes natural cracks and
fissures and the deeper surfaces of areas of flaking stone. This shows colonization is predominantly in humid
situations protected from light. The chernoorganotrophic bacteria and fimgi showed a high potential for
biocorrosive activity (e.g. excretion of organic acids) giving rise to concern for the biodeteriomtion of the
building material (Resende et a!., this volume). The growth and metabolic activity of the stone-colonizing
microflora is especially favored by the alkaline pH-values of the soapstone buffering the acidic microbial
metabolic exudates. SEM showed very high microbial contamination of the underside of flakes and fungi
covering and penetrating fissures of the stone.
Sao Francisco de Assis Church, Ouro Preto The investigations were mainly focused on the quartzite in the
surrounding plinth. The weathering of this site was characterized by extensive scaling and underlying green algal
layers. Algae and cyanobacteria were predominantly found in these damp sites. Microscopic observations of TTC
and PAS stained quartzite samples confirmed the high level of metabolically-active microbial biofilms on the
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reverse of the detaching rock scales. The number of chemoorganotrophic bacteria was high, favored by the moist
and alkaline conditions within the stone. The high pH explains the relatively low fungal counts. Nevertheless, acid
production by fungal isolates was shown in laboratory tests (Resende et a!., this volume). Bianchi (1994)
reported a correlation between protein content and enzymatic activity (TTC) in the microbial biofilms on the rear
of the quartzite scales. These niches give shelter to a wide range of microorganisms, which in high numbers
attack the stone material by biocorrosion and biophysical impacts. High ambient temperature and high humidity,
combined with the porosity of the quartzite and the open pits left by dissolved hematite clusters favors the
massive microbial colonization.
Arc:hitectural Complex of Cara\'11 These buildings show large black mossy crusts with occasional algae and
lichen growth. In the mossy areas on the quartzite of Car~ high numbers of cyanobacteria and algae were
present. This indicates favorable moisture conditions for growth of these phototrophic organisms. Samples of
detaching flakes around a portal showed the presence of biofilms containing coccoid algae and small numbers of
chemoorganotrophic bacteria and fungi. Since protein content was not correlated with metabolic activity
(determined as TTC reduction) (Bianchi, 1994), the black crusts may be largely dead biological material.
Aachen Cathedral Aachen Cathedral is built from young greywacke and feldspar-containing sandstone.
Because of their pH values (6-8), mineral and organic carbon content as well as their good water binding capacity
(high porosity), these stones provide favorable conditions for microbial development. Moreover, the
biodeterioration is stimulated by organic substances present in the atmosphere accumulating on the stone surfaces
e.g. hydrocarbons (Warscheid et a!., 1993). Microscopic analysis showed that microorganisms were .present on
the surface of detaching flakes, as well as on their undersides, in contrast to the Brazilian findings.
CONCLUDING REMARKS Tropical climates favor the destructive activity of biocorrosive microorganisms,
while air-pollution supports biodeterioration processes on stone in moderate zones. The formation of a superficial
biofilm alters the capillary water uptake of stone and the penetration and binding of stone-conserving treatments.
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ABSTRACT The biogeochemical destruction of rock surfaces involves the release of corrosive acids and is the
most investigated mechanism of this process, koown as biocorrosion. It results from the biogenic release of
organic and inorganic acids. Samples of quartzite and soapstone were taken from the Sanctuary" of Born Jesus de
Matosinhos in Congonhas, Silo Francisco de Assis Church in Ouro Preto and Nossa Senhora Mile dos Homens
Church in CIU11\)II. The monuments were selected because of their exposure to different environmental conditions.
Samples were powdered, suspended in sterile salinelfween 80 and plated on to media for fungal isolation. Acid
production by the isolates was observed in Czapek-Dox broth. The major acid-producers were Acremonium sp.,
Aspergillus puniceus, Fusarium orysporum, Mucor hiemalis, Penicillium erpansum and Penicillium nigrlcans.
INTRODUCTION Microorganisms such as algae, lichens, fungi and chemolitho- and chemoorganotrophic
bacteria influence rock weathering (Silverman, 1979) and they can therefore cause the decay of historic stone
monuments (Bock & Krumbein, 1989; Warscheid, 1990).
The release of corrosive acids is one of the best koown biogeochemical destructive mechanisms at rock
surfaces. This process, koown as biocorrosion, results from the release of organic and inorganic acids, leaching
rock binding materials and weakening the crystal structure (Eckehardt, 1988; Lewis et al., 1988; Warscheid,
1990; Warscheid et a!., 1991). Petersen et a!. (1988) reported that fungi isolated from sandstone monuments
were litholytic. Organic acid formation by fungi (Domsch, 1960; Domsch et a!., 1980; Stevenson, 1967)
contributes considerably to the degradation of natural rock and silicate material as well as to that of stone
monuments (Bock & Krumbein, 1989; Braams, 1992).
As part of the German-Brazilian project "IDEAS" (Investigations into Devices against Environmental Attack
on Stone), the fungal microbiota from stones of historic monuments in Brazil was examined with respect to their
ability to produce acids and their role in stone decay.
MATERIALS AND METHODS
Samples The historic monuments are located in the Brazilian state of Minas Gerais, near Belo Horizonte. Their
exposure to man-made pollutants varies. Samples in the upper layers of the stone were obtained in February,
1992. Samples of quartzite and soapstone were taken from the Sanctuary of Born Jesus de Matosinhos, in
Congonhas, an area exposed to air-pollution produced by a nearby iron-processing industry; from Silo Francisco
de Assis Church, in Ouro Preto, an area exposed to pollution of an aluminum plant, and Nossa Senhora Mile dos
Homens Church of the Architectural Assembly of Cara~ where no anthropogenic influences on air quality are
koown.
Microbiological analyses Each sample was powdered in a mortar and lg suspended in sterile 0·001% Tween 80
solution and shaken for lh before plating on to Czapek-Dox agar and Sabouraud dextrose agar (Warscheid et al.,
1988; Resende et al., 1992). Fungi were identified by colony morphology on Czapek-Dox agar and
micromorphology in slide cultures on Czapek-Dox medium, com meal agar and potato dextrose agar.
Acid production The fungi were cultivated in Czapek-Dox broth with 3% glucose for 14 days at 28°C. The
cultures were then filtered and pH measured with a pH-meter ( Digimed DMPH2).
RESULTS AND DISCUSSION Table I shows the pH values of filtrates from cultures of the fungal isolates.
Five of 51 cultures (9·8%) isolated from Ouro Preto had a pH value < 5·00. The major acid producers were
Aspergillus punicus (pH 4·60), Penicillium nigricans (pH 4·60) and P. erpansum (pH 4·05, 4·05). The greatest
variety of fungi was isolated from the Ouro Preto samples. Four of 17 (23·5%) of the fungi isolated from
Congonhas samples produced a fall in pH to less than 5·00. These were Acremonium sp. (pH 4·33, 4·78).
Fusarium oxysporum (4.78) and Mucor hiemalis (pH 3·99). Congonhas is considered to be an area of low
pollution (Von Plelwe-Leisen et al., 1994). The fungi from Caraya samples showed weak acid production, the
lowest pH value (6.0) being obtained with Pleiochaeta sp. The weathering characteristics ofNossa Senhora Mile
dos Homens Church show broad, black, mossy coverage with occasional lichen and algal growth, especially on
the areas repaired with concrete (Becker et a!., 1994). The microflora covers the surface of the rock and the
mortar and at first impression seems to protect the rock by constant humidity exchange.
Fungi of the genus Penicillium are koown to have strong litholytic properties (Kuroczkin eta!., 1988). Species
from other genera, isolated in this study, showed strong potential to cause acid-induced litholysis. The industrial
environment of Ouro Preto contains air pollutants such as fluorides, sulfur dioxide and particulate matter (Von
Plelwe-Leisen et al., 1994), which could influence the microbiota. In Brazil, temperature and humidity are high
and these climatic conditions favor the colonization, growth and metabolism of fungi on rocks. Future work will
involve the identification of the acids by HPLC.
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Table 1 Acid production in Czapek-Dox mineral medium with 3.0% glucose by fungi isolated from stone
monuments
pH values attained by isolates from:
Fungus
SFA
BJM
AAC

A bsidia cylindrospora
var. cylindraspora
6·50
Acremonium sp.
Alternaria sp.
6·60
Aspergillus sp.
6·64; 7·93
A. jlavipes
6·46
A. japonicus
5·82
A. ochraceus
6·97; 6·44; 7·29
A. punlceus
4.60
A. sydowi
· 7·04
A. versicolor
6.40
Aureobasldium pullulans 6·46
Chrysosporium sp.
Cladosporium sp.
C. cladosporoides
6·46; 6·99; 6·99; 6·46
C. sphaerospermum
6·77
Curvu/aria pallescens
6·74; 6·10; 7·98; 7·98
Cylindrocarpon sp.
6·86
Exophia/a sp.
7·17
E. parasitica
6·92; 6·48
E. spinifera
7·12
Fusarium sp.
7·23
F. orysporum
Haplosporangium sp.
Mucor hiema/is
4·37
Paecilomyces sp.
P. /ilacinus
6·71; 7·72
Penicillium sp.
5·34; 6·44; 6·16; 5·83;. 6·00; 6·58
P. expansum
4·05; 4·05; 6·16; 6·25; 4·68
P. minioluleum
5·60
P. nigricans
4·60
P. puberulum
Periconia sp.
7-13;6·90
Phamasp.
Pleichaeta sp.
Pyrenaspora sp.
5-43
Sagrahimala sp.
7-12
Scedosporium sp.
Septocylindrom sp.
Syncephalastrum sp.
Verticillium lecanii
5·10
Wangiel/a dermalitidis 7·00; 7·12
Sterile mycelium
SFA Sio FriiD<isco de Assls, Ouro Proto

4-78; 4·33
6·37; 7·23

6·91
6·66
6·30; 6·46
6·89; 6·53

6.80
6·46; 7-10
6·94; 7·04

6·13

•
4·78
5·70
3·99
5·60; 6·43
6·91
6·57

6·72
6·60; 6·41; 6·41; 6·76

6•62; 6·62
7·33
6·00

6·80
6·80; 6·91
7·08

5·20
BJM Bom Jesus de Mataslnhos, Conganhas
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ABSTRACT A range of filamentous fungi and a number of heterotrophic bacteria were isolated from a cellar in
which concrete was deteriorating. The roles played by individual microorganisms in the decay of concrete has not
been studied extensively and little infonnation is available as to their single or combined effect on concrete. The
taxonomic status of each isolate was determined as far as possible and a numbet. of bacteria and fungi were
selected to assess their deteriorative effect. Concrete deterioration was assessed in shake flasks in a mineral salts
+ glucose medium. Analytical methods used were weight loss, ion exchange chromatography and atomic
absorption spectrophotometry. The ~"beration of the following ions was used as an indicator of deterioration: Na+,
K', Ca"', Mg"", AI". The importance of the microorganisms in a process hitherto considered to be brought about
predominantly by autotrophic bacteria is evaluated.
INTRODUCTION Since the introduction of Portland cement almost SO years ago, concrete has become one of
the most widely used synthetic materials within the construction industry (Neville, 1977). Concrete is composed
of cement powder, water and aggregates of various sizes, such as sand or gravel (Hueck van der Plas, 1968). The
main constituents of cement powder are lime, silica, alumina and iron oxide. Upon curing, the cement paste
hydrolyzes to fonn hydrated calcium silicates (C-S-H gels) and Portlandite (Ca(OH),) (Dreux, 1964; Dubois,
1977; Neville, 1977; Berner, 1992; Darimont, 1993). The arrangement of these crystals allows channels to fonn
within the concrete structure. The formation of these channels within the concrete permits the capillary action of
water. This water may contain microorganisms; thus, as water permeates deeper into the concrete, fissures are
fonned allowing the deposition of organic material and the further ingress of microorganisms into the concrete
(Lea, 1970).
Almost all surfaces in nature may be colonized by microorganisms; this includes buildings (Sand & Bock,
1991) and monuments (Koestler eta!., 1985; Griffin eta!., 1991). Concrete is one such material that is readily
colonized by algae, lichens, bacteria and fungi. Microorganisms are able to obtain calcium, aluminum, silicon, iron
and potassium from the concrete by biosolubilization. This is a process that involves the production of various
organic and inorganic acids by algae, lichens and fungi, e.g., lichenic, gluconic, itaconic, 2-ketogluconic and citric
acids (Duff, 1982; Warscheid et al., 1991). These acids attack and degrade the concrete by the dissolution of the
binary calcium portion and lead to the eventual formation of degradation products such as gypsum, calcite,
glauconite, dolomite, ettringite and quartz (Ascaso & Galvani, 1976; Ascaso et al., 1982; Kelford et al., 1982). In
addition to liberating nutrients, the production of acids lowers the pH of the surtounding environment.
During the course of this investigation, a study was made of the deteriorative activity towards concrete of
various heterotrophic bacteria and fungi isolated from cellars in which concrete was found to be degrading. The
biodeterioration of concrete has been studied previously by investigating physical and chemical changes, including
weight loss, pH, porosity and levels of soluble calcium (Lewis et al., 1987). In our case, the extent of
biodeterioration was investigated using weight loss, pH, ion exchange chromatography (IEC) and atomic
absorption spectrophotometry (AAS). IEC and AAS were used to trace the release of calcium, magnesium,
potassium, sodium and aluminum ions into solution. Previous studies have shown that bacteria and fungi can
cause the physical and mechanical breakdown of concrete. Sulfute attack, chloride ingress, acid attack and
leaching are thought to be the main mechanisms of attack responsible for the observed biodeterioration (Robery,
1988). Despite the ability of previous workers to link the biodeterioration of concrete with the liberation of
certain ions (most notably calcium), this information has not been of a quantitative nature (Warscheid et al.,
1991 ). This study was undertaken to obtain additional data from me and AAS to add to the knowledge gained
from more traditional methods.
MATERIALS AND METHODS
Isolation or microorganisms Samples of decaying concrete were collected from below the water level in a
partially flooded cellar. Samples of water were also taken. The samples were placed in sterile plastic universals
and transferred to the laboratory for the immediate culture of microorganisms. The particulate material was
suspended in 0·2% Tween and sonicated for 3 successive I min sessions. One ml aliquots were centrifuged in
Eppendorf tubes at l3,000rpm for !Omins. Fungi and bacteria were isolated from pelleted material and
supernatant on malt extract agar, potato dextrose agar, Sabouraud dextrose agar and nutrient agar at 30°C with
up to 14days incubation. Purified cultures were maintained on nutrient (NA) or malt extract agar (MA) at 4°C.
Four isolates were selected for their frequency of occurrence. Two were bacteria: a small Gram negative rod
forming large mucoid colonies on NA and a Gram positive rod producing swirling colonies on this medium. Two
fungi were selected; these were identified tentatively as Aspergillus glaucus and a Penicillium sp.
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Growth medium A mineral salts medium of the following composition was used (g·J·' distilled deionized E-pure
water): K,HPO, 0·6; MgS0,.7H,O 0·12; FeS04 .7H,O 6 x Jo·'; CaCJ, 6 x Ht'; NH,CJ 0·6. Trace elements Mn,
Cu, Co and Zn were added as inorganic salts at 1·2 x w·'g·J"'. Finally, 3g glucose was sterilized separately and
added to the autoclaved medium to prevent the formation of substances toxic to certain microorganisms that can
be produced when sugars are heated with phosphates.
Culture conditions Bacterial cells and fungal spores were washed 3 times and resuspended in 1/4 strength
Ringer solution. One ml of cell or spore suspension was added to 1OOml medium to give a final concentration of
I O'mJ·' bacterial cells or I 04ml'1 spores.
To each lOOm! in a 250m! Ehrlenmeyer, a single 30mm x 30mm x IOmm block of pre-weighed concrete was
added and incubated at 20°C and 1OOrpm for 28 days. Controls contained growth medium + microorganism, or
medium+ concrete. Duplicate flasks were used, giving a total of 44.
Analytical methods pH was measured daily with a pH meter. IEC was used to analyze mono and divalent
cations, using a Dionex gradient IEC fitted with a 25cm IonpacCSI2 cation exchange column and CGI2 guard
column. The mobile phase was water and methanesulfonic acid, the latter increasing on a gradient profile to allow
the resolution of sodium, potassium, ammonium, magnesium and calcium ions for simultaneous determination.
The eluent was monitored with a conductivity detector after passing through a SRS ion suppresser to neutralize
H' ions, and the sample peak areas compared with known standards. The sample was centrifuged and a 50J!l
aliquot removed for injection into the machine. AAS was used to determine AI". One m1 of concrete samples was
added to lml of IO,OOOppm KCl (to suppress ionization) and diluted to !Om! in high purity water before being
aspirated into the ATI Unicam 929 AAS. Environmental scanning electron microscopy (ESEM) was used to
observe concrete samples which had been incubated with microorganisms for 4 weeks.
RESULTS AND DISCUSSION ESEM showed that confluent biofilms formed after 4 weeks incubation of
bacteria or fungi with concrete samples. Bacterial biofilms showed the formation ofEPS and the colonization of
some of the crystals within the concrete structure. The EPS coat effects changes in humidity within the concrete,
influencing capillary water uptake (Wafscheid et al., 1991). In addition to visualizing the biofilm, ESEM also
showed trapped crystal structures within the biofilm matrix. It is likely that these crystals are ettringite and
calcite, which form between pH 5 and 7 (Mori et al., 1992).
With the exception of one fungal and one bacterial isolate, inoculated media became more acid with time,
whether or not concrete was included in the flask. The maximum fall was approximately 1·5 pH units. This
indicates the possibility of acid production by the microorganisms, in agreement with the work of Zherebyat'eva
et al. (1991). Any acids formed will accumulate within the biofilm and since many acids are strongly hydrophilic,
they may retain water (Sand & Bock, 1991), which will result in the concrete being exposed to further
biodeterioration from freeze/thaw reactions.
All incubated concrete samples lost weight after 40 days. Bacterial isolate 2 and fungal isolate I caused
greatest weight loss (approximately 6%).
Generally similar patterns of ion release were observed for all the microbial isolates. For bacteria, sodium
leached out of the concrete. The cells appeared to he producing ammonium ions, which may become sorbed on to
the concrete. Potassium levels did not differ in the presence or absence of concrete. The evidence suggests that
magnesium is being utilized by bacteria. Levels of this ion became almost undetectable when there was concrete
present, which suggests that it is being sorbed on to the concrete surface. Calcium levels increased over the
duration of the experiment although levels of release were not dependent on the presence of bacteria. The high
levels of calcium released indicate that the concrete is being degraded. Possibly, calcium is displaced from the
calcite binary matrix by an ion exchange mechanism involving ions such as ammonium and magnesium.
Ion release in the presence of both fungal isolates was similar. However, less sodium and ammonium ions were
released than in the presence of bacteria. Higher levels of calcium were released, however, especially by fungal
isolate I (Aspergillus glcmcus), suggesting that the calcite binary matrix is being attacked. Aluminum levels,
however, were too low for detection by AAS. A more sensitive method than flame atomic absorption, i.e.
graphite furnace atomic absorption, was tested, but again no AI was detected. Total destruction of a bacterial
sample with nitric acid showed that little or no aluminum had been taken up by the organisms. It may be that the
aluminum is locked within the alumina silicate matrix and was deposited along with debris during the separation
process. Alternatively, the aluminum ion may be chelated by acids produced during secondary metabolism (Bock
& Sand, 1993). Palmer eta!. (1991) consider that the chelation of ions is more important than acid production in
causing deterioration of stone. However, it is most likely that it is through a combination of these processes
(especially within a biofilm) that stone and concrete deterioration occurs.
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TESTING OF ITS LARVICIDAL ACTIVITY
Germani, J.C 1 & Thomas, R.W.S.P. 2
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ABSTRACI' The growth and larvicidal activity of a new Brazilian isolate ofB. sphaericus, S2, and the standard
strain, 2362, in standard yeast-mineral salt growth medium were compared. Larvicidal activity and growth of B.
sphaericus S2 were assessed on the regional raw materials, cheese whey, soya protein and fish meal. Strain S2
produced higher larvicidal activity in all the growth media than did strain 2362. The overall yield of larvicidal
activity was greatest for cultures in fish meal or soya protein. The results strongly suggest that strain S2 grown
on either fish meal or soya protein is of potential commercial interest.
INTRODUCTION The implantation of efficient biological control programs for insect vectors important in
public health in Rio Grande do Sui and in Brazil requires the selection of appropriate microorganisms capable of
growing in low cost media. Amongst the most effective and promising biological insecticides for use in the field,
bacteria of the group Bacillus sphaericus Meyer & Neide and the group Bacillus thuringiensis var. Berliner are
the most notable (Burges, 1984). B. sphaericus is most effective against larvae of the Culcids, its spores and
toains being able to persist and recycle in the environment under certain conditions (des Rochers & Garcia,
1984). This study was undertaken with the aims of comparing the growth and larvicidal activity of B. sphaericus
S2 and B. sphaericus 2362 in standard yeast-mineral salt growth medium (NYSM) and assessing the growth and
larvicidal activity of B. sphaericus S2 on the regional raw materials cheese whey, soya protein and fish meal.
MATERIALS AND METHODS Bacillus sphaericus S2 was kindly donated by Dr. J.MC. de Sousa Dias, of
CENARGEN-EMBRAPA, Brasilia, DF and B. sphaericus 2362 was obtained from the Pasteur Institute in
France. Inocula of both organisms were prepared in 500ml NYSM containing antifoam agent DC-Q2. After
inoculation with 5ml of bacterial suspension, the culture was incubated at 30°C for 14h with agitation and
aeration. On average, 300ml of this was used to inoculate the bioreactor.
In the comparative studies between the two strains, medium NYSM, modified according to Kalfon and
containing antifoarn, was used. Studies on the production of strain S2 were carried out using cheese whey from
Corlac S.A., soya protein PS-60 from Olvebra S.A. and fish meal from Pescal S.A. All these media were
supplemented with mineral salts solution, yeast extract and anti-foam DC-Q2 before sterilization in the
bioreactor. The production studies were carried out in duplicate in a bioreactor with 6L of medium, aeration at
O·Svvm, mixing at 400rpm and at a temperature of30°C for 27h. Samples were taken at 3-hourly intervals for the
following determinations: pH, absorbance at 540nm, dry weight after filtration through a Millipore filter of pore
size 0·45J.lm and drying at 80°C, protein by the Lowry method, total viable cells and spores (the latter plated after
heating to 80°C for 15mins) by the Miles and Misra drop method.
Larvicidal activity, as LC,.. (Concentration at which 50% Larval cell death was observed) was determined in
the final concentrates from strains S2 and 2362 by biological assay against the second larval stage of Culex
qutnquefasciatus (Reicherdelfer, 1985). The larvicidal activities were compared using the chi-squared test on the
proportions. LC50 values were determined on groups of 60 larvae in successive 10-fold dilutions of the
centrifuged bacterial cell pellet. Concentrations are volume of pellet per volume of diluent.
RESULTS AND DISCUSSION All the pH values changed from the initial neutral pH to values around 9·0 and
9·2 as a result of protein breakdown in the medium. Absorbance values rose rapidly in the first 9h of
fermentation. remaining stshle thereafter until the end of the process. The highest values were shown by both
strains in medium NYSM and the lowest by strain S2 in fish meal medium. The highest average dry weight values
were obtained with strain 2362 in medium NYSM and the lowest with strain S2 in fish meal, in agreement with
the turbidity readings. F"mal viable cell counts (Table 1), however, showed a different pattern, the highest levels
being found for strain S2 in NYSM and fish meal {l-19xl09/ml and Jo33x!O'/ml, respectively). The proportions
of spores determined in the various media are also shown in Table I. Spore production by S2 was high in soya
protein and cheese whey, and in all media the proportion produced by strain S2 was greater than that produced
by strain 2362 in standard medium NYSM.
·
Larvicidal activities of the strain concentrates in the various media are shown in Table I. Strain S2 showed ·
greater activity in all the growth media than did strain 2362. The overall yield oflarvicidal activity was greatest
from cultures grown in fish meal or soya protein media. There is no correlation between dry weight yield and
total larvicidal activity. The results show a range oflarvicide yield varying by a factor of 3 orders of magnitude.
These results indicate that strain S2 grown on either fish meal or soya protein should be of potential commercial
interest.
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Table 1 Final spore counts, larvicidal activity and specific larvicidal yield in culture concentrates of B. sphaericus
strains 2362 and S2 grown in various media.

Strain

Medium

BS 2362

NYSM

Log Total
% Spores in
Log Larvicidal
Log Specific larvicidal
bacterial yield final product activity as IILC., yield (Total bacterial yield
(crutml) Mean
Mean
Mid-point & range
x Larvicidal activity)
8.40

7·754

0·28

16·15

(7·56. 8·14)

BS S2

Cheese whey

8·36

65

8·12b

16·48

(7·83 • 8·50)

BS S2

NYSM

9·08

9-os•

16

18-16

(8·56. 9·41)

BS S2

Fish meal

9·12

5·2

19·21

10·09d
(9-64. 10·36)

BS S2

Soya protein

8·73

69

10·31°

19·04

•

(9·81 • 10·46)

a= b < c < d < e (p < 0·01. Chi-squared test)
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ABSTRACT The use of whey and distillery yeast as nutrients to support lactic fermentation by L. curvatus was
investigated An average of 2·2g"/o of lactic acid was produced in a medium containing 22g"/o yeast and 42g"/o
dehydrated whey, showing they may be used in combination as a low cost culture medium.
INTRODUCTION Many uses oflactic acid in industry have been described. Buchta (1983) and Roitmam eta!.
(1987) reviewed its use as an acidulant in confectionery and bakery products, fruit juices, and carbonated
beverages. Lactic acid is used in the chemical and pharmaceutical industries (Inskeep, 1952; Vickroy, 1985). Its
utilization as feed for animals has been reported by Keller & Gerhardt (1975).
Many raw materials, industrial residues, or industrial by-products rich in carbohydrates may be employed in the
bioconversion process to lactic acid. However, the lactic bacteria are nutritionally demanding. Silva & Mancilha
(1991) have recommended supplementation of fermentation brotha with low cost materials.
The agroindustrial residues, distillery yeast and dehydrated whey, contain respectively 43g% and 7Sg"/o of
carbohydrate and 32g"/o and 13g% protein, besides vitamins and minerals. This paper describes the utilization of
these agroindustrial residues, which are abundant and of low cost, for the production of lactic acid by
fermentative process using lactic bacteria isolated from com silage.
MATERIAL AND METHODS ,The lactic acid bacteria were isolated on Man-Rogosa-Sharpe agar (MRS).
Batch fermentation was in 250m! Erlenmeyers with 50m1 of semi-liquid medium composed of 22g"/o distillery
yeast and 42g"/o dehydrated whey, pH 6·2. The flasks were incubated for 48 hours at 37°C following inoculation
with a 24 hour culture. The bacteria were also cultured in Man-Rogosa-Sharpe liquid medium under the same
conditions. The final pH was determined potentiometrically. Total acidity was determined according to the
''Normas Analiticas do Instituto Adolfo Lutz" (1976). Lactic acid was measured by spectrophotometry (Silva,
1981; Gilliland eta!., 1984).
The "t" test (student) was used to compare the averages.
RESULTS AND DISCUSSION A lactic bacterium isolated from com silage was classified as Lactobacillus
curvatus. It produced lactic acid in MRS liquid culture medium. The average production was 1·69 ± 0·064g"/o,
with a final pH of3·17 ± 0.052 and total acidity of3·5 ± 0·07Sg"/o. The proportion of 1:2 distillery yeast: whey
was better for lactic acid production; an average production of 2·21 ± 0·047g"/o was found, with pH and total
acidity values of 4·08 ± 0·041 and 2·85 ± O·OSSg"/o, repectively. The culture medium containing the agroindustrial
residues was significantly better at the I% level than MRS medium for L. curvatus in these conditions.
The utilization of these two residues represents a technical and economically viable alternative for culturing L.
curvatus, with significant production of lactic acid when compared with the results obtained in MRS medium, a
specific medium for Lactobacillus. The influence of inoculum age and level on yield is currently being
investigated.
Acknowledgments This work was supported by grants from C.P.G/UEL and CNPq.
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UTILIZATION OF RICE STRAW BY Pycnoporus sanguineus, Tricoderma viride AND

Rhizopus stolon/fer.
Endres, E. & Thomas, R W.S.P.
Agronomy Faculty, UFRGS, Porto Alegre, RS,Brazil.
ABSTRACT Pycnoporus sanguineus, Tricoderma viride and Rhizopus stolonijer were assessed for radial
growth on potato dextrose agar (PDA), on rice-straw agar and 2 rice-straw agars prepared with mineral salts
solutions, Bushnell & Haas (RSB) and Kaufinann & Kearney. Each agar was prepared at pH 5, 7 & 9. Radial
growth was rapid on PDA for T. viride and R. stolonifer, each covering the 9cm plates in 3-4 days, but P.
sanguineus grew more slowly on PDA, requiring more than 30 days to cover a plate. Growth rate did not appear
to change as a function of pH when the fungi were growing on PDA. For the rice-straw agars, growth was most
rapid on RSB at pH 5 and pH7, with R. stolonifer requiring 3-4 days to cover a plate. The laccase-producing
fungus, P. sanguineus, grew better on RSB than on PDA, requiring I 5 days to complete growth on the rice straw
based media. These results indicate that rice straw can serve as a carbon source for the growth R. stolonifer and
T. viride, both of which could be used for the up-grading of rice straw for animal feed.
INTRODUCTION Rice is a major crop in the southern Brazilian state of Rio Grande do Sui, with an annual
production of approximately 2·5 million tons of rice straw; most of which is discarded (de Freitas, 1992) due to
its low nutritive value (Jayasuriya, 1983). Chemical methods exist for raising the nutritional value of rice straw,
but these are expensive and not easily applieable to the small producer.
The use ofliginocellulose-degrading fungi could be a viable alternative to the chemical treatment of rice straw
if suitable organisms could be found. To this end, Pycnoporus sanguineus, Tricoderma viride and Rhizopus
stolonifer were evaluated for their ability to use rice straw as a carbon and energy source.
MATERIALS AND METHODS Pycnoporus sanguineus, Tricoderma viride and Rhizopus stolonifer were
isolated from lignocellulosic materials in contact with soil. Stock cultures were maintained on potato dextrose
agar (PDA- potato extract 200g·l·', de><trose 20g·l' 1, agar 15g-1'1, pH7·0) at +7°C.
Radial growth was assessed by placing mycelial disks on media in 9cm Petri plates, 5 replicates for each
medium. The media (at pHS, 7 and 9) used were: PDA; rice-straw agar, (rice straw, 20g·1'1, agar 15g·l'1) (RsA);
rice straw/Bushnell & Haas agar, (rice straw, 20g; Bushnell & Haas medium (Bushnell & Haas, 1941), 11 and
agar, !Sg) (RSB) and rice strawiKaufinann & Kearney agar (rice straw, 20g; Kaufinann & Kearney medium, 11
(Kaufinann & Kearney, 1965) and agar, 15g) (RSK).
Incubation was at 28°C and colony diameter was measured at intervals until the plate was covered by fungal
growth.
RESULTS AND DISCUSSION On PDA, R. stolonifer required 3 days to cover a plate at all pH: values tested.
T. viride needed 4 days to complete growth and seemed insensitive to pH differences. P. sanguineus grew much
more slowly, needing 30 days to cover a plate at the pH values tested (Table I).

•

Table 1 Radial growth (cm·day'1) of fungi on agars at 280C and various pH values.
Fungus
R. siolonifer
T. viride
P. sanguineus

PDA
pH 5
7
9
3-3 3•3 3·1
2·4 2·1 2·4
0·3 0·4 0·3

PDA = potak> dextrose agar
RSA =rico straw/water agar

RSB
5
7
9
2·6 2·6 2·3
1-4 1-4 1·3
0·6 0·6 0·4

RSA
5
7
2·2 1·7
1·2 1·2
0·5 0·5

9 n
2·0
1·0
0·4

RSK
5
7 9
3·2 2·1 2-1
1·2 0·8 0·5
0·5 0·5 0·3

RSB = rioo stmw/Buslmoll & Haas agar
RSK =rice stmw/Kaufi:nmln & Kearney agar

The fungi grew slower at pH9 than at pHS (10 slower, 2 equal, 0 faster; p = 0·002, exact binomial test). There
are no significant differences between growth at pH7 and the other values. P. sanguineus grew more rapidly at all
pH values on rice straw agars (8 faster, 1 equal, 0 slower; p< 0.01) than on PDA. R. sio/onifer and T. viride both
grew more slowly on rice straw agar than PDA (p = 0·004, for each species).
Supplementation of rice-straw agar \vith mineral salts did not enhance growth of any organism. The differences
in growth rates were small; growth on mineral salt-supplemented agars was slower in 16 cases, equal once and
greater once (p<O·OO 1).
P. sanguineus grew very slowly on the media tested, but grew better on lignocellulose than on de><trose. This
fungus is an aggressive attacker of wood, where it causes a white rot by attacking the lignin component. Since
rice straw is rich in lignin (7-10"/ow/w; Jayasuriya, 1983), it would be expected that P. sangulneus would grow
well on rice straw. It is possible that the high silica content (3-13%w/w; Jayasuriya, 1983) may in some way have
inhibited the growth of P. sanguineus.
From these results it is clear that R. stolonifer, which grew fastest under all conditions, is the most promising
of the fungi tested. This fungus is tolerant of pH and salts and could be used for the bioprocessing of rice straw,
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either to accelerate rice straw degradation or to improve the nutritive value of the straw, which could then be
used as animal feed.
·
Tricoderma species have been investigated for possible use in upgrading lignocellulose (Gomes et al., 1989)
but in our work growth of the T. viride isolate on rice straw was slower than R. stolonijer.
Acknowledgments The authors wish to thank the Brazilian agencies CAPES and CNPq for financial support.
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XYLANASE PRODUCTION BY THE BASIDIOMYCETE FUNGI Cyathus stercoreus,
Lentinus edotks AND Schizophillum commune
Petry, M.F.G. & Thomas, R.W.S.P.
Agronomy Faculty, UFRGS, Porto Alegre, RS, Brazil.

ABSTRACT The basidiomycete fungi, Cyathus stercoreus, Lentinus edodes and Schizophillum commune, were
evaluated for xylanase production on wheat bran. S. commune gave an activity of 900 nkats·g·', whilst C.
stercoreus and L. edodes produced approximately 50 nkats·g·' ofxylanase activity. These results suggest that S.
commune could be used for the production ofxylanase or for improving the nutritional value of wheat bran.
INTRODUCTION Xylanases are commonly occurring basidiomycete enzymes involved in the degradation of
lignocellulose. These enzymes have potential industrial use, including the pretreatment of fennentable
lignocellulosic materials for the production of ethanol (Wong & Saddler, 1992), biopulping of wood pulp (Yang
eta!. 1992), clarification ofwine (Biely, 1985) and the conversion ofxylan into soluble sugars (Puis eta!., 1988).
The nutritional value of wheat bran could be improved by fungal treatment.
Basidiomycetes are important producers of lignocellulose-degrading enzymes (Mishra et al., 1990). The work
presented here describes the production ofxy1anase by 3 basidomycete fungi using wheat bran as a substrate.
MATERIALS AND METHODS
Cyathus stercoreus (173-MIC), Lentinus edodes (21-MIC) and
Schizophillum commune (3090-MURG) were maintained on potato-dextrose agar (potato extract 200g·J·',
dextrose 20g·J·1, agar 15g•l'1) (PDA) at +7°C.
lOg of wheat bran in 250ml conical flasks was autoclaved at 121°C for 30 minutes and the humidity adjusted
to 50% with sterile distilled water. Triplicate flasks were each inoculated with a mycelial disk (8mm diameter)
from a 4-day-old PDA culture and incubated for 14 days at 28°C. Sufficient flasks were prepared to allow
destructive sampling at 2, 4, 7, 10 and 14 days.
Enzyme was extracted by shaking for 30min at IOOrpm in 50ml of0·05M sodium citrate buffer (pH5·5). This
crude enzyme extract was centrifuged for I 0 minutes at 2000rpm to remove particulate matter and xylanase
activity at 50°C measured by the method ofBailey eta!. (1992) using 3,5-dinitrosalicylic acid reagent as indicator
and birchwood xylan as substrate. Absorbance was measured in a Beckman DU-65 spectrophotometer using a
reagent blank (reagents plus inactivated enzyme). Readings were compared with a standard curve of known
xylose concentrations and expressed as nKatals ofxylanase activity/g of wheat bran (nkat·g·'), where 1 Katal =
lmol·sec·', or 11U = 1J.1mol·min'1 = 16.7nkat. (Fiorkin & Stotz, 1973)
RESULTS AND DISCUSSION S. commune produced maximum xylanase activity after 7 days of incubation
(Table 1). Extensive mycelial growth was visible in the wheat bran, in contrast to the other two basidiomycetes
which showed little or no colonization of the bran.
Table 1 Xylanase activity (nkat·g'1) of fungi grown on wheat bran at 28°C.
Incubation time (days)
Fungal strain
2
4
7
10
14
Schizophillum commune
10 110 910 770 755
Lentinus edodes
25
15
25
45
30
Cyathus stercoreus
25
15
20
25
30
It appears that S. commune is a suitable organism for the production of xylanase by semi-solid fennentation.
The addition of the mineral salts medium (Bushnell & Haas, 1941) did not increase yields.
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AND Pycnoporus sanguineus
Piva, G.A & Thomas, R.W.S.P.
Agronomy Faculty, UFRGS, .Porto Alegre, RS, Brazil.

•

•

•

ABSTRACT The basidiomycetes, Trametes versicolor, Trametes vil/osa and Pycnoporos sanguineus were
grown in whey and in malt e>rtract broth, with and without the laccase inducer, resorcinol. Laccase production
was only detectable in malt extract broth. After 21 days incubation, laccase activities (LU) were T. versicolor,
!OSOLU; T. villosa, 700LU; P. sanguineus-114, 760LU and P. sanguineus-TAP, 200LU. Biomass production
was highest with P. sanguineus grown in whey, giving 2g·l·' dry weight (5% substrate conversion) after 21 days.
Growth of P. sanguineus in a fermentor in whey gave an 8% substrate conversion but no detectable laccase after
21 days.
·
INTRODUCTION The enzyme laccase (Benzenediol:oxygen oxidoreductase, E.C. 1.10.3.2) is a coppercontaining polyphenol oxidase which occurs in many organisms, including insects (Thomas et al., 1989), plants
(Harkin & Obst, 1973a) and fungi (Mosbacb, 1963). Its potential industrial uses include lignin degradation
(biobleaching of wood-pulp), chemical conversion of phenols and biorernediation of areas contaminated with
phenols and polyphenols (Malovik et a!., 1984; Davis & Bums, 1990). Basidiomycete fungi, especially those
causing white rot of wood, often produce high levels of laccase and other polyphenol oxidase enzymes under
suitable conditions (Harkin & Obst, 1973b; Broda, 1987) and could be used in remediation processes for the
detoxification of phenolic residues.
With the aim of producing polyphenol oxidase enzymes for use in biorernediation studies, three basidiomycete
fungi, Trametes versicolor, Trametes villosa and Pycnoporus sanguineus, were tested for their ability to produce
laccase in malt extract broth and in a medium based on whey.
MATERIALS AND MElHODS
Trametes versicolor-139, Trametes vi//osa-221 and Pycnoporus
sanguineus-114 were obtained from the culture collection of Dr. Rosa Guerrer, Botany Dept., Federal University
of Rio Grande do Sui. A further isolate of P. sanguineus (strain TAP) was collected by the authors from Tapes,
Rio Grande do Sui. Stock cultures were grown on malt extract/tannic acid agar: malt extract 30gJ·', tannic acid
!Og·J·', peptone Sg·I'', agar 15gl'1 (MET) for 5-10 days at 28°C and then stored at +7°C.
Growth media, all pHS·S, were malt e>rtract broth: malt extract 30g·1·', peptone Sg·J·' (MEB); MEB plus
O·Oig·I'' resorcinol (MEBR); milk-whey broth: freshly prepared whey diluted 1:1 with distilled water (MWB) and
powdered whey (PWB; powdered whey (CCGL, Tutonia, RS, Brazil), 20g-l").
Cultures for laccase quantification were grown statically in the above media, in triplicate, at 28°C. 50ml of
medium in 250ml conical flasks was inoculated with 2 mycelial disks (8mm diameter) from a 7-day-old MET
plate. Samples were taken at 7, 14, 21 and 28 days and assayed at 250C for laccase activity, using a reaction
mixture of 2m! phosphate buffer (pH 6·5), 0·9ml of sample and O·lml of lmM syringaldazine (Sigma Chern. Co.)
and a Beckman DU-65 spectrophotometer zeroed against distilled water. Spectrophotometer readings were
converted into laccase units (LU), where one unit produced a change in absorbance ofO·OOI per min. at 530nm.
Biomass production was evaluated, in triplicate, by inoculating I OOml each of MEB, MEBR and MWB in
500ml flasks with 2ml of a 7-day MEB culture. Flasks were agitated at 90rpm at 28°C. After 21 days the
contents were filtered and dried to constant weight. Biomass production was calculated as g·l'' .
A 1·5 liter Apptikon jacketed fermentor was used to study biomass production by P. sanguineus-TAP in PWB.
Culture conditions were: medium volume, 1·5 liters; agitation rate 90rpm; aeration rate O·Svvm; inoculum 30m!
of a 7-day mycelial suspension. Laccase activity was measured daily and biomass after 21 days.
RESULTS AND DISCUSSION AU the fungal strains tested produced laccase in MEB (Table 1), with T.
versicolor giving the highest LU values at all sample times (40"/o to 425% higher), except at 14 days, when P.
sanguineus-114 showed 63% more activity than T. versicolor.
Table 1 • Laccase production (units/ml) by Trametes versicolor, Trametes villosa and Pycnoporos sanguineus in
malt e>rtract broth, static culture, pH 5·5, 28°C.
Incubation time T. versicolor-139 T. viffosa-221 P. sanguineus-114 P. sanguineus-TAP
7 days
600
400
400
430
880
14 days
540
210
ISO
21 days
1050
700
760
200
430
28 days
990
250
550
Biomass production in MEB was approximately 0·5-1·0g·l'1 from the 35 grams of potential usable substrate, a
biomass conversion of 1·4% to 2·9% (Table 2). AU strains grew in MEBR, which darkened considerably during
the course of the experiment, indicating the production of melanin-like compounds, but no laccase activity was
detected. This lack of syringaldazine-detectahle laccase was possibly due to competitive inhibition of
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syringaldazine conversion by the resorcinol present in the medium, since both can serve as substrates for the
enzyme. Biomass conversion was within the range of that observed in MEB.
Table 2 Biomass production (g·l") by 4 fungi in 21-day static cultures, pH5·5, 28°C.
Medium T. versieolor-139 T. villosa-221 P. sanguineus-114 P. sanguineus-TAP
MWB
1.98
1.11
2.20
2.13
MEB
0.48
0.92
0.95
0.43
MEBR
1.08
1.10
0.48
0.44
MWB Milk-whey broth

MEBR Malt extract/resorcinol broth

MEB Malt extract broth

In the whey-based media, only slight laccase activity was detected after 2 I days incubation and the media did
not darken with any of the fungal isolates. Biomass production was highest in MWB, where the two P.
sanguineus strains and T. versicolor produced about 2g·l·' of biomass (Table 2). The diluted whey used in MWB
contained approximately 25gl" 1 of lactose and 15g·l"1 of protein, a total of about 40g·J·' of potentially usable
substrate, so only 5% of the substrate was converted to biomass.
In the aerated fermentor experiment using PWB, containing about !Bg·l·' potentially usable substrate, 1·5g·l·'
of P. sanguineus-TAP biomass was fonned which represents 8% substrate conversion. No laccase activity was
detected up to 21 days of cultivation.
It seems that aeration has little effect on biomass production. It is known (Bombonnais and Paice, 1992) that
high levels of protein inhibit laccase production, which may have been the case in whey media.
Acknowledgment The authors wish to thank UNESCO for the provision of the fermentor and the Brazilian
agencies CAPES and CNPq for financial support.
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ABSTRACT This study demonstrated that Streptomyces fradiae grew on sterilized sardine scales 5 days after
inoculation. This suggests that the organism can degrade keratin in the scales and enhance the bioavailability of
proteins in fish scales and their potential as a protein source for the production of animal feedstuffs .
.INTRODUCTION Canning factories do not make use offish scale residues. In Niteroi and Siio Gon~o. RJ.,
there are more than I 0 factories producing I 000 tonnes of canned sardines per month. About a hundred tonnes of
sardine scales are produced monthly and nearly always discarded into the sea. Recent legislation controlling
pollution of Guanabara Bay has resulted in a search for economic solutions to the disposal of this organic waste.
Fish scales contain substantial amounts of keratin (41-84%). Keratin is an insoluble fibrous protein and is
resistant to the digestive proteolytic enzymes of vertebrates (W"illiams et al., 1990). Milling and treatment with
chemicals, or with steam under pressure, are used to enhance the digestibility of keratin-rich wastes to enable
their inclusion in animal feeds. It has been reported that milled hen feathers yield a product with 60-70"/o
digestibility (Eimayergi & Smith, 1971). This process is accompanied by oxidative degradation of the cystine
(Routh, 1940).
The use of chemical treatment or steam under pressure to increase the digestibility of hooves, wool and
feathers requires the expenditure of energy and destroys certain amino acids. Therefore microorganisms have
been studied for their ability to degrade these resistant animal wastes and their potential to yield high grade feed
rich in essential amino acids (Chesters & Mathison, 1963; Elmayergi & Smith, 1971; Kunert, 1989; Mathison,
1964; Nova! & Nicherson, 1959; Williams et al., 1990; Young & Smith, 1975).
This paper describes a preliminary study on the enhancement of sardine scales as a food source using the
bacterium Streptomycesfradiae, a microorganism which has been shown to degrade keratin (Kunert, 1989).
MATERIALS AND METHODS S. fradiae M311 0, from the collection of the Antibiotic Department of the
Federal University of Pernambuco, was stored on potato dextrose agar and in soil cultores. Sardine scales
(Sardine/la brasiliensis, Steindachner, 1879) were obtained from the canning factory Jangada, in Siio Gon~o.
They were washed with tap and distilled water and divided into two lots. The first was sterilized by inunersion in
ether for 4 days and chloroform for 2 days, with constant stirring. The second was sterilized by autoclaving.
Heat-sterilized scales were placed on a sterilized microscope slide in a Petri dish, humidified by Sml of sterile
water in the base. The scales were inoculated with S. jradiae and incubated at room temperatore. Controls,
without inoculation, were also prepared. Utilization of scales in soil was studied by placing solvent-sterilized
scales on 15g of soil sterilized at 200°C for 2h on 3 successive days in a Petri dish. Sterile distilled water was
added to 50"/o water retention Capacity, calculated according to Pramer & Sclunidt (1964). The soil was
inoculated with S. fradiae and incubated at 37°C. Water was replaced as necessary to maintain constant weight.
RESULTS AND DISCUSSION S. jradiae growth on sardine scales as sole nutrient source was detected within
5 days. In the dishes containing soil, growth occurred only after IS days, possibly because of inhibitory
substances in the sterilized soil. S. jradiae was chosen for this work because it has previously been shown to
denatore keratin by direct reduction of cystine bridges. Other microorganisms such as Microsporum gypseum
remove sulfite from the substrate, which is denatored by "sulfitolysis", followed by extracellular protease action
(Kunert, 1989).
This research shows that S. jradiae is able to use sardine scales as sole source of nutrients and energy.
However, the degree of degradation has yet to be determined and the nutritional value of the degraded scales
must be considered. In addition, the cost of the process must enter into the calculation.
Acknowledgments The research was supported by CNPq. The author wishes to thank Jussara Schwind Pedroso
Stassi for technical assistance.
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ABSTRACT A Pseudomonas sp. isolated from a feather meal factory showed keratin-degrading activity. At
least two distinct peptidases were produced. Caseinolytic activity decreased and keratinolytic activity increased
when the culture achieved the stationary phase. The enzyme responsible for the keratinolytic activity is probably a
serine-endopeptidase. Semi-solid fennentation of feather meal by the bacteria produced an increase in digestibility
of45%.
INTRODUC'I10N Poultry processing plants produce large amounts of feathers, which contain 70-80"/o protein.
The major protein present in feathers is keratin which is poorly digested by mammals and birds but is a potential
source of protein that could be used as a supplement for animal feed. To overcome this limitation, it has been
proposed to predigest feathers with the aid of microorganisms. Wtlliams et al. (1990) .have produced predigested
feather-meal, using a keratinase-producing strain of Bacillus licheniformis. Recently, a new strain of Bacillus
with keratinolytic activity was found (Atalo & Gashe, 1993), and keratinases of some dermatophytes have been
characterized (Wawrziewicz et al. 1987; Grzywnowicz et al., 1989; Quin et al., 1992 ). In this paper we describe
the ability of a strain of Pseudomonas to hydrolyze feather keratin.
MATERIALS AND METHODS
Strains and growth conditions Samples were collected from a feather meal factory in Rio Grande do Sui
(Brazil). Microbial isolation was carried out using feather-meal agar (FMA) containing 20g·l·' of de-greased
feather-meal and 15g·l"1 of agar. Colonies which produced large halos on this medium were considered to be
keratinolytic and were stored on FMA slopes at 4°C. One isolate was identified as a Pseudomonas species using
standard microbiological techniques and a kit (Rapid NFT, Non Fermenters, API Systems S.A, France).
Feather-meal broth (FMB), containing !Og·l"1 offeather-meal, 0·3g·l·' NaCl and 0·4g:l' 1 K}IPO,, was inoculated
with 10' viable cells of Pseudomonas sp. and incubated at 30°C and 200 rev/min for 72 hours. Growth was
evaluated by the Miles & Misra method on nutrient agar.
Enzyme assay After growth, the culture was centrifuged at 10,000 rpm for 30min/4°C. The pellet was
homogenized in O·!M sodium phosphate buffer, pH 8·0, using a Cole Palmer 4710 ultrasonic homogenizer at full
power. IOOjJ.l of sample was added to lOOm! ofazokeratin suspension (100 mg·ntl"1) in O·IM sodium phosphate
buffer pH 8·0 and incubated for 15min at 50°C. The reaction was stopped with 800jJ.l 10"/o tricloroacetic acid
solution (TCA), and the mixture centrifuged at I 0,000 rpm for 3 min. The absorbance of the supernatant
(336nm) was determined. For the blanks, TCA was added before the sample. When casein (2% solution) or
hemoglobin (2% solution) were used as substrates, the absorbance was measured at 280nm. One enzyme unit
was defined as the quantity of enzyme able to change one absorbance unit per hour.
The action of inhibitors was determined by incubating samples with inhibitor for 15 min at 22°C immediately
prior to the enzyme assay.
Semi-solid fennentation This was carried out in PVC bags (10 X 14 em) containing lOg offeather meal and
vented with a cotton wool plug. After autoclaving for 30 min, bags were dried overnight at 60°C and cooled to
30°C. 4·0 ntl of a bacterial suspension (108-!o" cell·ntl-1) was inoculated into each. The material was mixed and
incubated at 30°C for eleven days. Controls were made autoclaving the bags inunediately after inoculation.
Digestibility assay Digestibility was measured by a modified Azolin & Ramos method (!985). Samples were
incubated in a mixture of pepsin and pancreatic extract (trypsin and chymotrypsin) at 37°C for 24h. The mixture
was centrifuged and total protein in the supernatant (digested protein) determined by the Kjeldaltl method.
Enzyme fractionation Culture medium was centrifuged (lO,OOOrpm for 30 min/30°C) and dialyzed three times
against 10 volumes of !OmM phosphate buffer, pH 6·5. The solution was applied to a DEAE-Sepharose CL6B
column (2·5 x 16 em) previously equilibrated with the same buffer. The column was washed with the
equilibration buffer and eluted with a NaCl gradient (0 to 0·35 M) in the same buffer at 48 ntl·h·' flow in 8·0 ntl
fractions. Fractions corresponding to major activity peaks were pooled.
Azokeratin preparation Azokeratin was prepared according the method ofTomarelli (1949). 0·12M sulfanilic
acid in 0·2MNaOH mixed with 0·12M sodium nitrite in 0·25MHC1 was added to lOg of very fine feather meal in
distilled water. Excess reagent was removed by dialysis against distilled water.
Protein determination Protein concentration was determined by the method of Spector (1978) using bovine
serum albumin as standard, or by the Kjeldaltl method.
Hemoglobin, p-methylsulfonylfluoride, HgCl2, EDTA were from Sigma Co. (Saint Louis). Azocasein, TCA,
sodium phosphate, and the chemicals for azokeratin synthesis were from Merck (Rio de Janeiro). Pepsin was
from Delaware Co., Brazil, and pancreatic extract was from Inlaab Co.
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RESULTS AND DISCUSSION The bacteria showed the. following characteristics: Gram negative, obligate
aerobes, no endospores, motile, oxidase and gelatinase positive, glucose and urease negative, keratinase positive,
growth on MacConkey agar, lactose positive, esculin and nitrate positive, indo! and tryptophan negative. They
were identified as a Pseudomonas species.
Semi-solid fermentation of feather meal produced an increase in its digestibility of 45% (Table 1).
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Table 1 Digestibility of feather meal treated with Pseudomonas sp.
Sample
Time (days)
Digestibility(%) Increase in digestibility
Control
0
34-6
+Pseudomonas
5
50·1
45%
II
49·1
+Pseudomonas
42%
In liquid media, maximum keratinolytic activity was obtained during late logarithmic/stationary phase of
growth (3 days at 30°C). This was also observed in the thennophilic Bacillus isolated by Atalo & Gashe (1993).
After centrifugation 75% of the keratinolytic activity was found in the culture medium supernatant, with only
22% in the pellet. At least two distinct peptidases were produced. Caseinolytic activity decreased at stationary
phase, but keratinolytic activity increased. The two main activities were fractionated by ion-exchange
chromatography. All peaks had higher activity with azokeratin than with azocasein. The enzyme in the second
peak was specific for keratin, having no detectable activity with azocasein.
The partially purified peptidase showed activity on azokeratin (3·8U, as compared with 0•98U on azocasein)
but had no activity on hemoglobin or casein. The activity was totally inhibited by lmM phenylmetbyl-o-sulfonyl
fluoride (PMSF) and reduced to 41% and 86% by lmMEDTA and lmM HgC~respectively. These data suggest
that the enzyme responsible for the keratinolytic activity is a serine-endopeptidase, since a cysteine-endopeptidase
would be fully inhibited by I mM HgCI,. This inhibitory pattern is different to that of Trichophyton gallinae and
T. verrucosum keratinases. These enzymes are strongly inhibited by EDTA and weakly by PMSF (Grzywnowicz
et al., 1989). On the other hand Microsporum canis keratinase (Takiuchi et a!., 1982} has an inhibitory pattern
similar to the Pseudomonas ~p. keratinase.
The keratinase of Bacillus /icheniformis, like the Pseudomonas one, was able to hydrolyze casein. As the
effect of inhibitors upon the B. licheniformis keratinase was not determined, the possible catalysis mechanism of
this enzyme is unknown (Lin et a!., 1992). Studies are being undertaken in order to fully characterize the new
enzyme from Pseudomonas.
In this paper we present evidence that keratinolytic microorganisms can be isolated from feather waste. The
Pseudomonas isolated produces enzymes with higb keratin specificity and could be used to predigest and increase
the nutritional value offeather meal.
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ABSTRACT An Aspergillus niger strain able to metabOlize cyanide and adsorb heavy metals was isolated from
cyanide-containing solutions from a mining plant. Gold, silver and copper were mainly accumulated by
adsorption, and iron and zinc were precipitated from solution following cyanide metabolism. Our results
demonstrate that A. niger has potential use in the removal of metals and in the complete removal of cyanide from
cyanide-containing solutions.
INTRODUCTION Gold is commonly extracted from ores by cyanidation. The resulting effluents contain
cyanide, heavy metals (cyano-metal complexes) and other toxic ions. Chemical processes, such as alkaline
chlorination and oxidation with hydrogen peroxide, are commonly used for cyanide removal. Physicochemical
processes, flocculation and precipitation, electrolysis and adsorption remove the metals. Some of these processes
produce large amounts of effluent requiring treaUnent. These factors increase production costs (Brauckmann,
1990). Technical and economic considerations make biological treauuent processes an interesting alternative.
Degradation and assimilation of cyanide by microorganisms is well known. Activated sludge systems are used
to remove cyanide and cyano-metal complexes from mining and industrial effiuents (Whitlock, 1989; Macaskie &
Dean, 1990). This paper reports the recovery of gold, silver and copper and removal of cyanide and other metals
from gold-extraction plant effiuent by Aspergillus niger.
MATERIALS AND METHODS A. niger, isolated from metal-rich cyanide solutions was maintained on
modified Sabouraud agar. A spore suspension was inoculated into 50ml of enriched metal solution from a gold
extraction plant supplemented with I% glucose and 0·5% peptone, pH 8·0 (EMS); final concentration, 1·5 x
I O'spores m1·'. This medium contained high concentrations of free cyanide and cyano-metal complexes - gold,
silver, copper, iron, zinc and other trace metals. The flasks were incubated at 80rpm at 30°C for 7 days; pH was
adjusted as necessary.
At vaiious time intervals, dry weight, pH and total cyanide (titrated with AgNO, after acid distillation) were
determined and Ag, Au, Cu, Fe and Zn were assayed by atomic absorption spectrometry (AAS). Controls
consisted ofuninoculated EMS. The biomass was washed 3 times with distilled deionized water, pH3·5 and the
metals were stripped from the A. niger resuspended in an equal volume of thiourea 0·1M, pH 2·0 (Hosea et al.,
1986) at 30°C for I and 2 hours. The metal concentrations were measured in the supernatant by AAS.
Unstained hyphal cells prepared according to Mullen et a!. (1992) were examined in a Zeiss transmission
electron microscope. Some specimens were treated with thiourea and washed with distilled deionized water,
pH3·5, before fixation
RESULTS AND DISCUSSION A. niger grew in EMS containing high cyanide and metal concentrations. The
lag phase was 60h; in a basal salt solution containing !% glucose and 0·5% peptone, pH 8·0, the lag phase was
24h, growth was faster and biomass production greater. The long lag phase in EMS may be due to inhibition by
cyanide. The initial cyanide concentration in EMS was 181mg·l'1 and decreased to 85mg·t·' after 48h in control
flasks, thereafter remaining constant. In the presence of A. niger, cyanide fell to 9·5mg·l' 1 after 24h and to zero
after 36h. These results show fungal growth occurred only after cyanide had been metabolized. After 72h of
incubation, 65·37mgCN'·(g biomass)"' had accumulated. Thus at least part of this compound was accumulated,
but not degraded, by microbial activity.
During the growth of A. niger in EMS, soluble Au, Ag, Cu, Fe and Zn decreased, mostly in the initial phase of
growth between 60 and 72h. 27"/o of Cu and most of the Fe and Zn were precipitated as a consequence of the
acidification of the medium during the early stages of microbial metabolism. Gold and silver were the most stable
metals and were not precipitated, probably being adsorbed by the cells. Gold was adsorbed in the lag phase and
again after 93h. and was completely removed from the medium. Silver was completely removed at the beginning
of fungal growth (48- 72h). During the same period, about 60% Cu was removed, half by precipitation and the
rest being by the biomass.
Transmission electron microscopy of the biomass revealed an extracellular material, probably the metals. This
material was not observed in control cells, nor in cells after thiourea treatment. After the thiourea desorption
treauuent, almost 100% ofthe Au, Ag and Cu accumulated were desorbed.
Substances that form complexes with metal ions, such as cyanide, may produce stable cyanometallic complexes
with different electrical charges. A major accumulation of metals by A. niger in this work occurred when the pH
of the medium fell. High H' concentrations may lead to a positive charge on the microbial surface, resulting in
electrostatic bonding of various anions (Greene et al., 1986; Tobin et a!., 1984; Brierley, 1990). This could
explain the metal uptake and the presence of cyanide in the biomass when the pH of the medium fell. However,
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more studies should be carried out for a better understanding of the mechanisms involved in cyano-metal
accumulation by A. niger.
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ABSTRACT Surface-associated microbial activity and colonization, or biofilm formation, occurs in both natural
and man-made environments. The phases of biofilm development are reviewed and the factors which contribute
to the preferential selection of microorganisms for biofilm formation in aquatic environments are discussed. The
presence of biofilms can result in the depletion or destruction of materials. Examples cited include: corrosion of
metals, microbial attack of plastic materials and degradation of hydrocarbons. The latter illustrates that biofilms
are not restricted to solid/liquid interfaces but can form at liquid/liquid interfaces. The occurrence of biofilms on
external and internal surfaces of buildings demonstrates that biofilms also occur at solid/air interfaces. Biofilms
are known to provide effective barriers against antimicrobial agents. This aspect of their importance to the
effective treatment of pathogenic bacteria within biofilms is discussed.
INTRODUCTION Biodeterioration is "any undesirable change in the properties of a material caused by the
vital activities of organisms" Huek (1%5). It can be described as the loss in value of a product of natural or
manufactured origin. Examples of biodeterioration are found in both domestic and industrial situations. Microbial
biodeterioration may be defined as the deterioration of materials by microorganisms. Hydrolytic enzymes often
play an important role in these decay processes. Biodeterioration can be brought about by mechanical processes,
where the material is damaged as a direct result of the activity of an organism, such as its movement or growth.
Chemical assimilatory processes (perhaps the most common form of biodeterioration), occur when a material is
degraded for its nutritive value, whilst chemical dissimilatory processes occur when metabolic products damage a
material by causing corrosion, pigmentation or spoilage by the release of toxic metabolites. Soiling and biofouling
occur when the mere presence of an organism or its excrement renders the material unacceptable.
BIOFILMS Surface-associated microbial activity and colonization, or biofilm formation, occurs in natural and
man-made environments, especially in nutrient limited conditions. Biofilrns exist as beneficial epitithic
communities in rivers and streams. They are found in waste water treatment plants on trickling filters and in the
alimentary canal ofmanunals (Costerton eta!., 1986; Bryers and Characklis, 1982}. Biofilms are truly ubiquitous.
Bioftlm formation Hamilton and Characklis (1989) described the phases ofbiofilm development as follows:
I. transport of organic molecules and cells to the surface.
2. adsorption of organic molecules to give a 'conditioned' surface.
3. adsorption of cells to the conditioned surface.
4. growth of adsorbed cells with associated synthesis of exopolymeric substances (EPS).
Colonization is the process hy which microorganisms adhere to surfaces. They do so by means of extracellular
polysaccharide substances 5ecreted by the cells. This EPS is also called the glycocalyx. In recent years it has
become apparent that in natural and industrial environments, bacterial adhesion is mediated by the glycocalyx
which is a hydrated polyanionic polysaccharide matrix (Costerton et at., 1981). In aqueous environments, bacteria
able to generate glycocalyces abound. Several factors contribute to the preferential selection of such
microorganisms in these environments:- Organic and inorganic nutrients are concentrated at the solid-liquid interface; organisms able to secure
themselves in this niche are clearly at an advantage. (Costerton eta!., 1981}.
- The glycocalyx acts as an ionic exchange matrix, trapping nutrients that are then transported into the cell by
highly efficient permeases (Costerton and Geesey, 1979}.
- The glycocalyx conserves and concentrates the digestive enzymes released by the bacteria, thus increasing the
metabolic efficiency of the cells (Costerton et at., 1978).
- The glycocalyx constitutes a physical barrier that affords partial protection from antibacterial agents. (Costerton
et at., 1981).
Tbe role or biofdms in biodeterioratlon In many industries the formation ofbiofilrns within pipework, cooling
systems, heat exchangers and filters can cause problems. Biofilms cause problems for many industries, including
the water industry. The costs are both direct and indirect. Direct costs include:!. decrease in product quality (V!!isanen et at., 1994)
2. spoilage of product e.g .. in the food and paint industry (Holab et at., 1994; Eastwood, 1994)
3. physical and chemical biofilrn removal
4. increased maintenance requirements and the replacement of corroded pipelines.
Indirect costs may be due to :1. biofouling of pipes, which increases frictional resistance (McCoy et at., 1981},
2. reduced efficiency due to decreased pipeline capacity
·
3. increases in energy requirements (Bott, 1994)
4. the cost of research programs irno the cause and successful elimination ofbiofilms.
85

LABS2

Morton, Biofilms & biodeterioration
Biofilrns are not confined to solid/liquid interfaces, they can also be found at solid/air interfaces. Airborne
deteriogens are important factors in the biodeterioration of surface coatings. Microorganisms such as algae and
fungi (rather than bacteria) often play the major role in this situation (Lloyd, 1987). Biofilms at liquid/liquid
interfaces are implicated in hydrocarbon degradation, including fuel oils and industrial coolants.
Biofilms also occur on medical prostheses: pacemakers, replaCement joints and indwelling catheters, where
colonization causes chronic infections in surrounding tissue. Often these tissues are resistant to broad spectrum
antimicrobials and this can lead to chronic infection and even septicemia. The removal of the infected prostheses
may be required to prevent recurrent life-threatening infections. Biofilm formation has also been implicated in
gallstone formation and in the plugging of biliary stents used in the treatment ofbiliary cancer (Sung et al., 1992).
Biocorrosion Under aerobic conditions, localized biofilm deposits can cause the formation of anodic and
cathodic areas on the surface of a metal. These areas become a series of differential chemical cells, each inducing
the transfer of electrons with loss of cations (Videla, 1990). Under aerobic conditions, the utilization of the
hydrocarbons of diesel fuel and aviation kerosene by Hormocanis resinae produces organic acids which are
corrosive to metals·(Hendey, 1964; Parberry, 1968). Sulfur oxidizing bacteria produce sulfuric acid in quantities
sufficient to corrode metals and concrete (Engvall, 1986). Bacteria and fungi may accelerate metal corrosion
indirectly by utilizing corrosion inhibitors in metal working fluids (Prince and Morton, 1988). Under anaerobic
conditions sulfate reducing bacteria are the major cause of corrosion in low oxygen or oxygen-free environments.
Gaylarde (1989) lists the mechanisms by which sulfute reducing bacteria induce metal dissolution. They include:
I. cathodic depolarization brought about by the bacterial enzyme hydrogenase
2. production of corrosive iron sulfides
3. sulfide-induced stress corrosion cracking
4. hydrogen-induced cracking or blistering
5. oxidation of biogenic hydrogen sulfide to corrosive elemental sulfur, which can occur when oxygen is
available in the environment.
The cell walls of Gram-positive bacteria, the outer membranes of Gram-negative bacteria and their capsules all
contain polysaccharides in various amounts. Polysaccharides in the form of lipopolysaccharides (LPS) possess
side chains which project from Gram-negative bacterial cell surfaces and form the interface between other
adjacent cells and/or the surrounding environment. LPS may selectively bind extracellular cations (Lieve et al.,
1968). This chelating property, and that of EPS, has been implicated in the biocorrosion of metals (Beech and
Gaylarde, 1991). The adhesion of bacteria to a conditioned surface and the subsequent secretion ofEPS may
enhance the adhesion of other cells leading to the formation of a complex biofilm (Beech and Gaylarde, 1991).
Attachment of bacteria such as the sulfute reducer, Desulfovibrio vulgaris, and bacteria of the genus Vibrio to a
metal surface has been shown to result in rapid metal corrosion (Gaylarde and Johnson, 1980; Gaylarde and
Videla, 1987). Hamilton (1985) describes the corrosion of steel drilling plarform legs mediated by
sulfate-reducing biofilrn microorganisms releasing hydrogen sulfide. Keevil et al. (1989a), in a survey of a hot
water system supplied with soft water, found microbial biofilm activity associated with copper corrosion. Both
aerobic bacteria and anaerobic sulfate-reducing bacteria (SRB) were implicated, causing pitting and subsequent
perforation of copper pipes.
Plastics Plastics possess a broad range of chemical and physical properties, tailored to meet the particular
requirements of industry. They have been formulated for resistance .to weathering and microbial biodeterioration.
They are cheap and relatively easy to produce and consequently have replaced many traditional materials such as
wood and metal. Materials commonly considered as plastics include: natural and synthetic rubbers, regenerated
and modified celluloses, regenerated proteins, polyethylene, polypropylene, polystyrene, polyvinyl chloride,
polyamides, polyesters and polyurethanes. Plastics have varied uses, in packaging materials, furniture, adhesives,
inks, etc. The transportation and construction industries are using increasing amounts of plastics. There is a wide
range of polymer formulations available with differing mechanical and physical properties. Plasticisers and fillers
used in the formulations render plastics susceptible to attack. The susceptibility of some plastics is shown in Table
I. This attack usually takes the form of a biofilm which causes little adverse effect to the physical or chemical
integrity of the material. In some cases, however, severe cracking can occur, for example in PVC.
Polyester polyurethanes are particularly susceptible to microbial attack. These are used in many industrial and
commercial applications for their strength and their resistance to oxidation, oil and ozone. Their resistance to
impact at low temperatures is also a useful property (Ossefort.and Testroet, 1966). However, there is conclusive
evidence that polyester polyurethanes are readily biodegraded by microorganisms under certain conditions
(Ossefort and Testroet, 1966; Pathirana and Seal, 1984, 1985; Wales and Sagar, 1985; Kay et al., 1993). The
term biodegradation rather than biodeterioration is used here because the material is broken dowti to an
environmentally acceptable state (Anon, 1983b). The biodegradation process is thought to be due to hydrolytic
cleavage of the main chain ester group and fungal breakdown of the polymer. Kay et al. (1991) demonstrated the
role of bacterial biofilms in the degradation of polyurethane foams. The breakdown of the polyurethane was
considerably enhanced by the addition of supplementary nutrients. It has been suggested (Tokiwa and Suzuki,
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1974; Pathirana and Seal, 1984; Wales and Sagar, 1985; Cameron eta!., 1987) tilllt esterases are responsible for
the microbial degradation of alkyd resins and polyester polyure!Mnes. Degradation of plasticisers derived from
long chain fatty acids has also been shown to be due to esterolytic action (Berk et a!., 1957; Williams and Dale,
1983). The polyether polyurethanes have been shown to be very resistant to attack (Pathirana and Seal, 1985).
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•
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Table 1 Susceptibility of some plastics and rubbers to microbial attack
MATERIALS
ATIACKED BY
Natural rubber
Bacteria and fungi
Synthetic rubbers
Actinomycetes attack::
(i) butadiene
(ii) polyisoprene
(iii) butyl rubber
Bacteria, fungi and actinomycetes
Regenerated and modified celluloses
Bacteria and fungi attack additives e.g.
Bulk polymers (commercial plastics)
plasticisers and fillers in:
(i) polyethylene
(ii) polyvinyl chloride
Non-biodegradable
Polyamides
Bacteria and fungi attack alkyd resins
Polyesters
Polyurethanes
Bacteria and fungi attack polyester polyurethanes
Water distribution systems Drinking water is not sterile. The main purpose of water treatment is to remove
potential pathogens and to reduce turbidity. A diverse range of microorganisms can exist naturally within potable
water systems. These usually occur as consortia and may include bacteria, fungi, viruses, yeasts, protozoa,
diatoms and algae. (Costerton, 1984; Colbourne et al., 1988; Keevil eta!., 1989b; Haudidier et al., 1988; Walker
et al., 1991). Sloughing and erosion of the biofilm surface results in an increase in planktonic. microorganisms,
which may include potential human pathogens such as Legionella pneumophi/a (Keevil et al., 1989a),
Cryptosporidia and Giardia spp. (Reasoner, 1988).
Legionella pneumophi/a, the etiologic agent responsible for Legionnaires' disease, is widespread within the
environment. It is an opportunistic human pathogen found in high numbers in both natural and man-made aquatic
environments (Grimes, 1991). Sources of infection include hot water systems, especially in large institutions such
as hospitals (Bezanson et al., 1992), cooling towers and evaporative condensers (Bentham, 1993), fountains,
machine cutting coolant, misting devices, spa baths, and nebulizers. Factors which predispose man-made
environments to colonization include temperature, stagnation in; dead ends of pipework and storage tanks
(Verissimo et al., 1990), and the presence of nutrients, such as the material of the system .itself, scale and
sediments, and synergistic associations with non-Legionellaceae microorganisms (Vickers et al., 1987; Rogers et
al., 1993; Surman et al., 1995; Pope et al., 1982). Biofilms in man-made aquatic environments therefore provide
ecological niches ideally suited to L. pneumophila survival and growth. Nosocomial infection as a result of the
presence of Legionella is not rare in public buildings such as hospitals, where energy conservation and fears of
scalding patients have resulted in the temperature of hot water supplies being lowered (Plouffe et a!., 1983).
Water tanks kept below 60°C are significantly more likely to be associated with L. pneumophila isolation
(Vickers et al., 1987). Colbourne and Trew (1986) found Legionella contamination in 54% of cooling towers
examined in England and Wales.
Biofilm formation on plastic surfaces used in plumbing components may lead to a rapid decrease in water
quality and failure to meet the required standards (Anon., 1982, 1983b). Organic compounds which leach from
these components provide nutrients for the microorganisms which colonize them. The fact that L. pneumophila
can co-exist in biofilms, linked with the increasing replacement of traditional plumbing materials with plastics, is a
cause for concern. Rogers et al. (1990) compared a range of different materials used in plumbing systems for
their ability to suppon the growth of microorganisms. Copper was the most resistant to biolilm formation whilst
ethylene-propylene and latex were the most susceptible.
Biofilms and biocide resistance Resistance to biocide treatments is increased in bacteria which are attached to
surfaces and particulate matter within a system (Kutchta et al., 1985; Vess et al., 1993). The glycocalyx
constitutes a barrier, affording the constituents of the biofilm partial protection from antibacterial agents
(Costenon et al., 1981; Cloete et al., 1989) and from any toxic effects of the substrate upon which the biofilm is
formed, for example, copper pipes within water distribution systems (Keevil et al., 1989). Nichols (1994) reviews
the mechanisms which may account for this protective propeny of the glycocalyx and suggests tilllt resistance is
not solely due to physical impedance of the antimicrobial agent, but also to other factors such as absorption or
catalytic destruction of the agent by microbes on the biofilm surface. A phenotypic response of the microbial
population to surface growth may also play a role in this increased resistance (Jass and Lapin•Scott, 1994). The
answer may well prove to be a combination of several factors. Regrowth and aftergrowth are terms used to
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desCribe continued microbial proliferation in water distribution systems downstream of treatment plants (Keevil et
a!., 1989b; Jaeggi and Schmidt-Lorenz, 1988; Le Chevallier et a!., 1991); reduced biocide efficacy leads to
regrowth. Temperature is also an important factor in the regrowth of biofilms within water distribution systems;
increased bacterial growth occurs in summer (Le Chevallier eta!., 1991).
Hydrocarbons Microbial degradation of hydrocarbons occurs in fuels and lubricants in the presence of water
(Smith, 1990). Oil-in-water emulsions may be formed by hydrocarbnnoclastic microorganisms growing on
hydrocarbons (Erikson and Nakahara, 1975). Emulsions are formed either by direct surface action of the
microorganisms or by the production of extracellular bioernulsifiers; either of these actions breaks down the
hydrocarbon to small droplets. This mixing of the oil and water phases increases the accessibility of the
hydrocarbon to the microorganisms. Bioemulsifier-producing microorganisms are often found in a dense film at
the oil-water interface, utilizing the emulsified hydrocarbon. Prince and Morton (1989) have suggested that in a
two phase system, a film of microorganisms developing at the interface should be regarded as a true biofilm.
The microorganism most often implicated in the biodeterioration of hydrocarbon fuels is Hormoconis resinae
(Lindau) de Vries, syn. Cladosporium resinae (Lindau) de Vries, the imperfect form of Amorphotheca resinae,
Parberry. The biodeterioration of marine and jet fuels has been ascribed to H. reslnae (Parberry, 1971; May and
Niehof, 1981). Water which remains in the small crevices and seams in fuel tanks provides an ideal environment
for H. resinae, spreading over the oil water interface, providing ideal conditions for further water catclunent
(Eiphick and Hunter, 1968). The removal of H. resinae from the tanks is not easy, the mycelia being firmly
attached to the surfaces. Fuel oils are subject to biodegradation by H. resinae (Cofone et a!., 1973}. This ability
to metabolize hydrocarbons (Walker and Cooney, 1973) can result in thick mycelial mats at the oil-water
interface. The acid produced may lead to an increase in corrosion of the fuel tanks. However, because of the
rapid rate at which the fuel is used and the large volumes that the tanks hold, little discernible degradation of the
fuel itself is observed. The main problems recognized are the blockage of fuel lines and filters and the shorting of
the capacitive probes of fuel gauges (Williams and Lugg, 1980).
Microbial degradation of hydrocarbons also occurs in formulations where the hydrocarbon component is
intended to come into contact with water; this is the case in 'soluble' metal working fluid emulsions.
Biodeterioration of bioemulsifiers and associated coupling agents in oil emulsions often results in degradation of
the emulsion, associated with an increase in oil droplet size and ultimately the separation of the two phases (Hill,
1977). Pathogens may also flourish in metal working fluids (Rossmoore, 1981). The biodeterioration of these
emulsions is exacerbated by the presence of other biodegradable additives (Seal and Morton, 1986). The
industrial environment in which metal working emulsions are used is often conducive to the growth of a range of
microorganisms. Synthetic metal working fluids are prone to fungal contamination, which can form free floating
biomass. Prince and Morton ( 1988) have shown that certain components of a formulation are readily attacked hy
fungi, including pathogenic forms.
Bior.Jms on tbe surfaces or buildings and monuments Two main groups of microorganisms, algae and fungi,
colonize the external surfaces of buildings and monuments, giving the surface a dirty, neglected and unsightly
appearance (Perrichet, 1987). They are the fore-runners of lichens, mosses and higher plants, capable of extensive
corrosive activity. Epiphytic algal growths occur on surfaces where conditions of dampness, warmth and light are
conducive to their growth (Hueck-van der Plas, 1968; Springle, 1979; Morton, 1979). The chelation of cations
by microbially-produced organic acids is believed to play an important role in the deterioration of stone building
materials. Whilst algal growths are not believed play a significant role in the assimilative biodeterioration of the
formulation components of external coatings, they may have profound effects on the soundness of a building. The
majority of algal genera involved belong to the Chlorophyceae and Cyanophyceae, with species of Pleurococcus,
Stichococcus, Trentepohlia, Oscil/atoria and Scytonema being particularly implicated (Gillatt and Tracey, 1987).
Apart from the obvious undesirable effects on the appearance of the surface, major problems may occur due to
water retention doring winter months. Repeated freezing and thawing of the hydrated algae contributes further to
the deterioration of a surface and this may contribute to damp in such a building.
Biomms on painted surfaces and surface coatings On internal coatings fungi are considered to be the main
deteriogens. The genera most often incriminated include Aureobasidium, Cladosporium, Aspergillus and
Penicillium (Gillatt and Tracey, 1987). The initial disfigurement of interior decorative surfaces by these
organisms may have far reaching consequences; because they are able to metabolize some of the components of
the coating formulations, they may expose underlying structural materials, such as timber and metal, to attack by
a range of microorganisms (Morton, 1987). These may include pathogenic andlor allergenic fungi. The health
related aspects of such fungal colonization in damp, poorly ventilated dwelliogs is an increasing cause for
concem Oligotrophic fungi may also grow on painted surfaces, obtaining nutrients not from the surface itself,
but from airborne dust and organic substances, particularly in areas of high humidity.
In Conclusion In the aqueous environment, nutrients are concentrated in the biofilm and subsequent metabolic
activity intensifies with resulting substrate depletion or damage. Microbial biofilms are extremely complex
microbial ecosystems that are difficult to study by conventional microbiological techniques. The diversity of the
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biofilm microflora and microfauna and their interspatial relationships are difficult to reproduce. They may consist
of complex consortia of bacteria, algae and grazing protozoa which display features not usually associated with
the organisms grown in pure culture. It is difficult to produce a biofilm which is truly representative of that found
in a particular environment. Biofilms can be effective barriers against antimicrobial agents, which makes their
removal by methods other than physical disruption an on-going challenge to biocide fomulators.
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ABSTRACT The fonnation of a biofilm on stainless steel coupons incubated in batch cultures of Pseudomonas
jluorescens was studied by epifluorescence microscopy using the fluorochrome, acridine orange. Concentration
of sessile cells reached 1·1 x IO'cells mm·' (arithmetic mean) within 6 days incubation in a diluted nutrient broth.
The distribution of cells on the stainless steel surface was grouped at all sampling times (30 minutes to 7 days)
and corresponded to a simple grouped distribution of approximately binomial fonn in the initial stages of
formation. On days 2, 3 and 4, a distinct bimodal distribution was seen. These results demonstrate that the cells
are not normally distributed and confirm the necessity for using non-parametric statistical tests on adhesion data.
The data also suggests that the kinetics of growth in biofilrns is quite different from that observed in planktonic
cultures. The data provide a base for future studies on biofilms.
INTRODUCTION Biofihns are very important in biodeterioration (Morton & Surman, this volume).
Microorganisms in a biofilm (sessile organisms) have an altered level of activity compared with planktonic cells
(Gaylarde & Videla, 1992). This altered activity extends to the degree of sensitivity to antimicrobial substances
such as glutaraldehyde (Videla et al., 1991) or antibiotics (Brown et al., 1990; Evans et al., 1990). Sessile
organisms are frequently more resistant to such chemicals.
Early methods used to study biofilrns include swabbing, the use of contact plates and adhesive tape stripping of
which, contact plates were found to be the most reliable (Ulrich, 1964). Scraping (Videla et al., 1991), activity
measurements in situ, such as radiorespirometry for the sulfute-reducing bacteria (Maxwell & Hamilton 1986),
tight microscopy (Thomas & Allsopp, 1983), atomic force microscopy (Steele et al., 1994) and scanning electron
microscopy (Horacek 1988) have been used more recently. Early biofilms on metal surfaces have been analyzed
by epifluorescence microscopy (Beech & Gaylarde, 1989; Scarton et al., 1992), but there has been no published
systematic study of biofilm formation using this method. The current paper reports the use of the technique to
follow the development of a biofilm of Pseudomonas fluorescens on stainless steel.
MATERIALS & METHODS Biofilms were produced using the aerobic bacterium Pseudomonas jluorescens,
isolated from a contaminated metal-working fluid (Beech & Gaylarde, 1989). Stainless steel coupons (AISI 304),
with an exposed surfuce area of !.Scm', were incubated in nutrient broth diluted I part in 2 with distilled water,
containing suspensions of approximately lx!O' cells ml'1• The coupons were prepared before use by washing with
detergent, rinsing well and drying. Each was autoclaved dry in a 20m! bottle prior to the addition of I Oml of the
bacterial suspension.
Coupons were exposed for between 30 minutes and 7 days at 37°C and then removed and rinsed gently in
distilled water. The attached cells were stained for I minute with acridine orange (0.01% w/v aq.), rinsed again in
distilled water and examined using epifluorescence microscopy at a magnification of Xl250 (Gaylarde & Beech,
1988). Orange/red-staining cells were counted using an eyepiece graticule containing 100 squares, each of area
IOOflm'. Ten fields of view were selected at intervals from each coupon, resulting in a total count of 1000
squares, representing a total area ofO·lmm'. Descriptive and analytical statistical tests were used to analyze the
data (See results).
RESULTS AND DISCUSSION Mean cell density in the biofilm increased up to 6 days (Figure!). The plot of
the logarithm of mean cell number against time has a correlation coefficient of 0·870 (regression line not shown).
The correlation coefficient of the log-log plot of mean numbers against time was 0·991 (all values) and is
significantly better (p<O·OOOI) than the semi-logarithmic regression. The cell density increases linearly with time
from 12h up to 144h (r = 0.995 for the regression line plotted in Figure I; r = 0·969 all values). The initial
increase is attachment and the subsequent growth is constant (i.e. an exponentially fulling rate constant assuming
1st order kinetics). This growth curve is very unlike that se,en when planktonic cells are studied; however, from
day 5 there are no statistically significant variations in cell density and this might be considered akin to a
stationary phase. The maximum density was approximately 1·1 x I o' cells mm·' after 5 days incubation in diluted
nutrient broth. Attachment of P. fluorescens to stainless steel in Postgate's Medium C has been shown to be
lower (Beech & Gaylarde, 1992). The greater numbers in this present study (2·2 x Ht mm", compared to 1·1 x
!O'mm'2 in Beech & Gaylarde's work, after 2-3h) presumably reflect the use of nutrient broth in place of
Postgate's (anaerobic) medium and the higher levels of planktonic organisms; !O'cm·' as compared to 105cm·' in
Postgate's Medium C.
After 5-6 days incubation, the cells became difficult to distinguish under the microscope because of the
appearance of a smooth coating, presumably extracellular polysaccharide (EPS). For this reason, counting
statistics may be less reliable at the end of the incubation period. Beech et al. (1991) report that little EPS is
produced by this isolate of P. fluorescens in a 7-day biofilm on stainless steel, but the culture medium used in
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their studies was again Postgate's Medium C, rather than nutrient broth. Medium composition is known to affect
metabolic activity, including polysaccharide production (Fletcher, 1977).
The modal value for the cell concentration was zero up to 12 hours incubation. Values of skewness calculated
for each time interval were always less than unity, varying from 0.59 at 7 days up to 0.92 at 12 hours, thus
indicating that the data is not normally distributed. This is in general agreement with the results usually seen in
cell adherence studies (Woolfson, 1993). Plotting the values of log variance against log mean density produced a
straight line of slope 1.147 ± 0.035 (±SE), which indicates that the data is grouped (Taylor & Woiwod, 1982). In
this case, the slope was significantly different from unity (p ~ 0.002, using student's t test). Figure 2 shows the
distribution of cells on the metal surface after 2br. The theoretical binomial distn'bution is also shown. The excess
of squares containing 0 and >5 cells and the deficit of squares at other values in the measured data shows that the
data is grouped. The distribution of the data was bimodal at 2, 3 and 4 days (data not shown). This suggests that
the initial colonization is grouped and that grouped cells interact to promote an increase in their local density. It
has long been known that cell-cell contact is important for growth in mammalian cell culture; using dual labelling
techniques and by counting it was demonstrated that replication is grouped in mammalian tissues (Gaylarde,
1986). It is thus possible that the changes in distribution with time are related to bacterial cell interactions
regulating growth and/or adhesion.
The chi-squared test indicates that this is not the identical distribution encountered by Thomas (1984) when
studying the attachment of algal cells to glass surfaces. It might be expected that a glass surface would be more
homogeneous than stainless steel, which has a crystalline structure containing variou~ proportions of the alloying
elements which are, themselves, capable of affecting cell adherence (Ferrante & Feron, 1990; Beech & Gaylarde,
1992). The normal pattern of adsorption typical of a homogenous surface may be considerably altered.
These studies demonstrate that the pattern of growth and colonization on stainless steel is complex, even when
only a single microbial species is involved. When the effects of various manipulations, such as biocide treatment,
on biofilm fonnation are to be compared, it is essential that the normal pattern be established. The present results
indicate that it would be difficult to model these distributions on a priori grounds and that only non-parametric
methods of statistical comparison will be possible.
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Figure 1 Increase in mean number of P. j/uorescens per 10011m2 graticule square with time.
IIi =mean cells per square; D = Log(mean cells per square)
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EXOPOLYMERS PRODUCED BY MARINE SULFATE REDUCING BACTERIA
Zinkevicb, V., Bogdarina, I., Kang, H., Hill, M.A.W., Beech, I.B.
School of Chemistry, Physics and Radiography, University ofPortsrnouth, St.Michael's Building,
White Swan Road, Portsmouth, PO I 2DT, UK.
ABSTRACT This study was undertaken to investigate the influence of steel swfaces on the composition of 4
exopolymers (EPS) secreted by two marine species of sulfate-reducing bacteria (SRB) and to establisb whether
the content of EPS synthesized by adherent SRB varied. Bacterial isolates, recovered from severe corrosion
failures, were purified and grown as batch cultures with and without carbon steel coupons. EPS harvested from
the bulk phase were characterized for their carbohydrate, protein and nucleic acid content. Analysis of EPS
polysaccharides showed that although their composition was similar for both SRB species, they were synthesized
in different quantities. EPS protein profiles revealed a new band-F in exopolymers harvested from the cultures
grown in the presence of mild steel coupons. The importance of SRB ability to modify their physiological
response in the presence of a carbon steel surface for the phenomenon of steel biocorrosion is discussed.
INTRODUCTION Sulfate-reducing bacteria (SRB) are main microorganisms implicated in anaerobic corrosion
of structures made of iron and ferrous alloys in both terrestrial and aquatic environments (Postgate, 1984;
Hamilton, 1985}. Several mechanisms have been proposed to explain the influence of SRB on the process of steel
corrosion and these are well descnbed in the recent review of Lee et al. (1995). The biochemistry and physiology
of SRB should be considered when determining their aggressiveness towards metals (Pereira et al., !995) and it
has been shown that different isolates of these bacteria can vary in their ability to deteriorate mild steel (Gaylarde,
1992; Beech et al., 1993).
SRB are often present in biofilms formed on steel surfaces thriving at the substratumlbiofilm imerface (Beech,
1990). Microscopy studies and chemical analyses have revealed that SRB produce EPS and that the composition
of eKopolymers released into the bulk phase and those synthesized within biofilm differ (Beech & Gaylarde, 1991;
Beech et al, 1991). EKopolymers secreted by SRB can contribute to the corrosion process, not only by facilitating
irreversible cell attaclunent leading to colonization of steel suifaces, but also by binding metal ion species (Beech
& Cheung, 1995). The ·latter proper(y, well described in numerous reports, could contribute to the formation of
metal concentration cells and promote galvanic coupling, thus influencing electrochemical behavior of steel (Ford
et al., 1987; White et al., 1985).
The first step in establisbing whether SRB exopolymers are likely to play a part in corrosion, involves chemical
characterization ofEPS. It has been demonstrated that bacterial exopolysaccharides rich in uronic acids promote
deterioration of metals (Mittelman & Geesey, 1985). The present investigation aimed to elucidate the possible
effect ofEPS chemistry on corrosion rates under identical growth conditions (Beech et al., 1993).
MATERIALS AND METHODS
Organisms. SRB isolates, recovered from severe marine corrosion failures in Alaska and off the Indonesian
coast, were cultured anaerobically on solid Postgate E medium (Postgate, !984). Purification of these SRB
isolates was performed by plating of a miKture of bacterial inocula and molten soft agar (0·6%) on to solid
Postgate E media. Single colonies were picked from the plates, transferred into liquid Postgate B (Postgate,
1984) and further subcultured into ?ostgate medium C (Postgate, 1984). Purified Alaskan and Indonesian strains
were coded All and Indl respectively.
Analysis or EPS. All and Indl strains were grown as batch cultures with and without carbon steel coupons (13
x 10 x 0·1 em) in liquid Postgate Cat 37°C. Crude bacterial EPS was harvested from the bulk phase of the 7 day
cultures by isopropanol precipitation (Beech et al., 1991}. Nucleic acids in EPS were determined by the method
described previously (Maniatis et al., 1991). Colorimetric methods were employed to determine the concentration
of neutral sugars (Dubois et al., !956), uronic acids (Blumenkrantz & Hanzen, 1973) and amino sugars (Elson &
Morgan, !933} in 7 day old, crude EPS samples. Qualitative analysis of neutral heKoses was carried out as
described by Beech et al. (1991}, using a Hewlett-Packard 589011 gas chromatograph with a 5971A mass
selective detector. The concentration of proteins in crude EPS was determined hy using a Bio-Rad protein assay
kit based on Coomassie blue G-250 with bovine serum albumin as a standard (Bio-Rad, UK). The protein profiles
were eK811lined by linear gradient (9-16%) SDS-polyacrylamide gel-electrophoresis (Laemmli, 1970).
Analysis of data. All reported measurements were perrormed in triplicate. Statistical evaluation of the results
was carried out by student t-test and one way analysis of variance (ANOVA} using MINITAB-7·2 software.
RESULTS AND DISCUSSION No significant difference (p>O·OS) in tbe yield of EPS released into the bulk
phase ofbacterial growth media was observed between All and Indl isolates, irrespective of the presence of mild
steel surface (Table 1). Neither did levels of neutral hexoses (Table 2}, amino sugars (Table 3) and uronic acids
(Table 4) in crude EPS vary significantly (p>0·05) between the isolates. The GC-FID and GC-MS analyses
(Zinkevitch et al., 1996) revealed that for both SRB isolates mannose and glucose were the major neutral hexoses
detected in crude EPS samples. The presence of mild steel surfaces was found to have a significant effect on the
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production of neutral hexoses by All strain. Chromatogram of All EPS recovered from cultures grown in the
absence of steel coupons showed the presence of a number of neutral sugars that were not seen in the All EPS
harvested from coupon-containing media. Neutral sugars identified in the EPS from the All strain were mannose,
glucose, ribose and xylose. ForJhe Indl SRB strain no apparent differences were observed in the composition of
neutral sugars between EPS from coupon-free cultures and coupon-containing cultures. The main neutral hexoses
identified in the EPS from lndl strain were mannose, glucose and nbose (Zinkevitch et al., 1996).
Table 1 Yield of crude EPS from SRB cultures in Postgate medium C
SRB strains
All

All

•

•

Indl
Indl

Medium

EPS yield
(mg·J·'± SD)
133·4 ± 25-14
97·7 ± 18·26
128·7 ± 33·62
129·3 ± 28·53

C
C/steel coupon
C
C/steel coupon

Statistical significance
(coupon-free vs coupon-containing)
p>O·Ol
p>O·Ol

Table 2 Yield of neutral hexose detected in SRB EPS (mg dry wt/1 medium C ± SD)
Statistical significance
of dry EPS
(coupon·free vs coupon-containing)
p>O·Ol
21·5
18·0
p<O·OI
21·1
17·1

SRB strain Neutral hexose
content
All
28·68 ± 1·33
17·59±0·98
All/steel
27·16± 1·29
lndl
Indl/steel
22-11 ± 0·39

"'o

Table 3 Yield ofuronic acids in SRB EPS (mg dry wt/1 medium C ± SD)
SRB strain
Statistical signilicance
Uronic acid o/o of dry EPS
(coupon-free vs conpon·containing)
content
p<O·OI
All
3·83 ±0·033
2-87
2·24
All/steel
2·19± 0·032
p<O·OI
2·84 ± 0·042
2·21
lndl
2·20± 0·026
1·70
lndl/steel
Table 4 Yield of amino sugars in crude SRB EPS (mg dry wt/1 medium C ± SD)
Amino sngar % ofdryEPS
Statistical significance
SRB strain
(coupon-free vs coupon-containing)
content
p<O·OI
10·41 ±0·217
7-80
All
3-90
3-810±0·138
All/steel
p<O·Ol
4·337 ± 0·161
3-37
lndl
lndl/steel
3·659 ± 0·061
2·83

•

Analysis of the polysaccharide component of exopolymers produced by the two marine SRB isolates grown in
Postgate medium C revealed similarities between EPS synthesized by All and Indl with a New Jersey SRB strain
classified as Desulfovibrio desuljuricans subspecies desulfuricans (NCIMB 8313). The main difference in the
carbohydrate composition of these isolates was the presence of uronic acids. The latter were detected in EPS of
Indl and All but were below detection limit in EPS of New Jersey isolate (Beech et al., 1991). Recent studies
showed that corrosion rates of mild steel in the presence of New Jersey isolate, estimated by weight loss
measurements, were significantly lower than the rates measured for lndl isolate (Beech et al., 1995). Whether
and to what extent the difference in chemical composition of SRB exopolysaccharides has an impact on steel
corrosion remains to be examined.
Table 5 Yield of nucleic acids in SRB EPS (mg dry wt/1 medium C ± SD)
S.RBstrain
Nucleic acid % ofdryEPS
Statistical significance
(coupon-free vs coupon-containing)
content
5·01 ± 0·81
3·75
p<O·Ol
All
0•65
0·64± 0·23
All/steel
4·69± 0·30
3-65
p<O·Ol
lndl
6·35
Indl/steel
8·21 ± 1·09
Table 5 shows the content of nucleic acids in SRB exopolymers as determined by agarose gel-electrophoresis.
Significantly more RNA (p = 0·05) was present in the samples ofEPS produced by Indl strain compared with
All strains. The EPS synthesized by All strain contained approximately equal quantities of RNA and DNA
Although the presence of nucleic acids in the bacterial EPS matrix is a commonly reported phenomenon, their
significance (if any) for the biocorrosion.is yet to be determined.
95

LABS2

Zinkevitch, EPS from marine SRB
Table 6 Yield of protein in SRB EPS (mg dry wtll medium C ± SD)
SRB strain
Statistical significance
Protein
% of dry EPS
(coupon-free vs coupon-containing)
content
3·75 ± 0·19
2·81
p<O·OI
All
0·81 ± 0·06
0·83
AIVsteel
2-12 ± 0·21
1-65
p<O·Ol
Indl
1·36 ± 0·11
1·05
Indl/steel

•

The results of protein analysis are shown in Table 6. In the presence of mild steel coupons the quantity of
proteins in EPS recovered from bacterial growth media decreased significantly compared with proteins detected
in EPS from coupon-free cultures. For Indl and All SRB strains, this analysis revealed the appearance of new
bands in exopolymers harvested from the cultures grown in the presence of mild steel coupons. In EPS obtained
from the All strain, the molecular weight of the induced protein was approximately 54kD. In EPS secreted by the
Indl strain, two new proteins of molecular weights 41 kD and 30 kD were detected (Figure 1).
The feasibility of puricying these proteins by ion exchange chromatography was investigated. It has been
determined that DEAE-sepharose can bind these inductble proteins and can be used for their pwification.
Although the.function of these proteinis unclear, they might participate in the uptake and/or transport of iron, as
they are induced only in the presence of mild steel surfuces. The proteins were not detected in EPS harvested
from SRB grown in the presence of similarly sized glass or plastic coupons (data not shown).
Recent study of Davies et a!. (1994) suggested that synthesis of P. aeruginosa alginate polysaccharide was
influenced by the activation of the algRI gene product by adhesins which triggered alginate synthesis. It is
conceivable that the induced proteins are products of SRB genes regulating exopolymer production and the
attachment of cells to the surface of mild steel. Mapping of such genes would be of great interest as this could
help in designing novel biocorrosion prevention measures.
Most of the reports on analysis of bacterial EPS focus on characterization of the carbohydrate component of
the exopolymers. However, many bacteria produce EPS with high protein content and many of these proteins
exhibit enzymatic activities. Moreover, proteins are known to interact with metal ions and some, e.g. SRB
hydrogenases, have metal centers. The range of proteins detected in bacterial EPS includes glycoproteins. The
quantity of such macromolecules and the type of carbohydrates associated with their protein backbone could have
considerable influence on electrochemical processes atthe metal/liquid interface.
Our results show SRB cells are able to moduy their physiological response in the presence of a mild steel
surface and this modification is expressed as an alteration of chemical composition ofEPS. The full implication of
this finding for the process of SRB influenced corrosion of mild steel is currently under investigation.
SUMMARY The following conclusions can be reached based on the results of our investigation:i) The yield and chemical composition of SRB exopolymers vary depending on the bacterial species.
ii) The presence of a carbon steel surface has an influence on both neutral sugar and protein content of SRB
exopolymers released into the bulk phase of bacterial growth media, indicating that environmental conditions
regulate the physiological response of these microorganisms at the molecular level.
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Figure 1 SDS-PAGE of whole cells and EPS proteins from All and Indl strains .
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THE ROLE OF BACTERIAL EXOPOLYMER IN MARINE COPPER CORROSION
Little, B. 1, Wagner, P. 1, Angell, P.', White, D.'
'Naval Research Laboratory, Stennis Space Center, MS 39529, USA.
'Center for Environmental Biotechnology, 10515 Research Drive, Suite 300, Knoxville, TN 37932, USA.
ABSTRACT The marine bacterium, Oceanospirillum, produces copious amounts of exopolymer when grown.
on copper surfaces and binds .eu+' from the substratum. The organism and associated exopolymers result in local
anodic regions that can be detected by scanning vibrating electrode microscopy. Oceanospirillum was grown in
small lwninar flow cells with two carbon sources on copper and 316 stainless steel as substrata. The chemical
composition of the exopolymer varied with growth medium, but not with substratum. Exopolymers from cells
grown in glutamic acid medium on both substrata contained glucose with no other sugar monomers or uronic
acids. The quantity of exopolymer did vary with substratum and copper promoted greater polymer production
than stainless steel. Studies were undertaken to determine the nature of the exopolymer and its possible role in
marine copper corrosion.
INTRODUCTION Copper and copper alloys have long been successfully used in marine applications because
of their good mechanical strength and workability, corrosion resistance, electrical and thermal conductivity and
resistance to macrofouling. Applications include distribution and piping systems, heat exchangers, intake screens
and sheathing for splash zones, as well as offshore structures (Blunn, 1987; Moreton & Glover, 1980; Kirk,
1987). The corrosion product cuprous oxide, cuprite (Cu,O), forrns on all copper surfaces in oxygenated
seawater (North & Pryor, 1970). Copper ions and electrons pass through this film, dissolve in the water and
precipitate as Cu,(OH),Cl independent of alloy composition (de Sanchez & Schiffiin, !982). The film retards
anodic dissolution and the rate of oxygen reduction. Corrosion failures in copper alloys are associated with the
breakdown of Cu,(OH),Cl by mechanical (Sato & Nagata, 1978), chemical (Syrett et a!., 1979), or biological
(Fischer et al., 1981) means.
Biofilms develop on all surfaces exposed to natural marine environments. Cuprous oxide is commonly used in
marine antifouling coatings to retard macrofouling. However, bacteria, microalgae, protozoa and their exudates
readily forrn slime layers on copper-containing surfaces (Gerchakov & Udey, 1981). Although Leifson et a!.
(1964) described "large spirilla with characteristic curved soma and lophitrichous flagella" as rare in seawater,
Oceanospirillum has been invariably isolated from U.S. Navy platforms in locations throughout the world. The
platforms had in common that they were all coated with copper-containing antifouling coatings. Oceanospirillum
(Fig. I) is an aerobic, heterotrophic, motile, helical bacterium with rigid cell wall and requires sodium chloride for
growth (Buchanan & Gibbons, 1975). It has been shown that it not only colonized copper-containing surfaces,
but also detoxified copper ions from the substrata, so that non-copper tolerant bacteria settled on surfaces
previously colonized with Oceanosplrillum (Personal communication, A.V. Stiffey). Wagner et al. (1991)
demonstrated that the organism produces copious amounts of exopolymer when grown on copper and that the
organism and associated polymers bind copper ions from solution or substrata. They used electrochemical
techniques to demonstrate that the organism increased the corrosion rate of 99% copper in a seawater medium.
Daniel et al. (1980), Chamberlain eta!. (1988,1991) and Geesey eta!. (1986) stressed the relationship between
microbial exopolymers and copper corrosion in freshwater systems. Each group emphasized tlte role of
exopolymers in binding copper and the formation of copper concentration cells. The experiments described in this
paper were designed to determine the nature of the Oceanospirillum exopolymer and its possible role in copper
corrosion processes in marine waters.
MATERIALS AND METHODS
Bacterium and Medium Oceanospirillum was isolated at the Naval Research Laboratory, Stennis Space
Center, MS, and maintained by weekly transfers on marine agar incubated at 25°C. Liquid medium was used for
all experiments and contained the following (g•l'1): sea salts 40, glutamic acid 1-81, ammonium chloride 0·0064,
sodium phosphate monobasic 0·00138. Flow cells filled with !Om! of medium were inoculated and cells grown
overnight.
Exopolymer characterization Exopolymer for characterization was generated by growing Oceanospirillum on
9go.1o copper or 316 stainless steel coupons in lwninar flow cells described previously by Mittelman et al. (1992).
Biofilms were allowed to grow for 168h before being harvested by sonication. Biofilms were resuspended in
sterile seawater and treated with 0·8ml of 5M sodium chloride and 0·5M EDTA to aid removal of exopolymer
from bacteria. Bacterial cells were then removed by centrifugation. The supernatant was treated with 3 volumes
of propan-1-ol at 4 °C to precipitate exopolymer, which was then dialyzed against running tap water overnight
followed by dialysis against !8Mw water. Purified exopolymer was then lyophilized and stored at 4°C. Monomer
characterization was carried out as described previously (Franklin et al., 1994). In summary, exopolymer was
hydrolyzed using 4M trifluoroacetic acid at I 00°C for 2h. Lipids were removed by passing through a C18 column
before high pressure anion exchange chromatography separations of 25~tl samples were performed with a
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pellicular Carbopac PAl anion exchange ·column on a Dionex (I) series 4500 · high•pressure liquid·
chromatography system. X-ray absorption near edge structure (XANES) was used to determine the speciation of
copper within exopolymers (Bianconi & Marcelli, 1992). .
Scanning vibrating electrode microscopy (SVEM) studies Coupons colonized by Oceanospiril/um and sterile .
medium controls were examined with the SVEM system (Angell et al., 1994). The SVEM system consisted of a
20Jlm stainless steel microprobe electroplated with platinum black that is vibrated in two orthogonal directions
while scanned under computer control over a coupon surface. The probe is capable of capacitively measuring
local current density at each point of the scan, allowing the computer to generate maps of the local current
densities over a point. The vibrating probe system is mounted under a microscope fitted with reflected light
Nomarski and epifluorescence systems (40x water objective, 2mm working distance) and an imaging system.
Current density scans can be concurrently mapped with images of tbe surface.
RESULTS AND DISCUSSION
Biofdm generation and characterization Biofilms forroed readily on both copper and stainless steel coupons.
The color of extracted biofihn was varisble, particularly in the case of copper. When the medium was recycled
through the system containing copper coupons, it turned blue, presumsbly due to copper ions picked up by the
glutamic acid. Extracted biofilms were also blue, especially in areas where air had become trapped in air pockets
over parts of the coupon surface.
Following extraction and purification, exopolymer from each system was weighed. Exopolymer recovered
from copper and stainless steel coupons weighed 9·6mg and 4·3mg, respectively. The recoveries corresponded to
0·74mg·cm·' and 0·33mg·cm" from copper and stainless steel, respectively, indicating that roughly twice as much
polymer was generated under similar conditions on copper compared to stainless steel.
Polymer from both surfaces consisted of glucose units with no other monomers. No uronic acid residues were.
detected in any of the exopolymers. XANES spectra of exopolymers indicated the presence of bound cu•'.
Additional work is underway to interpret binding site symmetry and the nature of the chemical surroundings.
SVEM Observations: Sterile control SVEM studies of sterile copper controls showed no localized anodic
activity after 200h when medium levels were maintained. Under norroal operating conditions, no coloration of the
medium in SVEM experintents was noted unless fluid levels were reduced, forming a thin fihn of liquid over the
copper coupons, in which case a heavy blue coloration was noted. Occasionally a thin gel forroed. Scans
conducted inunediately after the liquid level was restored showed strong anodic activity which persisted for up to
ISh.
Oceanospirillum culture When copper coupons were inoculated with Oceanospirillum several localized anodic
regions were observed after about 4Sh. Anodic regions persisted until termination of the experintent at !SOh.
Anodic currents were always present but intensities varied. One anodic region was stronger (Fig. 2) and more
persistent than others.
At the conclusion of the experiment, coupons were stained with fluorescent stain (Live/Dead Backlight
Visbility Kit; Moreton & Glover, 19SO) that distinguishes live bacterial cells. All bacteria on the surface were
alive. Scanning the sample using the 40x water inunersion lens demonstrated that bacterial colonization was not
uniform. Instead, micro- and macro- colonies had formed. Areas with higher bacterial densities corresponded to
anodic regions.
CONCLUSIONS The marine bacterium Oceanospirillum (I) produces copious amounts of exopolymer when
grown on copper surfaces (2) binds Cu., from the substratum and (3) produces local anodic regions on copper
surfaces detected with SVEM. The exopolymer contains glucose with no other sugar monomers or uronic acids.
Acknowledgments This work was perforroed under Program Element 0601153,N, NRL Contribution number
NRL/PP/7333-95-0053. The autliors are grateful for assistance from E. :Karpll!s'' Sciencewares, E. Falmouth,
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Figure 1 Oceanospiril/um grown on copper surface.

•
Figure 2 Current density scan (z axis) over copper coupon exposed to Oceanospirillum for
J60h showing several anodic regions with a large anodic area (A) back left comer.
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ABSTRACT Laboratory experiments were performed to determine the environmental fate of zinc compounds
formed during sacrificial dissolution of zinc anodes in seawater and to further determine the role of biofilms in
mobilizingl"unmobilizing zinc corrosion products. Experimental conditions simulated cathodic protection and
overprotection (40x normal) of ship ballast tanks with an anode to cathode ratio of0·091. Anodic dissolution and
percentage of soluble zinc increased with level of protection. For normal cathodic protection in abiotic seawater,
approximately 3% of the sacrificed zinc was dissolved in solution. Additionally, weight loss and percent soluble
products increased dramatically in tbe presence of an agar film, but were unchanged due to the presence of
natural marine biofilms. Under overprotection conditions, weight loss did not vary in the presence of surface
films. Solid zinc corrosion products were precipitated, suspended in solution and attached to electrode surfaces.
Experimental data were compared with zinc concentrations in ballast tanks of two U.S. Navy surface ships.
INTRODUCTION The U.S. Navy uses 99+% zinc sacrificial anodes to provide corrosion protection for
seawater ballast tanks and non-ferrous components within the tanks on ships and submarines. The amount of zinc
discharged is not known, but is potentially very large. A typical ship may have between 5000 and 25,000 kg of
zinc anodes which must be replaced at overhaul intervals. Tbe U.S. Environmental Protection Agency (EPA) has
recently suggested that wastewater containing a chronic concentration above 70ppm total zinc be handled as a
hazardous waste. A limit of 700ppm would apply to acute concentrations. Operation of ballast tanks varies
widely with engineering and operational requirements. Although the maximum corrosion rate of zinc in cathodic
protection is well documented, the relationship to ballast tank water concentration is not known. Furthermore,
most metal ions in seawater are not dissociated, but occur in association with particulates and organic material
(Marinsky & Reddy, 1984). In seawater extractions of spent lubricating oils 13-17% of the zinc was
organometallic (Traxler & Wood, 1984). The percentage of zinc associated witb biofilrns and sediments is likely
to be higher (Flenuning et al., 1990). EPA has not established guidelines for the limits of zinc that can be
disposed of in solids and sludge. Biofilms, ubiquitous on surfaces exposed to natural marine waters, accelerate
the corrosion of copper, stainless steel and polymeric composites. Laboratory experiments were designed to
determine the influence of biofilms on the dissolution and environmental fate of zinc. Results should be useful in
assessment of heavy metal discharges and interpretation of field data concerning the environmental fate of zinc
reaction products following ballast tank discharge.
MATERIALS AND METHODS
Analytical techniques Laboratory and field samples were digested (EPA, 1986) and analyzed for metals using
inductively coupled plasma (ICP) spectrometry (APHA, !989). Solid samples, anodes and cathodes were
examined by environmental scanning electron microscopy coupled with energy-dispersive X-ray analysis
(ESEM/EDS; Little et al., 1991). Bacteria in water, sludge and scrapings were characterized as to physiological
type using MICKIT (Bioindustrial Teclmologies, Georgetown, TX) media for general aerobic heterotrophs,
general anaerobes, acid-producing and sulfate-reducing bacteria (SRB). Total organic carbon was determined by
wet combustion followed by infrared analysis.
Field samples Samples were collected from compensated fuel ballast tanks of two classes of U.S. Navy
platforms after the ships had been at sea for approximately one year. Samples, characterized as fuel, water,
scrapings or sludge, were collected in sterile plastic 500ml bottles. Scrapings were collected below the water line.
A ship's ballast tank typically has a volume of about 600m3 and an internal surface area about 300m2• Such a tank
is unpainted and would require about 200 (!sq. ft each; 0·09m') sacrificial anodes having a total surface area of
about 20m2• The resulting ratio of surface area of tbe anode to that of the cathode is 0·071. Tbe maximum
recommended current for normal cathodic protection ofbare steel is !OmA·ft·'or 108mA-m·'cathode.
Laboratory experiments Three sets of laboratory experiments were designed to simulate the release of zinc
from clean anode surfaces and anodes covered with natural and artificial biofilms. For abiotic controls, bare zinc
rod anodes (mil-A-18001J) were galvanostatically polarized to produce a normal protection current of0·650mA
and an overprotection current of26·0mA. To simulate the metal binding properties of a biofilm in the absence of
viable cells, anodes and electrochemical cell walls were coated with a 5% agar film (Fig. Ia). Agar films varied in
thickness from tens to hundreds of mm over tbe length of the anodes. Anodes and the electrochemical cell walls
were exposed to Bay St. Louis, MS estuarine water for two weeks prior to polarization studies to allow biofilms
to form (Fig. I b). Biofilms typically contained a monolayer of bacterial cells and microalgae. Identical
experiments were performed with artificial and natural biofilrns where electrochemical cells were allowed to stand
for an additional 24h to determine the influence of time on zinc binding within surface films.
101

LABS2

Wagner, Sacrificial anodes & biofilms
Electrochemical cell The electrochemical cell consisted of the following components: a cylindrical zinc rod
anode (surface area 5·6cm'), a platinum foil cathode (61·6cm' surface area), a saturated calomel reference
electrode (SCE), 650ml artificial seawater (Aquarium Systems, Mentor, OH, Table I) in a IL beaker and a
computer-controlled potentiostat/galvanostat corrosion measuring system.
Table 1 Major ionic components of artificial seawater.
Ion
CI·
Na• SO,"' Mg>+ Ca'•
'Yo Total weight 46·94 26•05 6·44
3-16 1·00
ppm
18,778 10,424 2,S77 1,27S 3 98

HCO; Total solids Water Total
0·93
0·36
84·88
14·99 99·86
371
145
33,968
Nominal composition of zinc rods is given in Table 2. For the simulations, surface areas of the anode and cathode
resulted in an anode/cathode ratio of0·091.
Table 2 Zinc anode composition (weight%)
Element
Zn
AI
Cd
Pb
%
99·98 0·1-0·S 0·02S-0·07S 0·01

Fe
0·01

Cn
0·01

Data collection Total zinc removed from the anode was determined by weight loss. Zinc in solution, agar film
and biofilm was determined by ICP. Zinc concentrations in clean, unexposed artificial seawater and sterile agar
were subtracted before calculations. Mass of solid precipitous corrosion products in the electrochemical cell was
determined gravimetrically. Zinc concentration of adherent corrosion products on the anode was measured by
ICP using a known volume of SOO/o acetic acid to chemically clean the anode prior to weight loss determinations.
Weight gain of the platinum cathode, correlated with zinc weight percent from EDS analysis, was used to
determine zinc concentrations on the cathode. Standardless EDS data from rough surfaces can only be used in
semi-quantitative comparisons; so weight percentages are considered approximate.
The experimental electrolyte volume, 650ml, is 6 orders of magnitude smaller than that of a typical ballast
tank. Two current densities were applied galvanostatically: 0·6SOmA, to approximate that required for normal
protection for 2 days and 26·0mA for 2h for overprotection (40 times normal protection). The 40x overcurrent
was used to simulate a condition where zinc might concentrate, such as in a ballast tank closed for an indefinite
period of time. Electrolytes were not aerated during polarization experiments.
A mass balance was attempted by assuming that all precipitates were ZnO and equating total recovered zinc
(soluble zinc+ zinc in solids) to weight loss of the anode. The following calculations were used:
total soluble zinc = zinc concentrations in electrolyte + zinc bound in agar or biofilm
total zinc in solids = zinc concentrations in anode and cathode deposits and in precipitates
% soluble zinc = ~luble zinc x I 00
wetght loss of anode
RESULTS AND DISCUSSION Fuel, present on the surface of ballast tank water samples, was dirty and
contained suspended particulates. Zinc concentrations in fuel from the two platforms ranged from 1·7 to 38·4ppm
(Table 3). Concentrations of zinc in fuel varied among the ballast tanks on a single platform (1·7 and ll·Oppm).
Water samples from both vessels were turbid and contained numerous particulates. Microbiological screening
indicated that ballast waters contained small numbers of aerobic bacteria (approx. IO'ml-1) compared to !0' to
107ml' 1 typical for marine waters (Mitchell, 1992). No SRB could be cultured from the ballast waters. Seawater
typically contains 1-1 Oml'1 SRB irrespective of depth, with I 02 to I O'm!-1 in bottom muds (Postgate, 1979). Zinc
concentrations in batlast tank water ranged from 0·2 to 3·7ppm. Ballast tanks are coated with antifouling paints,
but antifouling paints do not prevent biofilm formation (Fischer et al., 1984). ESEM micrographs of scrapings
from one ballast tank indicated the presence of bacteria and diatoms (Fig. 2). Scrapings contained 462ppm zinc.
Total organic carbon for the scrapings ranged from S0612 to 68254ppm. An EDS spectrum of the scraping
indicated the presence of sodium, magnesium, aluminum, silicon, sulfur, chlorine, potassium, calcium, titanium,
iron and copper in addition to zinc (Fig. 3). Ballast tank bottom sludge contained numerous bacteria and diatoms,
levels of zinc as high as 2230ppm and a total organic content of 1163!-13774ppm. An EDS spectrum of the
bottom sludge indicated the presence of sodium, magnesium, aluminum, silicon, sulfur, chlorine, potassium,
calcium, titanium, iron, nickel and copper in addition to zinc.
Table 3 Zinc c;oncentrations in ppm.
Platform type
CG72 CG72 CG72
CG72
CG72 CG72 CG72 CG72 DOGS! DOGS!
Sample location Tank I Tank I Tank 2 T~2 Tank 2 Tank 3 Tank 3 Tank 3
Sample
Fuel Water Water Scraptngs Sludge Fuel Water Sludge Fuel
Water
1·7
2·6
0·4
Zn concentration
462
2230
11
0·2
108·8
38·4
3-7
In addition to binding zinc ions from solution, it is also possible that biofilms and polymers can entrap or
incorporate corrosion products and calcium carbonate within their viscoelastic structure. Biofilms and their
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extracellular polymers are well known binders of heavy metals (Wagner et a!., 1991; Geesey et a!., 1988;
Beveridge & Koval, 1981). Because the highest concentrations of .zinc in ·the ballast tanks were found in
association with high levels of total organic material, bacteria and microalgae in scrapings or sludge material,
biofilms were implicated in the environmental fate of zinc from anodic dissolution~ Laboratory e~periments were
designed to determine the zinc concentrations in solution and solids as influenced by biofilms and polymers ..
In laboratory experiments, the distribution of solid and dissolved zinc corrosion products varied amongst the
experimental conditions (Table 4). Solid corrosion products precipitated from solution under aU experimental
conditions. Solids were observed on both electrodes and suspended in solution in addition to precipitates. The
appearance of precipitates at high currents was noticeably finer than those formed at low currents. Despite efforts
to account for zinc removed from the anode as soluble, precipitated, or bound within biofilms or agar, mass
balance calculations ~e not reliable even in abiotic controls. ·
Table 4 Zinc recovery (laboratory experiments)
Experimental
Anode Anode Cathode Precipitate,
Snluble Zn,
Total soluble
treatment
(rnA) lo•s d'ep<l9it depo•it as•ume ZnO bound & Total (mg) + solidZn
(%recovery)
(mg) (mg Zn)(mg Zn) (mgZn) soluble (mg) ~.zn
ABIOTIC CONTROLS
Normal protection, 48h 0·65 37·4
51·7 (138%)
5·0 ' 0·44
45·1
sol
1·2
2·7
Overprotection, 2h
26 60·2
37·1 (69%)
3-9
1·05
5-8
sol
26·3
41-6
ARTIFI~IAL BIOFILM
Normal protection, 48h 0·65 48·5
31·6
6·4
3-6
8-1
bound 3·6 total 13·5
(65%)
sol
9·9 (27-8%}
Normal protection,
0·65 so
0·13
40·9
13-9
6·6
bound 1·3 total 20·3
48h; unpolarized, 24h
(82%}
sol
19·0 (40·6%)
Overprotection, 2h
26 77-7
24·3
9·5
0·9
2·2
bound 4·0 total 11·7
sol
7·7 (15-1%)
(31%}
Overprotection, 2h;
26 70·7
10
3-6
3·1
bound 1·7 total 10·3
27
unpolarized, 24h
(38%)
sol
8·6 (14-6%)
NATURAL BIOFILM
Normal protection, 48h 0·65 36·1
1·2
12-9
6·5
2·6
bound 0·4 total 2·6
sol
2·2
(36%)
(7·2%)
Normal protection,
0·65 37
1·6
18·1
14·4
0·2
bound 0·38 total J-87
48h; unpolarized, 24h
sol
1·49 (5·1%)
(49"/o)
Overprotection, 2h
26 62·2
6·1
1·5
0·4
bound 0·6 total 10·6
18·6
sol
(30%)
10·0 (17·0%)
Overprotection, 2h;
26
62
1-1
30·2
39
5·4
bound 0·6 total 2-3
unpolarized, 24h
(63%)
sol
1·7
(3·7%)
The percentage of soluble zinc increased with applied current and was 2·7% for the normal protection current
and 41·6% for overprotection current using bare electrodes and cells. Anodic weight loss at normal protection
currents increased from 37·4mg to 48·5mg in the presence of an agar film while % soluble zinc increased from
2·7% to 27·8%. Dissolution continued during the 24h stagnation period after polarization had ceased. During the
stagnation period, % soluble zinc increased from 27·8% to 40·6%. The natural biofilm, containing both bacteria
(Fig. 5) and diatoms (Fig. 6), did not cause the same dramatic differences. Under similar polarization conditions,
weight loss remained unchanged in the presence of the biofilm, while soluble zinc increased from 2·7 to 7·2%.
Percent soluble zinc actually decreased after standing for 24h.
Weight loss increased for overprotection conditions in the presence of an agar film, but was unchanged by the
biofilm; total soluble zinc decrease substantially, both in the presence of agar and biofilm. Agar layers and
biofilms were physically stable in the presence of rapid zinc dissolution. No attempt was made to verify the
viability of the biofilm constituents after polarization.
As previously mentioned, I OmA·f\'2 is recommended for cathodic protection of bare steel with zinc anodes. In
an overprotection situation, an excess of anodes would supply current until such a time that the area was
polarized and there was no need for additional current even though the anodes have the capacity. With bare
materials, current demand is great at first and lessens with time, concurrent with the formation of calcareous
deposits, a requirement that approximates total current output required for normal protection. The difference is
that with the larger quantity of zinc anodes, each individual anode independently contributes a smaller net current
to the total current output. High overprotection scenarios are not long term events and 40x current densities are
unique even to initial events. The potentiostat/galvanostat (used in the galvanostatic mode) is essentially an
infinite device with relatively high amperance capability and has the ability to control current, while the potential
is free to change within the limits of the electronics. Zinc anodes, however, are constrained to approximately I v.
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In an operating cathodic protection system. zinc anodes naturally regulate voltage output and current reaches a
maximum based on the limits of the zinc and current density requirements of the cathodes. The excessive
deterioration observed in the laboratory overprotection experiments may have modified the chemistry of
corrosion products and precipitates.
Corrosion products of zinc in seawater are related to local environments of pH and chloride concentration.
The hydrolysis behavior of zinc(II) is obscured by inconsistencies in the literature (Baes & Mesmer, 1976).
Perkins & Bornholdt ( 1977) studied corrosion products on the surface of zinc anodes coupled to steel in
seawater using scanning electron microscopy and potentiostatic techniques They concluded that the anodic film
was a porous three dimensional network of discrete single-crystal plates of ZnO. Other important organic
precipitates for Zn2" include sulfide, carbonate, silicate and phosphate In this work. no attempt was made to
identify specific zinc compounds. Adherent anodic corrosion products under all experimental conditions
resembled ZnO (Fig 6) identified morphologically by Perkins & Bornholdt ( 1977). ESEMIEDS micrographs
(Fig. 7) and spectra (Fig. 8) of aU platinum cathodes indicated accumulation of negligible amounts of zinc
accompanied by large amounts of calcium, presumably as calcium carbonate.
CO NCLUSIONS The majority of the corrosion product formed during cathodic protection by zinc anodes in
artificial seawater is insoluble. All fue~ water, sludge and scrapings from ballast tanks of two operational U.S
avy platforms contained concentrations of zinc in the ppm range. Laboratory experiments designed to simulate
cathodic protection for ballast tanks produced soluble and precipitated zinc in the ppm range. Highest
concentrations of zinc in field and laboratory samples were found in solids. In ballast tanks, the highest
concentrations of zinc were found in association within organic-rich layers containing bacteria and m.icroalgae,
even though the microbial populations in ballast waters were markedly lower in both numbers and types of
organisms than natural seawater or estuarine water. In laboratory experiments the amount of soluble zinc depends
on the conditions of protection and to a Jesser extent the biologicaVchemical microenvironment of the anode.
Acknowledgment This work was performed under Program Element 0601153N, NRL Contribution No.
NRUPP/7333-95-0045.
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EFFECTS OF ACIDS ON THE ELECTROCHEMICAL BEHAVIOR OF METALS
ANDBIOFILMFORMATIONINSEAWATER
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'ITM-CNR, Via Bassini 15, 20133 Milan, Italy.
'CNR-CESPEL, Politecnico di Milano, Piazza L.da Vinci 32, 20133 Milan, Italy
ABSTRACT Four once-through lines were supplied with seawater and sulfuric acid, carbon dioxide or lactic .
acid added to 3 of the lines. Titanium, high and low corrosion resistant stainless steels, iron and copper alloys
were exposed in these lines. Acidification of seawater with H,SO, inhibited both the development of fouling on
different metals and localized corrosion of stainless steels. Acidification of seawater with CO, inhibited fouling
and at the same time increased the rate of cathodic oxygen reduction on stainless steels without promoting
localized corrosion. Acidification of seawater with lactic acid increased fouling and at the same time inhibited
cathodic oxygen reduction.
'
INTRODUCTION The development ofmacrofouling on surfaces exposed to seawater is the cause of various
engineering problems. Macrofouling is preceded and conditioned by the development of microscopic biofilms.
These are considered to be partly responsible for the greater aggressiveness of natural over abiotic seawater.
Biofilm formation may depolarize the oxygen-reduction (cathodic) process on passive metal surfaces (Mollica
& Trevis, 1976; Johnsen & Bardal, 1985; Scully et al., 1985; Holthe et al.,l988). This could help to explain the
greater anodic dissolution observed during localized corrosion of materials exposed to biotic, mther than, abiotic,
environments (Laque, 1982; Salvaso et al., 1987, 1991, 1992, 1994a). Depolarization of the cathode on stainless
steels has been used to monitor biofilms (Mollica et al., 1990; Salvago et al., 1990a, !992, 1993, 1994b).
The electrochemical effects of biofihns have been linked to hypothetical acidification phenomena (Dexter &
Gao, 1987; Salvaso et al., 1990b). Lower pH levels in the interfacial layer than in the external layer of the biofilm
have been found in tests (Salvago et al., 1994a). However, the addition of hydrochloric or sulfuric acid to
seawater may prevent both macrofouling and localized corrosion on passivable metals in once-through lines fed
with continuously flowing seawater. This apparent contmst is explained by the complex nature of biofilms. These
sessile communities are derived from planktonic organisms but the gradual acidification resulting from diffusion
and metabolism within a developing biofilm is different than the sudden acidification obtained by adding strong
acids to the bulk of the solution; this can create acclimatization problems for the planktonic organisms present.
We therefore evaluated the effect on biofilms and on the rate of the cathodic process of the continuous on-line
addition to seawater of strong and weak acids with different nutritional chamcteristics.
MATERIALS AND METHODS In the marine research station in Bonassola on the Ligurian coast of the
Mediterranean Sea, four identical once-through PVC lines were set up. Line I was the control line, fed with
seawater as found (pH 8.3, 13-27°C, 02 5-7 mgt·•, TOC 10-lOOmgl·'). Lines 2, 3 and 4 were fed with seawater
with pH automatically controlled to 6·3 ± 0·2: 5% H,SO, was added to line 2; CO, gas to line 3 and 10% lactic
acid to line 4. On average 55g H,SO,, 400g CO, and 70g lactic acid perm' of seawater were added.
Sets ofl5xl5mm speciniens were fixed into each line in dark conditions. They consisted of, in the direction of
the flow, platinum, titanium (UNS R50400), high corrosion resistant stainless steels (UNS 832550, 831254,
SN08904), tmditional stainless steels (UNS 831603, 830400), Fe (UNS GIOI20), AI brass (UNS C68700), Cu
(UNS CIOIOO). Electrochemical cells were inserted into each line to study cathodic depolarization effects. These
consisted of a superaustenitic stainless steel (UNS 831254) tubular electrode, galvanically coupled to a zinc
electrode. The potentials of the various electrodes were recorded every 6 hours. Afler 50, I 00 and 200 days
exposure, the following observations were made:- Cathodic polarization curve on stainless steels (the tubular electrodes were coupled to a zinc anode by
successively lowered resistances).
-Dry residue (the biofilms, suspended in distilled water by ultrasound, were dried at 105°C for 48 hours).
- SEM using a Cambridge Stereoscan 360 (specimens fixed in glutaraldehye-cacodyl oxide, dried in
ethanol-xylene and gold-coated).
-Elementary chemical analysis of the surfaces (the speciniens, dried in a vacuum and coated with gold, were
analyzed by an EDS microanalyzer, Link ANl0/25 with an L25 detector).
- IR analysis (biofilms taken from the specimens and dried with P in a vacuum, were tabletted with KBr and
analyzed by Nicolet SlOP FTIR spectrometer).
Afler 200 days, microbial numbers were assayed using the Most Probable Number method.
RESULTS
Quantity or fouling Visual and dry weight data showed that during the whole of the test period, both the
H,SO,-acidified seawater (line 2) and the C02-acidified seawater (line 3) reduced fouling in comparison with the
untreated seawater (line 1). The dry residue from all uncorroded specimens was below lmg·cm·'. Specimens from
the untreated line produced over 3 mg·cm·' after 50 days of exposure. Acidification with lactic acid (line 4)

,o,
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encouraged fouling, making occasional increases in flow rate necessary to remove the biomass. The dry residue
from the materials exposed to this water was normally found to be over 10 mg·cm·'
Electrochemical behavior After brief exposure to untreated seawater (line I), the potential of the stainless steel
electrode and its galvanic coupling current with the zinc anode rose and remained above initial values for the
remaining period. Line 3, acidified with CO, showed higher cathodic depolarization than line I (Fig. 1). No such
effect was seen in line 2 (sulfuric acid), or in line 4 (lactic acid). In these last two lines, cathodic polarization rose
with time and the potential of the stainless steel electrode and its galvanic coupling current remained at lower
levels than the initial ones for the whole period (Fig. I). This behavior was confirmed by the cathodic polarization
curve before and afler fouling had formed on the stainless steel surface (Fig. 2): The forms of corrosion
macroscopically observable on the coupons of the different metallic materials are shown in Table I.
Table 1 Form of corrosion on coupons exposed for 200 days in lines 1-4
Line
Ti
S32SSO 831245 N08904 S31608 830400
Fe
Brass

•

•

•

1
2
3
4

N
N
N
L
L
L
G
N
N
N
N
N
N
G
N
N
N
N
N
L
G+
N
N
N
N
N
N
G
N =no or very slight corrosion L =localized cOllUSion 0 =generalized corrosion(+= heavy)

N
N

G
N

Cu
N
N
G
N

Microscopie observation SEM showed that numbers and types of microorganisms depended on the metal and
the season. Diatoms were found afler 200 days of exposure; they were rare in winter and abundant in summer
afler only 50 days of exposure. This was supported by the chemical analysis of the surfaces that showed a high
silicon content in slimmer. No common topological or morphological characteristics were found in the fouling in
lines 1 and 3 or in lines 2 and 4 that could explain the similarities or differences of electrochemical behavior. The
electron micrographs may be seen on the front and rear cover of this volume.
Polymeric material was present in the fouling in lines I, 3, and 4, but not in line 2. In line I, the polymeric
materials, containing nitrogen, were distributed over the entire surface; in line 3 they were rare and limited to
clumps on the surface. In this case the presence of bacteria without polymeric material could be observed. In line
4 abundant polymeric materials, accompanied by the presence of bacteria and diatoms, were found.
Elementary chemical analysis Average EDS microanalysis of the fouled surfaces showed the presence of Si,
AI, Ca, Fe, as well as C, 0, N. The results of these analyses were influenced by sea roughness and by the
presence in the specimens of clays, limes and sands. However, the fouling in lines 2 and 3 had lower content of
Ca, Si and Fe than lines I and 4 in the same period and on the same metals. Sulfur was particularly abundant in
line 4 in summer, but not so evident in the other lines and in the other seasons.
EDS microanalysis of the biomasses from line 4 in summer showed the presence of S, Ca, K, Si, Mg, together
with Na, Cl, and particularly high 0/C ratios present in single ovoid forms. Elementary chemical analysis showed
25% organic material containing C ~ 17.2%, H ~ 7%, N ~ 1.52%, S ~ 7.6% besides an inorganic residue, shown
by chemical analysis and RX spectrometry to mainly consist of sodium chloride.
IR spectrometry The only consistant difference found was an absorption peak close to 1426 em·' in the spectra
for line I, which was not seen in those for the other three lines.
Biological observations The Ti biofilm, afler 200 days exposure, showed the presence of non-motile forms in all
four lines. Motile forms were found only on specimens taken from lines I and 4. Green clumps were found only
on specimens from line 4. Table 2 shows the results of the biological analyses of these specimens.
Table 2 Dry weight (mg) and microbial counts (Lng) on titanium specimens afler 200 days exposure.
HB
OB
m
NB
SRB
PB
CB
D
Dry wt.
Line
I
5
4
5
<I
2-3
4-5
<I
I
5

2

6

3~

~

<I

N

N

<I

~

I

3
4

<I
7

5-6
4-5

3~

4-5
<I

<1
4-5

1-2
5-6

2-3
<I

<I
1-2

<I
50

5-6

HB = heterotrophic bacteria OB = oligotrophic bacteria m= iron bacteria NB =nitrifYing bacl<ria
SRB = sulfate-reducing bacl<ria PB =photosynthetic bacteria CB = cyanobacteria D =diatoms

DISCUSSION The results indicate that no simple correlation exists between the quantity of fouling adhering to
an uncorroded metal surface and the electrochemical and corrosion behavior of that surface. Acidification with
H,S04 inhibited not only fouling on various materials and the rate of the oxygen reduction process but also
localized attack on the stainless steels. These results confirm those described in different test conditions (Salvage
et a!., 1990b, 1993, 1994b). Acidification with CO, in dark conditions also inhibited fouling on all materials, but
increased the oxygen reduction process on stainless steel. Figs. 2 and 3 show that this effect is even higher than
that in natural seawater. CO, acidification also increased the aggressiveness of seawater towards iron while
inhibiting localized corrosion of the stainless steels (Table I). This confirms that the greater aggressiveness of
biotic seawater cannot be attributed only to depolarization of the cathodic process (Salvage eta!., 1992a, 1994a).
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Acidification of seawater with lactic acid, unlike that with other acids and coherently with the nutritional
characteristics of lactic acid, encouraged rather than inhibited the development of fouling. The oxygen reduction
process was inhibited on stainless steel. Aggressiveness towards the metals was lower than that of natural
untreated seawater and that treated with H,SO, and C02, despite the abundant formation of fouling and the
presence of sulfides. This confirms what is suggested above (Salvago et al., 1992a). The ratio between silicon and
titanium on this metal was taken as an indirect measure of the fouling layer thickness, confuming the dry weight
and visual observations. The variations in the chemical composition of the fouling due to the addition of acids
appear to be not only quantitative but also qualitative, as is suggested in particular by the disappearance of an
absorption peak (near 1426cm'1) and by the shifting of others in the 1R spectra.
The results shown in Table 2 indicate that there is no simple correlation between the quantity of fouling
adhering to the metal surface and the aerobic biofilm, whereas there might be a correlation between the quantity
of fouling and the number of anaerobic bacteria. The electrochemical behavior of the surfaces is not correlated to
bacterial numbers. Aerobic bacterial numbers rose with all types of acidification, contrasting with the varied
effects on electrochemical behavior. The inhibition of the cathodic process observed in our tests with sulfuric or
lactic acid cannot directly be correlated either with the absolute or relative quantity of SRB present in the fouling.
The absolute quantity of these bacteria was increased over untreated seawater by acidification with lactic acid,
but not by sulfuric acid. The relative quantities of SRB, evaluated by the dry weight of fouling and the remaining
microbial population, were found to be near to those of the C02 acidified seawater, despite the opposite effects
on the electrode kinetics.
There was no correlation between the electrochemical behavior of the surface and the quantiiy of diatoms
found. The latter was found by Videla et al. ( 1989) to depend strongly on the seasons, while the electrochemical
behavior was not.
CONCLUSIONS
-Fouling in acidified seawater is quantitatively and qualitatively different from that in untreated seawater.
- Acidification of seawater with H,S04 inhibits fouling on various metals and localized corrosion of stainless
steels.
- Acidification of seawater with CO, inhibits fouling and increases the rate of cathodic oxygen reduction on
stainless steels without promoting localized corrosion.
.
- Acidification of seawater with lactic acid increases fouling and inhibits cathodic oxygen reduction.
- The electrochemical behavior of stainless steels in seawater is not correlated, even in passive conditions, with
the quantity or qualitative composition of fouling.
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Figure 1 Apparatus for monitoring cathodic behavior of stainless steels
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Figure 2 Potential of stainless steel (UNS S31254) electrode and currents of its galvanic
coupling with Zn anode through R=lOKQ in lines 1-4
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Figure 3 Cathodic polarization curves on stainless steel (UNS S31254) electrode obtained
by its galvanic coupling with Zn anode, before ftlm development (dashed line) and after 200
days exposure.
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Electron micrographs of fouling shown on the front and back covers of this volume:
Front cover
a) Polymeric material on UN8 830400 in line 4
b) Polymeric material attached to diatoms and bacteria on UN8 832550 in line 4
Back cover
a) Polymeric material in cluster in line 3
b) Ovoid forms found in all lines
c) Polymeric material typically present on stainless steel in line 1
d) Diatoms found on Fe in line 4 during summer
e) Polymeric material on UNS 831254 in line 4
f) Bacteria in line 3
g) Polymeric material and bacteria on copper in line 4
h) Typical form present on stainless steel in lines 1 & 3
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BIOFOULING AND SULFATE SCALE IN OIL PRODUCTION SYSTEMSEFFECTS ON BIOCORROSION
Magalhlles, F.C.M1, Souza Jr, H.A. 2, Penna, M.0.3, Sebastian, G.V. 1, Silva, E.D.', Oliveira, H.B.',
Andrade, C.A. 1
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ABSTRACf This paper describes a specific method to evaluate the corrosive action brought about in the
presence of SRB and barium sulfate scale. Evidence suggests that mesophilic and thermophilic SRB, which could
be derived from the reservoir itself, produce sulfide from BaSO4 scale, causing localized corrosion.
INTRODUCTION Much oil drawn from spent wells is recuperated by injecting treated seawater directly il!to
the reservoir. Corrosion in such systems is frequently correlated with the growth of indigenous microorganisms
and/or those adapted to the reservoir, especially sulfate reducing bacteria (SRB). In their planktonic and sessile
forms, SRB utilize soluble sulfate in the deaerated seawater, producing hydrogen sulfide (souring) and leading to
localized corrosion. As more seawater is injected, the reservoir connate water may become contaminated,
increasing the ionic content of the water produced with the oil. Sulfate ions are usually present in low
concentration in the connate water and high content in the seawater and in some of the re-injected inshore water.
The presence of barium and strontium ions in the connate water leads to the production of barium sulfate and
strontium sulfate scale, which accumulates in the oil-producing equipment. This encrustation is difficult to
remove and causes reduction in outflow and loss of heat transfer efficiency. Corrosion has recently been detected
in offshore platforms and inland fields, in equipment, pipes and pipelines scaled with barium sulfate and
contaminated by SRB. Studies carried at PetrobrAs/CENPES led to the hypothesis that BaS04 scale could be
used as a source of energy for SRB. This paper proposes a specific method to evaluate the corrosive action
brought about in the presence of SRB and barium sulfate scale.
MATERIALS AND METHODS Scale, water and oil samples were taken at typical corrosion points in the
production system of three platforms, two producing with injected seawater (Cheme-2 and Narnorado-1
(PNA-1)) and the third without such secondary recovery methods (Cherne-!). The samples were preserved
immediately after being taken, to maintain the reducing power (anaerobiosis) and high salinity of the original
environment, as well as asepsis in the case of microbiological tests. They were evaluated by chemical and
microbiological parameters and metabolic tests.
ChemiCai and Ultrastructural Characterization The following chemical anaiyses were done: degree of acidity
of oil (mgKOHg·1), organic acids in produced water (as acetate); H,S and mercaptans in oil; H,S and dissolved
sulfides in produced water; sulfide produced from Fe,S, corrosion product by the attack of acids in oily water,
residues and biofouling; ferric and ferrous iron associated with the iron sulfide products in oily water, residues
and biofouling; pH; dissolved metals, including soluble barium, chlorides, sulfates, phosphorus, ammoniacal
nitrogen and total nitrogen in produced water; elementary and crystalline composition (FRX and DR.X) of solids
suspended in produced water, of corrosion residues and of biofouling (results not shown). For corrosion
products, ultrastructural evaluation was undertaken by scanning electron microscopy and energy dispersive x-ray
analysis (MEV lEDAX), using uv surface sterilization, preservation, and two coating techniques.
Microbiological characterization The following mesophilic and halophilic microorganisms (T = 30°C and 37°C
with 70 gil NaCI salinity) were evaluated in the samples of oil, produced water, corrosion and fouling residues,
using specific media: sulfate-reducing bacteria (m-SRB) in modified Postgate E medium, thermophilic
sulfate-reducing bacteria in modified CAPCIS medium (Anon., 1991)(T = 55°C); SRB in medium F in which
soluble sulfate was partially replaced by barium sulfate, total heterotrophic facultative bacteria and
acid-producing bacteria.
JI,S Measurement Isolated cultures and/or samples from each of the points monitored in Cheme-2 and
Cherne-! were tested by incubation at mesophilic or/and thermophilic temperature in Postgate medium, modified
by addition of barium sulfate at a concentration stoichiometrically equivalent to the original soluble sulfate
(medium J). Increase in H,S with time was measured by stripping with sterile N, and precipitation in alkaline
CdSO4 and spectrophotometric quantification of sulfide. Curves were plotted to enable the potential corrosive
profile of SRB to be found in relation to BaSO4 fouling at each point in each system monitored. Preliminary tests
were realized to validate the proposed methodology and correlation studies were made with production of H,S
· and C02 (measured by gas chromatography). The linear coefficient (r), in a total of twelve tests for SRB in
PNA-1 oil separation system, was 0.83.
RESULTS AND DISCUSSION
- Planktonic m-SRB were detected in modified Postgate E and in Postgate F (with BaSO,) in all samples of
produced water and oil taken at both platforms (Cherne-! & 2).
-In the corrosion residue sample, a significant concentration of sessile m-SRB was found, indicating the similarity
of the localized corrosion process in both platforms.
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- Facultative bacteria in" produced water and corrosion residue samples were isolated and production of acids in
specific medium was detected, suggesting a high potential for localized corrosion.
- SRB thermophiles were detected in some of the samples of oil and produced water at Cherne-! platform and
corrosion residues at Cherne-2 platform, which suggests that they were indigenous to the reservoir, having been
stimulated by the production flow itself.
- BaSO, and SrSO, salts were present (detected by DRX) in produced water and in corrosion residue from both
platforms. Higher levels were found at Cheme-2 platform, where the corrosive process was more advanced.
- Corrosion residues from both platforms contained high levels of Fe and S, particularly at points where the
intensity of corrosion was strongest. The presence of sulfur, in the form of sulfide, in such residues is a strong
sign of SRB activity.
- Organic acidity, present as acetate in oily water samples at Cherne-! and Cheme-2, suggests biodegradation of
hydrocarbon fractions could be taking place under reservoir conditions. Organic acid substrates, such as acetate,
lactate and butyrate, are used by SRB in the presence of sulfate ions, in anaerobic conditions.
- Metabolic tests, shown as production of H,S with time, indicated a stage of adaptation (lag stage) to BaSO,
(medium J) for Cheme-2 produced water samples. This was not seen with the SRB culture from the corrosion
residue, which showed logaritlunic production ofH,S- i.e. more rapid metabolism ofBaSO,. SRB cultures from
Cherne-! production gystem produced less H,S than those from Cheme-2, though the same H,S production
profile from BaSO, was found (Figs. 1, 2 and 3).
- Biofouling, consisting of barium scale associated with corrosion products and SRB enmeshed in an extracellular
matrix, certainly anionic, was observed in the Cheme-2 production gystem by MEV/EDAX (Fig. 4), where the
corrosive process was critical.
- Mesophilic and thermophilic BaSO,-utilizing SRB may be derived from the reservoir itself, or from the water
injection (seawater) system, by adaptation to reservoir conditions.
-Tests on platform samples of fluids and residues suggest that SRB adhere to barium sulfate crystals, in addition
to metabolizing insoluble sulfate with the production of H,S, and that dissolution of BaSO4 by the bacteria may
occur, increasing localized corrosion.
- It is suggested that sessile SRB adhesion to BaSO, scale may be stimulated by electrostatic phenomena when
the dissolved sulfate ion becomes exhausted.
Acknowledgments We thank our colleagues ofPetrobn\s for their valuable technical support in the preparation
of this paper: Jorge Moutinho e Sergio lbage (DEPROIRPSE), Maria Carmem Bezerra, Carlos Cordeiro, Rubem
Fabiano Loureiro, (CENPES/SUPEP/DIGER), Carlos Khalil (CENPES/SUPEP/DIPLOT), Hosam Rehin, Maria
Dunlop, Lucia Limoeiro, Nasta Estrada, Maria de Fatima Carvalho, Cecilia Archanjo, Teresa Cristina Fonseca
(CENPES/SUPESQ/DIQUIM), Eva Maria Paiva (CENPES/SUPEP/SEMEC), and trainees, Vera Carolina
Bardolo Bitencourt and Marcos Paulo de Oliveira Cruz (CENPES/SUPESQ/DITERISEBIO) .
REFERENCE AND BffiUOGRAPHY

•

•

Ancm. (1991). Tender for Sweetwater Re.search Programme: Biological Quality ofInjection Water, Treatme11b and Their Imp/lea/Jon on Oil

Field Reservoir Souring. Mancheste:r: CAPCIS.
Berner, R. (1984). Sedimentary Pyrite Formation: An Update. New Haven: Yale University.
Blbari, V., Potty, V. (1974). Some studies on microbial reduction of gypsum. Chemical Age ofIndia, 25: II.
Cowan & Wentrltt (1976). Water Formed Scale V.posi/3. Texas: Gulf Publishing~·
Coutlnho, C.M.L.M. (1992). Caracteriza9llo ultra-<:Strutwal e citoquimica de biofilmes bactcrianoo envolvidos em processo de corroslo
m.icrobiol~gica em sistemas de injC94o de 8gua do mar para recupera9a:o secund6ria de petr6leo. Tese de Me3trodo, PetrobnisiFIOCRUZ,
Mar/1992.
Coutlnho, C.M.L.M. Aguiar, L.E.V., Magalhl!ea, F.C.M., Anuljo, J.T.C. (1994). l.ntrastruclural study of extracellular matrix of sulpbatc
redlU:ing bacteria involved in biocotro:iionprocesses./CEM 13, Paris 17-22 Ju1.1994.
Ferrh, F., Jaek, T., Bnmhlll, B. (1991). Effect of biocide dose on COITOSive microbial biofilms at M oilfield water injection field test facility.
In: Akin, C., Smith, J., eels., Gas, 011, Coal and Environmental Biotechnology JI.IGT.
Jacobs, M., Bravdcn:aan, M., HOKhbelser (1957). lntramierodctcrmination of sulfide in nir.Anal. Chem., U:l957.
Kumet.ov, S.,Ivanov, M., Lyallkova, N. (1963). Geomicrobiology, New Yotk: Moeltaw Hill Book Company Inc.
Lee, W., Cb.anu:klb, W.G. (1990). 8th Jntemaliona/ Symposium on Blodeterloration and Biodegradation. Barking: Elsevier Applied
Science.
Lee, W., Lewandowak, Z.., Okabc, S., Characldls, W.G., Avc:ft R. (1993). Corrosion of mild steel underneath anacrobie biofilms
containing SRB. Biofouling, 7:197· 216.
Postgatc;J.R. (1984). The Sulphate-il£ducing Bacteria 2nd. Ed., Cambridgc:Carabridge Unh=ity Press.
Vol pan, A. (1992).Procurade microorgcnismosno cemcde rocbapetrolifern. Tesede Doutorado, UFRJ, Junho/1992.

•
112

LABS2

Magalhaes, Sulfate scale, biofouling & corrosion
Figure 1 ~S production in medium J (BaS04 ) inoculated. with produced water from slop
tank, Cheme-2.
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Figure 2 ~S production in medium J (BaS04 ) inoculated with corrosion residue from skid,
Cheme-1.
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Figure 3 ~S production in medium J (BaS04 ) inoculated with corrosion residue from skid,
Cheme-2.
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SCANNING ELECTRON MICROSCOPY STUDY OF SRB ADHERENCE ON
CAmODICALLY PROTECTED STAINLESS STEEL
G6mez de Saravia, S.G., Mele, M.F.L.de, Videla, H.A.
Bioelectrochemistry Section, INIFfA, University of La Plata, CC 16, Sue. 4, La Plata, 1900, Argentina.
ABSTRACI' The influence of cathodic protection (CP) of AISI 304L stainless steel (SS) samples protected by
applying either -0.7V or -0.9V on mixed sulfate-reducing bacteria (SRB: Desu/fovibrlo vulgaris and
Desulfovibrio desulfuricans) biofilms on SS was assessed by scanning electron microscopy. Current transients
were recorded over exposure periods between 3h and 14days. Unlike aerobic bacterial biofilms, the number of
attached SRB did not decrease when CP was applied to SS coupons. CP altered biofilm structural characteristics
and calcareous deposit structure was modified by the biological activity. Pitting attack was observed both with
and without protection when SRB were present.
INTRODUCTION Cathodic protection (CP) is an effective method of protecting stainless steel (SS) exposed
to marine environments against crevice corrosion and it is employed in several industries, such as the electrical
generating, oil and gas industries etc. (Lee & Tuthill, 1983; Johnsen & Bardal, 1986).
CP can be accomplished by giving a cathodic potential to the surface by a sacrificial anode or an applied
voltage. The cathodic reaction on the metal surface causes an increased interfacial hydroxyl ion concentration.
Consequently, pH increases and the solubility of calcium and magnesium decreases. favoring the precipitation of
calcareous scale (Hartt et al., 1984; Lin & Dexter, 1988; Dexter & Lin, 1992). Aerobic biofilms modifY the
calcareous deposit structure (Mele, 1992; Videla et al., 1993) and increase current densities at the potential
selected to preserve the metal surface from corrosion (Lin & Dexter, 1988; Videla et al., 1993). CP reduces
bacterial adhesion and reproduction in the early stages of aerobic biofilm formation, but the effect is less when a
stationary state is reachOd (Edyvean et al., 1992; Mele, 1992).
The number of anaerobic bacteria attached is dependent on exposure conditions and the metal substrate (Little
& Wagner, 1993). Increased growth ofDesulfovibrlo has been detected around the cathode (Guezennec, 1991).
There is little information about the effect ofCP on SS on SRB growth. The aim ofthis research was to assess
the influence of CP on mixed Desulfovibrlo cultures on SS samples by scanning electron microscopy (SEM), to
complement previous microbiological and electrochemical results (Mele et al., 1994; Mele et al., 1995).
MATERIALS AND METHODS Desu/fovibrio vulgaris and Desulfovibrlo desuforicans (Videla et al., 1993)
were maintained in 35% artificial seawater supplemented with 1g·l"1 of yeast extract, 200mg·l' 1 sodium lactate,
5mg·l·' Na,HP04 , 50mg·l"1 NH4Cl, 1mg·l·' Na,SO,. SS specimens were incubated with mixed SRBs in this
medium and 10 % of culture medium was removed and replaced by fresh medium every 24h. The initial pH of the
solutions was adjusted to 7·5.
AISI 304L SS disks (0·196cm' exposed area) were mechanically polished with different grades of silicon
carbide metallurgical paper (240, 400, 600) and later with alumina paste (111 grain size). Afier polishing, samples
were cleaned and degreased with acetone, then rinsed with distilled water. Prior to their exposure to the
SRB-suspension, some samples were subject to cathodic polarization in sterile medium for 72h.
SS samples were cathodically polarized to -0·7V and -0·9V against a saturated calomel electrode (SCE) using
a potentiostat and a platinum counter electrode. Current transients were recorded at these potentials. Occasional
polarizations to -1·1 V were applied.
Afier exposure, specimens were fixed with 2% glutaraldehyde in artificial seawater, washed with distilled
water, dried through an acetone series to I 00 %, and finally critical point dried. To assess metal attack after
exposure, biological ahd inorganic deposits were removed from the surfitce by cleaning and degreasing with
acetone and rinsing with distilled water. SEM observations were made using a JEOL JSM-T 100 microscope.
RESULTS AND DISCUSSION Inorganic deposits formed on cathodically protected SS in sterile medium.
These cracked to form irregular polygonal plates during dehydration. Afier incubation with SRB for 9h., the
cracks in deposits formed under sterile conditions were no longer seen; few bacteria were present on the
inorganic layer. Bacterial reproduction was apparent after 24h of exposure. Copious amounts of EPS were
produced by the cells and spread over the metal surface. When cathodic polarization was started at inoculation,
inorganic deposit formation and bacterial attachment overlapped. Less inorganic deposits than in abiotic
conditions were observed. Bacterial colonization and pH changes perturb the stability of the calcareous deposits,
while organic material slows down the precipitation process (Edyvean et al., 1992).
The shapes of current transients for sterile and inoculated media were different (Figure 1). Initially, the current
values for SS in bacterial cultures were lower than those for the sterile medium.
Neither adherence nor growth of SRB on cathodically protected surfaces were diminished by electrode
polarization. The numbers of bacteria on the protected surfaces are frequently higher than those on unprotected
coupons., The surfitce conditioning processes preceding bacterial attachment may be influenced by electrostatic
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forces induced by polarization (Loeb, 1985; Maines et al., 1993) and the high interfacial pH values. The surface
charge of bacterial cells becomes more negative as pH rises. Desorption of aerobic bacteria is favored.when CP is
applied {Edyvean et al., 1992; Mele, 1992; Mele and Gomez de Saravia, 1994). However, the present results did
not show any diminution in SRB adherence with CP application. In order to explain this behavior, the isoelectric
points (i.p.) of these bacteria are compared. The i.p. of Vibrio algino/yticus, and of many other aerobic bacteria,
is acid. Consequently, these cells would carry a negative charge at neutral and alkaline pH and may be repelled by
the negatively charged metal surface. SRB i.p. lies in the alkaline range, and these cells may not be repelled by the
metal surface. In addition, SRB growth, particularly that of members of the Desulfovibrio genus (Guezcimec,
1991 ), is enhaneed by hydrogen evolution occurring at low cathodic potential values. This hydrogen may be
metabolized by hydrogenase-containing SRB. Consequently the hydrogen environment should favor SRB over
aerobic bacteria.
Even when the protection level was increased from -0·7V to -0·9V, the number of attached cells was similar to
that found for unprotected samples. Higher cathodic current values were recorded at -0·9V (Fig. I}. Bacterial
attachment increased significantly after few hours of exposure (Figure 2). Colonies were not observed on
unprotected SS samples within 24h of exposure to the inoculated medium.
After two days of exposure, copious amounts of EPS were seen in the absence of CP (Figure 2). Inorganic
deposits mixed with bacteria were observed on cathodically protected samples (Figure 3}. A thick layer of
inorganic deposits was formed after 6 days of exposure to inoculated medium (Figure 4). High numbers of
bacteria were seen either on or beneath the inorganic layers (Figure 5}. The structure of the deposits seems
similar to that reported in the literature for natural seawater (Mansfeld & Little, 1991; Luo et al., 1991}.
Localized attack by pitting was seen on both protected and unprotected samples. Micropits of about 5 Jlm
diameter were observed after inunersing SS protected at -0·7V or -0·9V in SRB-inoculated media (Figure 6).
Current transients recorded during cathodic polarization showed scattered current values which could be related
to the formation and repassivation of micropits (Figure 7). Pit nucleation generally occurred at inclusions in the
alloy matrix, as has been reported for non-protected SS (Ringas & Robinson, 1988).
For mild steel it is generally accepted that a cathodic potential of -0·88V (vs. SCE) will protect against marine
corrosion. In anaerobic conditions (underneath marine sediments, aerobic bacterial slimes or macrofouling
deposits), this potential must be lowered to -l·OV to counteract SRB activity. This does not prevent SRB
growth, but allows passivity of steel in the sulfide-rich environment (Wagner & Little, 1993). In SRB
environments, incomplete or faulty polarization on either mild steel (Guezennec, 1991) or stainless steel could
render the metal highly susceptible to MIC.
CONCLUSIONS
-Neither the attachment nor the growth of SRB on SS is reduced by CP at -0·7V or -0·9V potential levels.
- The amount of EPS exuded by bacteria seems to depend on the protection level applied and on the
characteristics of the inorganic deposits formed on the metal surface.
- The composition and structural characteristics of the deposits, as well as the current values needed to achieve
the preset polarization !eve~ depend on the presence of both organics (including EPS) and SRB.
- Pitting attack initiation could not be avoided even by applying a cathodic potential of -0·9V. A definite tendency
for pitting to occur at inclusions was observed.
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Figure 1 Current transients of SS (cathodic protection: -0.7V and -0. 9V) m artificial
seawater; control and inoculated with SRB.
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Figure 4 SS, cathodic protection: -0.7V;
6 days exposure to mixed SRB.

Figure 5 SS, cathodic protection: -0.9V;
48h exposure to mixed SRB culture.
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Figure 6 SS, cathodic protection: -0.9V; 72 h exposure to mixed SRB culture.
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Figure 7 Current transient of SS (cathodic protection: -0.9V) in artificial seawater inoculated
with SRB .
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ABSTRACT Organochlorine compounds are used to illustrate the environmental problems of degradation of
xenobiotic organic compounds. Biotic and abiotic reactions are discussed. Other organohalogens are briefly
considered.
INTRODUCTION In discussions on environmental impact of organic compounds, the two groups of organic
compounds that have attracted most attention are polycyclic aromatic hydrocarbons (PAHs) and organochlorines.
The reasons are very different: PAHs because of their role as carcinogens after activation by cytochrome P450
systems, and organochlorines because of their accumulation in biota and in some cases their toxicity. Although
organochlorine compounds are used as illustration, the principles are equally applicable to all organic compounds.
The discussion is restricted to the aquatic environment, but the principles may readily be extended, with suitable
modification for the terrestrial environment, to the fate of agrochemicals and to bioremediation. It may be useful
to be reminded that organochlorine compounds were synthesized well over a hundred years ago - chloroform as
an anesthetic and chloral hydrate as a soporific - and that the latter was used to synthesize DDT, which has
attained such notoriety in discussions on environmental impact. A good idea of the range of organochlorine
compounds in current use is given in a recent review.
Microbiological aspects of environmental impact assessment The environmental impact of organic
compounds is based on three primary considerations: their persistence; their partition between the aqueous,
sediment and atmospheric phases and their toxicity.
No further comments on toxicity, and only some marginal comments on partition into the sediment phase will
be made. The concentration of neutral organochlorines, including DDT, PCBs and chlorinated benzo-1,4-dioxins,
is well established. Attention will be focused on microbiological aspects of persistence, and particularly on
bacteria that are the dominant agents of persistence in most aquatic systems; in terrestrial systems, fungi are, of
course, of enormous significance. It is important to appreciate a few details that should be taken into account in
discussions of persistence: (I) the difference between degradation and transformation (2) the significance of
transport of xenobiotics into the cell and (3) the important issue of oxygen concentration.
Abiotic and biotic reactions: degradation and transformation Organic compounds may be degraded and
transformed both by biochemical and by abiotic reactions. The latter include photochemical reactions that may be
particularly important in areas of higher solar irradiation; the photodegradation of pentachlorophenol provides a
good example. Biotic and abiotic reactions in degradation are complementary rather than exclusive and chemical
reactions may be implicated in sequences of reactions initiated by microorganisms. It is important to distinguish
degradation and transformation: in transformation, the skeleton of the substrate remains essentially intact and
only minor modifications such as hydroxylation, oxidation or reduction are carried out; in biodegradation the linal
products are CO, il,O, S04z., NH;, Cl'under aerobic conditions and CH4 and S" under anaerobic conditions.
Transport of xenobiotics It is clearly insufficient that cells are merely exposed to the substrate in the medium if
there is no extracellular degradative mechanism. In such instances, a mechanism for transporting the substrate
across the cell membranes must be present. Although transport mechanisms for readily degraded substrates, such
as carbohydrates, have been clearly established, transport of xenobiotics has received much less attention. The
transport of 4-hydroxybenzoate has been investigated and a correlation established with chemotactic response,
while an investigation with 4-chlorobenzoate has established the basic energetics of the system. Much more
attention should be directed to this important area.
Oxygen concentration The natural ·environment is one of fluctoating and varying oxygen concentration.
Whereas the extremes in well-aerated surface waters or anaerobic sediments are readily appreciated, it is
important to realize that degradation of, for example, alkanes may be carried out by aerobic organisms under
oxygen limited conditions and that under these conditions both aerobic and strictly anaerobic methanogens may
co-exist. The complete degradation of a xenobiotic may require the intervention of both aerobic and anaerobic
reactions; good examples are provided by pentachloroethane and J,l-dichloro-2,2-difluoroethene that are
degraded by an organism containing the CAM cytochrome 1?450 plasmid which accomplishes reduction and the
toluene dioxygenase system which carries out the oxidative steps.
Experimental design: simulation of natural ecosystems Experimenis on biodegradability may use a number of
different procedures: conventional assays, with their limitations that have been discussed elsewhere; laboratory
experiments that attempt to simulate important determinants in the natural environment, and field experiments
that are difficult to carry out, although use of mesocosm systems provides an attractive compromise. Experiments
that are relevant to natural ecosystems should address a number of important issues:(i) Substrate concentrations
(ii) The role of consortia
(ill) Pre-exposure
(iv) Enzyme regulatory systems
(v) Alternative electron acceptors
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Substrate concentration and cometabolism Concentrations of xenobiotics in the natural environment are
generally low - in the order of J.!gl-1, so that laboratory experiments that attempt to simulate natural ecosystems
should use substrate concentrations < I mg1·'- Even then it should be appreciated that there may exist a threshold
concentration below which rates of degradation are low or negligible. In addition, xenobiotics are nearly always
accompanied by more readily degraded substrates. When two or more substrates are present, their presence may
facilitate or hinder degradation of the xenobiotic. The term "cometabolism" has been used for this situation
though it has engendered considerable confusion and the term "concurrent metabolism" may avoid this ambiguity.
Similarly, a single type of microorganism is seldom dominant and degradation may be accomplished by a
consortium, each component of which carries out one or more steps in the sequence. Good examples are the
degradation of parathion and 2-chloropropionamide. For anaerobes, the important additional issues of hydrogen
transfer and syntrophy should he noted.
Enzyme regulation The regulation of catabolic enzymes is an important issue for several reasons:- Degradation by microorganisms from pristine areas may he slower than from contaminated areas - and vice
versa. This is relevant to the loss of agrochemicals in areas subjected to repeated treatment and to the whole
issue of bioremediation that is only noted briefly here.
- Pathways for even closely related substrates may he incompatible due to the synthesis of toxic metabolites. This
is an important issue that is well illustrated by degradative pathways for methyl- and chlorobenzenes.
- Catabolic enzymes may be inducible or constitutive and the complex regulation in pathways for degradation of
benzoates and related compounds should be borne in mind.
Alternative electron acceptors Under anaerobic conditions, electron acceptors other than 0 2 may be important.
Nitrate leached from agricultural soils or certain natural soils may be present in ground water under essentially
anaerobic conditions; degradation under such conditions has been demonstrated for monocyclic benzenoid
compounds - though not hitherto for dechlorination. The spectrum of substrates for anaerobic sulfate- and
sulfur-reducing bacteria is expanding rapidly, and attemion is directed, by way of example, to Desulfomoni/e
liedjei that dechlorinates 3-chlorobenzoate, Desu/jitobacterium dehalogenans that dechlorinates chlorophenolic
compounds and Dehalospirillum multivorans that dechlorinates chloroethenes.
Association with sediments - bioavailability It is important to address the question, "What really happens in
natural ecosystems?". The situation for aqueous systems is fairly well understood, though greater attention could
advantageously he directed to marine systems, since these constitute such a large body of water that may
ultimately receive substantial amounts of xenobiotics. Many xenobiotics are adsorbed into sediments from the
aquatic phase; these include chlorobenzenes, PCBs, chlorocatechols, chloroanilines and chlorinated
dihenzo-1,4-dioxins. This means that the fate of such xenobiotics is affected significantly by anaerobic reactions
and increasing attention has been directed to their degradation by anaerobic bacteria. Sediments may contain
substantial amounts of organic carbon in the form of lignins and humic and fulvic acids that originate from
terrestrial plants. It is to this organic material that xenobiotics become associated or "bound". This has two
important consequences: (a) the xenobiotic is less accessible to degradation by microorganisms and (b) after
deposition and during "aging• the xenobiotic becomes increasingly tightly associated with such organic matter
and is less readily recovered by chemical procedures. Both of these factors may lead to inappropriate concern
about the persistence of xenobiotics, such as chlorocatechols, chloroanilines and PAHs in contaminated
sediments.
Pathways for tbe degradation of organochlorine componnds Study of the degradation of organochlorine
compounds has been conducted over many years and it seems valuable to assemble the broad types of reaction
that have been implicated. This may then he utilized effectively in discussion of compounds that have not so far
been examined. The reactions involved in microbial dechlorination may be classified as hydrolysis, elimination,
anaerobic reduction and oxidative displacement.
These pathways have been discussed in greater detail elsewhere, but one important comment may be made
here. The reactions are not exclusive; for example, the anaerobic transformation of chlorinated cyclohexenes
involves both elimination and reduction, the aerobic degradation of pentachlorophenol involves hydrolysis and
reduction before ring cleavage. Both reductive dehalogenation and oxidation are involved in the transformation
of halogenated alkanes and alkenes by constructed microorganisms canying the CAM plasmid.
There are a number of additional issues that merit brief note: (I) the synthesis of toxic metabolites; (2)
rearrangements during biotransformation and (3) , the degree to which degradative pathways are
organism-specific.
Tone/inhibitory metabolites There are two rather different situations. In one, the metabolite inhibits further
degradation of the initial substrate. This is well illustrated by 3-chlorocatechol produced from chlorobenzene that
inhibits catechol-2,3-dioxygenase. Its role in incompatible degradative pathways has already been noted. In the
other situation, the metabolite is toxic to other organisms in the system. The classic case is that of methyl
mercury that is produced by bacterial activity from inorganic Hg and is highly toxic to higher organisms.
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Rearrangement during biotransformation Rearrangements of chlorine substituents may occur during
transformation of aromatic compounds by monooxygenase systems. This was elucidated in mammalian systems
but occurs infrequently in microbial systems; examples may be found in the metabolism of
2,4-dichlorophenoxyacetate by Aspergillus niger and of 4-chlorobiphenyl by a methylotrophic bacterium. This
example well illustrates the cardinal role of structural identification of metabolites.
Specificity of degradative pathways Differing pathways may be used for the degradation of the same substrate
so that pathways are organism-specific. A good example is provided by 2, 4-dichlorophenol: this is degraded by
bacteria by hydroxylation (or monooxygenation) to 3,5-dichlorocatechol followed by ring cleavage to
. dichloromuconoic acid; in the white-rot fungus Phanerochaete chrysosporium degradation takes place by a
complex series of reactions leading to 1,2,4,5-tetrabydroxybenzene that is cleaved to malonate.
It would clearly be desirable to make predictions about the degradability of structures differing in the number
and degree of substitution. This is a complex issue, since both the number and the position of the substituents are
determinants, as well as the conditions under which the reactions occur. Two examples are given as illustration.
Many studies have been devoted to PCBs and it has emerged that, under aerobic conditions, the ring with the
fewest chlorine substituents is degraded first to produce polychlorinated benzoates (or acetophenones); the
position as well as the number of substituents is also an important determinant. Under anaerobic conditions,
however, rings with the greater number of substituents are generally partially dechlorinated.
Different pathways may be used for chlorophenols, depending on the degree of substitution. Whereas monoand dichlorophenols are degraded by initial hydroxylation and chloride is lost from dichloromuconate after ring
cleavage, polychlorinated compounds, such as pentachlorophenol and tetrachloroguaiacol, are degraded by
Mycobacterium chlorophenolicus by hydrolytic and reductive loss of chlorine from the ring before ring cleavage.
A WIDER PERSPECTIVE To provide a wider perspective, brief comment is made on organohalogen
compounds containing fluorine and bromine substituents, on biogenic halogen compounds and on terrestrial
systems.
OrganoOuorine and organobromine compounds Organic compounds containing fluorine are important as
pharmaceuticals and agrochemicals, while organobromine compounds are extensively used as flame retardants.
Their biodegradation has not been examined to anything like the same extent as organochlorine compounds, but
some tentative comments may be advanced. Consistent with the chemical properties of the C-F and C-Br bonds,
organofluorine compounds are generally resistant to total degradation and this seems to be particnlarly true for
compounds containing the CF, group, while organobromine compounds seem to be no less· and sometimes more
• readily degradable than their chlorine counterparts. The large size of the bromine atom, however, may present a
steric barrier to uptake and degradation.
Naturally occurring organohalogen compounds Considerable attention has been directed to biogenic
organohalogen compounds and the structural range of these is impressive; organobromine compounds are
synthesized by a variety of marine organisms and methyl chloride by terrestrial fungi. Since no precise data are
available on their quantities, and, except for antibiotics, almost nothing on their toxicities, it seems premature to
attempt an assessment of their environmental impact.
Bioremediation Some comment should be made on bioremediation, which has attracted considerable and
increasing attention. There are a number of important unresolved issues, many of which are comparable to those
outlined for aquatic systems. Some of them are especially significant since they critically determine the degree of
success that may be achievable in any program:. "aging" of the substrate through interaction with organic material after deposition
· the extent to which the substrates are available to the appropriate microorganisms
• the possibility that where mixtures of substrates are present the appropriate pathways for degradation of the
individuals may be incompatible.
All of these should be addressed critically.
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ABSTRACT The aim of this study was to monitor the anaerobic degradation of chlorinated organic material in
the solid sludge from a pulp mill waste treatment plant and the influence on this process of pH and the addition of
surfactants. Chlorinated organics were monitored by EOX (Extractable Organic Halogen) analysis and the
degradation of organic matter was analyzed by COD (Chemical Oxygen Demand). The use of bicarbonate buffer
to adjust the initial pH to 7·0 accelerated the degradation of organic matter. The addition of hydrophobic
surfactant improved the bioavailability and degradation of organic matter, both general and chlorinated, during
the first 2-3 months. The maximum reductions for COD and EOX after 5 months were, respectively, 700/o and
600/o, in treatments with bicarbonate buffer; well beyond the literature citations. The reduction of EOX followed
the same degradation pattern as for COD. This is the first published report of the anaerobic digestion of EOX in
such industrial wastes.
INTRODUCTION The presence of halogenated xenobiotic substances in the environment is a subject of
growing interest. Natural halogenated compounds in the environment, often produced as protective agents
against attack by pathogens, provide a strong selective pressure for the evolution of degradative mechanisms.
Nevertheless, the presence of these compounds in industrial effiuents has intensified the requirement for studies
on the environmental impact and the treatment of such wastes. Almenmark et al. ( 1991) note that Swedish
environmental legislation for the pulp and paper industry related to the disposal of organochlorides from
bleaching units is becoming restrictive. The types of chlorinated compounds found in the effiuents from the
production of paper from eucalypts include polyphenolic extracts and condensed and hydrolysable tannins (Smith
et al., 1994). The greater fraction of the organochlorinated material is composed of high molecular weight
degradation products of lignin (M> 1000). Secondary waste treatment in the paper factory eliminates only a
portion of these compounds.
Biological methods can be an alternative to physical and chemical treatments for the reduction of
environmental toxicity. Boman & BergstrOm (cited by Almenmark et al., 1991) showed that a variety of
chlorinated compounds are degraded in sludge inoculated with sediment exposed to industrial wastes. They
identified the conditions under which effective anaerobic degradation was produced by a microbial consortium,
which maintained its degradative ability for more than two years, demonstrating that anaerobic degradation is
economically viable. A number of other studies on anaerobic degradation of chlorinated organics have been
published (e.g., Stevens et al., 1988; Tiedje et al., 1986).
The present study investigates anaerobic degradation in an industrial sludge treatment plant. The specific
objectives were to monitor the rate of degradation of general organic material and of lipophilic chlorinated
organics and to investigate the effects of treatments for pH control and of the addition of surfactants.
MATERIALS & METHODS
Solid waste The solid industrial waste was a mixture of residues from the primary, secondary and tertiary
treatment stages, collected from Riocell S.A pulp and paper factory during a period in which elemental chlorine
was not being used for bleaching. The final waste mixture contained approximately 20% solids.
Inoculum The waste was mixed with 5% (w/w) of the same material which had previously been allowed to
stabilize in anaerobic cells for 6 months.
Modifying treatments Samples were modified by the addition of cationic (detcat) or non-ionic hydrophilic
(detA) or hydrophobic (detB) surfactants (500mg·kg" 1 wet weight) or by the adjustment of pH to a value of7 by
the addition of potassium hydroxide or sodium bicarbonate. A joint treatment with hydrophobic surfactant and
pH adjustment with bicarbonate was also carried out. Surfactants used were cetyltrimethylammonium chloride
(cationic - detcat) and combinations of ethoxylated nonylphenol (non-ionic) compounds producing hydrophobic
or hydrophilic mixtures. All surfactants were kindly supplied by Hoechst (Brasil). Finally, the sludge was adjusted
to 100/o solids content (w/w). Digestion was carried out in sealed flexible polythene vessels of 20liters for a
period of 5 months, with 3 replicates per treatment.
Sampling Monthly samples were taken using a specially developed sampling device which collected a vertical
sample from the containers without overdue disturbance of the material (in order to maintain anaerobic
conditions). Each sample was analyzed by chemical oxygen demand (COD) and extractable organochloride
(EOX) determination, all analyses being done in triplicate. pH and oxygen were measured with standard
electrodes. Weight loss of solids was determined at the end of the total period.
Statistical analysis COD and EOX concentrations as a function of time were compared using the Spearman
Rank Sum test. Absolute values of COD and EOX, at the end of the 5 months period, were analyzed by the
student t-test modified for non-equal variances and compared using the Kruskai-Wallis (non-parametric analysis
of variance) test.
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RESULTS No oxygen could be detected in the vessels, indicating that conditions were anaerobic.
pH The original pH of the waste was 6·3 in those treatments which were not adjusted to initial pH7 by the
addition of alkali. All treatments suffered an abrupt fall in pH to around 5·0 to 5·5 during the first 2 weeks.
During this period there was intense gas production. Only the bicarbonate treatments showed a tendency to
return to more neutral pH values during the first 30 days and to maintain this alkalizing activity over the entire 5
months, terminating, in some cases, with pH values as high as 8. Only in these bicarbonate-treated samples did
gas production remain high.
COD and EOX concentrations Figure I shows the concentmtion curves for COD for control (non-adjusted),
bicarbonate, bicarbonate+detB, and detcat treatments. DetA, detB alone, and potassium hydroxide treatments,
like detcat, did not differ significantly from the control in terms of COD degmdation.
There was a general tendency for both COD and BOX to decline with time in all treatments. Those in which
pH levels remained around pHS had the following common characteristics:
- raised or stable COD up to the second month
- large spread of COD values within the replicates. (Greater than eKpected (5%) for this method (Greenberg et
a!., 1992)
- static, low density, sludges, accumulating gases within them.
Treatments which recovered their initial pH values of around 7 (bicarbonate treatments) had the following
characteristics:
-continued decrease of COD, with the expected spread of values within replicates
- flocculent, dense, sludges, liberating gases continuously.
The BOX measurements for all treatments showed the eKpected spread of values for the method used (5%), but
there were no significant differences between values obtained for control or treated sludges.
Absolute COD and EOX values Figures 2 and 3 summarize the results of the calculation of solids balance at the
end of the 5 months digestion period, from which it was possible to calculate the absolute values of COD and
EOX on a dry weight basis. In treatments which did not recover the initial pH, there was a fall of 30-40% in
COD and BOX values, whilst the bicarbonate treatments showed reductions of 60-70"/o. These figures were
significantly different from the control values at the 5% level. Although detB reduced COD and EOX during the
intermediate period, there was no overall effect of surfactants demonstrable over the total time scale.
DISCUSSION
Effects of pH The efficiency of anaerobic digestion was reduced when pH values fell to around 5. Speece &
Parldn (1983) state that various fuctors can cause a fall in pH in the system and that the effect of the
accumulation of acids can persist for a prolonged period. The fall in pH to a value of 5 for 15 days is only
recupemted with new alkalization, and even then only after 3 weeks. The authors also note that methanogens
present in biofilrns are not subjected to the same pH conditions as the suspended organisms. These facts help to
e><plain the partial effectiveness of treatments in which initial pH was not recovered.
Correction of the initial pH values to 7 using potassium hydroxide did not allow the same recuperative effect
as treatment with bicarbonate. McCarty (1964) considered that pH should be corrected when it tends to fall
below 6·5 and that sodium bicarbonate is suitable for pH adjustment without toxic effects up to 5-6g·l·'. Although
the bicarbonate treatments showed elevated pH values of around 8 after 5 months, they did not approach the
inhibitory levels quoted by Speece & Parkin (1983) of9-9·5.
Effects of surfactants Organic compounds tend to adsorb to solid organic material present in heterogeneous
systems and this is a fuctor which may be intportant in the occasional failures in biodepurination of organic
compounds (Block et a!., 1993). Aging of sludges may result in the liberation of the organics, or in bond
strengthening to surfuces, where they are inaccessible to biological degmdation. Results of aging cannot be
predicted and have to be determined empirically.
Surfactive agents can remove recalcitrant organic compounds from the solid matrix (Tiehm, 1994;
Pendergrass, !991; Rosiers, 1983). However, some non-ionic lipophilic surfactants have a toxic effect on
bacterial cell membranes. Compounds with the grade of ethoxylation of 6-13 moles are tolerated by some groups
of bacteria and it is notable that, in the present study, only the treatment with the hydrophobic surfactant
prepared from a mbrture of non-ionic compounda with ethoxylation of 9 and 4 moles had an effect in reducing
general and chlorinated organic material, and then only in the first months of digestion. This tempomry increase
in degradation can be e><plained by the fuct that up to 75% of ethoxylated nonylphenols with an ethoxylation level
of less than 10 moles are degraded within 30 days in rivers (Schick, 1966) and, therefore, presumably, also in
sludge.
Cationic surfuctants have a solubilizing effect on organochlorine compounds (Botre et a!., 1978), but are
generally toxic to microorganisms. Once again, this surfuctant may well be broken down relatively rapidly under
the conditions of these experiments, thus allowing early solubilization of the adsorbed organics with restricted
degradation. Later recuperation of microbial activity may explain the slight increase in degradation that was seen
in the final month.
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The general lack of effectiveness of the surfactant treatments may also indicate that lipophilic substances in this
system, as determined by the EOX analysis, are already adequately available. There are opposing views in the
literature with respect to the availability or otherwise of chlorinated organics (Parker et al., 1993; Gergov et al.,
1988).
Degradation of COD and AOX The non-linear concentration curves fur COD and EOX with time indicate that,
dwing the 5 months timescale, the sludges pass through various ecological successions, each with its distinct
degradation velocity. For example, the stability or increase in COD for the first month of digestion with control,
detA and detcat treatments could be due to a sorption/desorption process of low molecular weight organics on
the high molecular weight chlorolignin networks found in pulp and paper mill eflluents (O'Connor & Voss,
1992}.

•

The maximum degradation levels found in this study (60-700/o) are well beyond those which have been
previously quoted. Puhakka & Rintala (1987) showed a reduction in COD of 32-37% in a 10 day anaerobic
digester with controlled (optimum) conditions of temperature and pH, using a mixture of chemical sludge and
activated (biological) sludge. No previous reports ofEOX degradation in solid wastes from the pulp and paper
industry have been found. However, in our study, EOX seems to be degraded concomitantly with COD, in spite
ofthe fact that the concentration of the former is ten times smaller. This is surprising in view of the generally held
belief that chlorinated organics are slowly degraded. However, Neilson (this volume) mentions that chlorinated
material present in sludge may be only poorly recalcitrant, especially in anaerobic conditions. There is evidence
that phenols, catechols and chlorinated anilines are better degraded under anaerobic conditions, even when there
is a high level of chlorine substitution in the molecule. This is explained by the fact that reducing dechlorination
reactions generate energy in the form of ATP, which is scarce in anaerobic environments (Dolling, 1990).
CONCLUSIONS

•

- general and chlorinated organic material was degraded in all treatments, including the control (unadjusted}
sludge
- maximum reductions, found in treatments using bicarbonate to adjust pH to 7, were 70% for COD and 60% for
EOX, the latter following the COD reduction rate
- the use of bicarbonate substantially accelerated anaerobic digestion
- the surfactants appeared to be degraded together with the general organic matter, minimizing their effects.
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Figure 1 Change in COD with time for control and three treatments
Abbreviations as in Figure 2
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Figure 2 COD (g·02·kg'1) after 5 months, after adjustment by mass balance calculations
ConO=control at time 0; Con5=control after 5months; DetA=hydrophilic, DetB=hydrophobic, Detcat=cationic
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ABSTRACT Sulfide toxicity studies were carried out in a lab-scale UASB reactor operated continuously over
12 months with progressively increasing influent Na,S concentrations (10 to 500mg·l'1), The influent COD
concentration of 2000mg· 1'1 and the hydraulic retention time of 15·6 hours were held approximately constant
during the experiment. Degradation was stimulated up to the sulfide concentration of 1OOmg·l''. Above this value
there was a gradual efficiency reduction (from 98 to 70% COD removal) to 500mgl'1 of sulfide,
INTRODUCTION The advantages of anaerobic digestion for the treatment of many liquid and solid wastes
have been stressed in the last decades. Since the work of Young and McCarthy (1968) on the use of anaerobic
filters in the treatment of liquid effiuents, different types of anaerobic reactors have been developed, the most
outstanding being the upflow anaerobic sludge blanket reactor (UASB; Lettinga et a!,, 1980), An important
limitation of anaerobic processes for industrial liquid effiuents is their inhibition by some chemicals. Anaerobic
cultures can become acclimatized to a variety of potentially toxic chemicals (Speece, 1983), However, difficulties
of measurement of substrate utilization and growth rates of individual microbial species within the reactor, of
hydrodynamic characterization of some types of reactors, and the inadequacy of existing methods for evaluating
the active biomass within the reactor, have restricted toxicity studies. Most of the information available is on pure
and enriched cultures in serum bottles, or in completely mixed reactors.
The inhibition of methanogenesis by sulfides restricts the commercial application of anaerobic digestion. The
inhibition data reported in the literature (Isa et a!,, 1986a,b; Koster et a!., 1986; Karhadkar et a!., 1987; Hilton
and Oleszkiewic, 1988; McCartney and Oleszkiewcz, 1991) results from various test methods and conditions.
This paper reports the toxic effect of sulfide in the influent of a bench-scale UASB reactor. Sulfide was chosen
as one of the most common inhibitors of the anaerobic process, It also describes the toxicity effects in different
sludge layers within the reactor.
MATERIALS AND METHODS The set up has been previously described (Paula Jr, & Forest~ 1992c). The
composition of the synthetic substrate, corresponding to a COD of2x101mg·J·', approximately, is shown in Table
I. At the beginning of the experiment, the average influent COD was lower than expected due to fermentation in
the holding tank, which could not be completely avoided. The value increased gradually during the experiment,
due to the progressive increase of influent sulfide concentration.
Anaerobic digested sludge from a conventional sewage treatment plant (Vila Leopoldina, SP) was used to
inoculate the reactor; the start-up period lasted two months. After this, the reaCtor was operated for five months
without sulfide, fed with synthetic substrate (COD 2000), achieving a high degree of stability and COD removal
efficiency of97·7%. Thereafter, the reactor was operated under step-increase of influent sulfide (Na,S) for seven
months. Sulfide concentrations (as S") of 10, 25, 50, 100, ISO, 200, 300 and 500mg·1'1 were applied directly and
continuously. Each dosage period lasted 15 to 20 days, depending on the response of the reactor. The hydraulic
retention time (HRT) of 15·6 hours was kept constant by controlling the flow rate (16l·day'1),
Table l Substrate concentration (mgl'1) for COD concentration of2 x 10'mg·l·'

•

C1H120 1 NH4 0Ac FeS04 FoCI, CaC~ CoC~ Sa02 KH,f'04 K,HP04 Na,HP04 NaHC02 NIS04
7H,O 6H20
7H20

1500

400

5

0·25

4·5

0·08 8·5

8·5

21·75

33·4

2000

I

MgS04 CH,OH
7H20
(99.8%)

22·5 0·5mH 1

The reaction zone of the reactor was represented by four regions defined by the intermediate ports; the sludge
was discharged when the blanket reached point 5 of sampling, The excess sludge and the samples were analyzed
for VSS (Volatile Suspended Solids). This procedure permitted the evaluation of mean cellular retention time
(CRT), The reactor was monitored daily for pH, temperature, flow rate, gas production and sludge height and
twice weekly for COD and VSS. All analyses were according to the "Standard Methods for the Examination of
Water and Wastewater" (APHA, 1985). Volatile acids (VA) were measured weekly by dire<;t titration (Dilallo and
Albertson, 1961) and gas composition was determined using a CG04 model3537 gas chromatograph with flame
ionization detector, Other overall parameters were determined according to the following equations:Fa = Q·So
Fr = Q·(So- S)
Fm = 2,857·Qg· f
Fa= load of COD applied per day
Q =feeding flow rato,l·day''
So= influent COD, mg·l''

Fr =load of COD retiJ<M:d per day
Q =feeding flow rato,l·day"'
S = eOiuont COD, mg·l·'
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Fm =COD converted to CJ!<day''
Qg =gas flow (at 273"K),l·day'
f= CH, fraction in the gas
2,875 =conversion coefficient ofC~ to COD
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RESULTS AND DISCUSSION ,
Performance of the Reactor The results (Table 2} were grouped according to the concentration of sulfide.
Changes in temperature, pH, total alkalinity, volatile acids, volatile suspended solids, gas flow rate and gas
composition have been previously reported by Paula Jr. and Foresti (1992 a,b} and Paula Jr. (1992). A gradual
increase of So (influent COD) with i (mfluent S" concentration) occurred. Effluent COD (S) increased from
lower to higher values of i, particularly fori values between ISOmg·l·' and SOOmg·l''. The S curve was clearly
more pronounced than the So curve in this range of ~ indicating toxicity effects on the reactor performance.
However, high values of effluent COD and low COD removal efficiencies in reactors operating at high influent
sulfide concentrations may not reflect the actual toxicity level, as sulfide contributes to COD. Significant amounts
of sulfide may enter and leave the reactor, masking its degradation efficiency. Mass balance of sulfide in
anaerobic reactors is difficult due to the various biochemical, chemical and physical removal and retention
mechanisms involved. Even so, the values of COD removal here are high and consistent (E 98%) for i values
between 10mg·l'1 and 100mg·l'1• A gradual reduction ofE occurred fori values higher than 150mg·l'1
Table 2 Averages of parameters for each phase during reactor operation at increasing sulfide concentrations (i)
Pluue

I
11

m
IV

v

V1
VI1

vm
IX

I
(mg-1·'-TS)

10
2S

so

100
ISO
200
300
500

s

So
(mg-1")

(mg-t')

IS92
17SO
1845
2138
2085
2ll0
2013
2185
2295

37
27
25
47
44
75
107
261
693

E(%)

97·7
98·2
98·6
97·8
97·9
97·1
94·7
88•0
70·1

Fa
Fr
Fm
loo.Fm/Fr
(gCOD-day') (gCOD-day') (gCOD-CH.-day')

25-47
28·00
29·S2
34·21
33-36
33·76
32·21
34·96
36·72

24-88
27·S7
29·12
33-46
32-6S
32·S6
30·SO
30·78
25·63

24·91
26·37
26·24
26·S2
27-31

100
. 96
90
79
84

27·2S
2I·S3
12·33

89
70
48

According to Speece (1981), 150mg·l·' ofundissociated sulfide is the upper limit for preventing the anaerobic
process from collapse. In this study, similar concentrations of total sulfide showed the beginning of inhibition.
The changes in Fa, Fr and Fm are shown in Table 2. While Fa increases with i, Fr and Fm show different trends.
For i in the range of IOmg·l-1 to SOmg·l'' the process was clearly stimulated, with Fr achieving its maximum at i
of SOmg·l·' For higher values of i, Fr decreaSed continuously, while Fm values were very similar up to 200mg·l'1
of sulfide. Fori higher than 200mg·l'1 the overall process was clearly inhibited.
The apparent discrepancies in these results can be explained by the importance of processes other than
methanogenic stimulation and inhibition, reflected in the values ofFrn!Fr. These show methanogenesis as the sole
process of COD removal in the absence of sulfide. However, even when stimulated by sulfide, methanogenesis
progressively lost its importance in relation to global reactor efficiency. Oscillations in the values of Frn!Fr are
seen for i values between SOmg·t·' to 200mg·1·1 This behavior can be attributed to transient conditions including
acclimatization of the biomass to changes in influent characteristics. Fr and Fm were therefore calculated from
data obtained at non steady-state conditions. In spite of this, the results are consistent enough to conclude that
the addition of sulfide up to IOOmg·l'' stimulated the process by favoring the growth of non- methanogenic
biomass. Such biomass increased throughout the experiment, reducing the inhibition mainly when methanogenesis
was severely inhibited (i = SOOmg·l''). In addition, visual observations of the anaerobic sludge confirmed
alterations in the biomass composition; its color changed progressively from black to gray.
Profile analyses The change in average COD of samples from the intermediate ports in each operational phase is
shown in Fig. I. The lower sludge layers removed the major fractions of COD, independent of the sulfide
concentration. Stimulation at low sulfide levels was clearly demonstrated by the different values ofi (0, 10, 25, 50
and 100). The activity at the reactor bottom at these concentrations was so high that the COD profiles indicated a.
completely mixed flow pattern. However, with the increase of ~ the upper regions started to participate and the
process was inhibited. The profiles obtained for intermediate values of i (150, 200, 300) were typically plug-flow
type. Thus the inhibition of the lower sludge layers released part of the influent COD for the overlying sludge
layers. Probably part of the sludge within the UASB reactor acted as reserve viable biomass.
Process inhibition was clearly demonstrated for i of SOOmg·I·'. A possible explanation for the absence of
biological activity in the reserve biomass is that high sulfide concentrations acted selectively on anaerobic
methanogenic and non-methanogenic cultures due to aprogressive acclimatization of the biomass to sulfide. This
aspect of the study needs to be elucidated in the future.
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CONCLUSIONS
1. COD removal efficiencies varying from 98·6% to 70·1% were achieved by the UASB reactor, operated at

influent COD concentrations of 2000mg·l·' and with influent sulfide concentrations from zero to 500mg·1'1•
Highest COD removal efficiency was achieved at 50mg·l·' of influent total sulfide
2. Stimulation of degradation was observed for low values of sulfide. Overall COD removal was stimulated up to
50mg·l·' sulfide, whereas methanogenic activity was stimulated up to !OOmg·l·'
3. Progressive process inhibition occurred for influent sulfide above 200mg.l' 1
4. It is suggested that non-methanogenic biomass growth was responsible for reducing the inhibition of the
methanogenic biomass.
5. The major fraction of the influent COD was removed at the bottom of the reactor, whatever the sulfide
concentration. Nevertheless, the profiles of COD along the reactor height indicated that the intermediate sludge
layers acted as biomass reserve which participated in the process when the sludge layers beneath were partially
inhibited.
Acknowledgments The authors thank FAPESP for the financing of the research project.
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Figure 1 Diagram showing sampling points (1 - 7) from the UASB reactor
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Figure 2 Graphs showing the variation of mean COD with height of the sampling point in
the reactor vessel. Each graph represents the COD profile at a different sulfide concentration.
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ABSTRACf Nioe different straios of aerobic bacteria were isolated from cellulose pulp mill effluent.
Physiological studies were performed io media contaioiog effluent or 4,5,6-trichloroguaiacol (4,5,6-TCG). One
isolate grew on agar contaioiog 50ppm 4,5,6-TCG, about 5 orders of magnitude greater than that found io
effluent. The most tolerant isolates were grown in minimal and enriched media with high concentrations of
4,5,6-TCG. A substantial decrease in the levels of 4,5,6-TCGwere observed.
INTRODUCTION Every year hundreds of tons of organochlorioated compounds are released to the
environment. Due to their properties of recalcitrance, molecular stability and toxicity, these chemicals can be
dangerous to fauna, flora and humans. Organochlorioated compounds are utilized as biocides, flame retardants,
paiot removers, and other synthetic products (Allard et al., 1992). However, they are also synthesized as a
by-product in cellulose bleaching process. In industrial pulp mill effluents hundreds of different organochlorioated
compounds can be found, produced duriog delignification (Neilson et al., 1983). One of these compounds is
4,5,6-trichloroguaiacol (4,5,6-TCG). In Sweden, by the end of the eighties, two tons of 4,5,6-TCG were released
ioto the environment yearly (Neilson et al., 1983). In 1994, treated effluents of cellulose iodustries io Canada,
Switzerland and Brazil showed concentrations of this compound of 1·2, 2·2 and 0·5 ppb respectively (Zini, 1994).
In the environment 4,5,6-TCG can be found in the liquid phase or adsorbed to sediment, where it is accumulated
and metabolized by fish, iovertebrates and algae. Some chlorioated guaiacols have toxic effects on fish such as the
raiobow trout (Salmo gairdnen) or zebra fish (Brachydanio rerio). These effects are observed at concentrations
as low as 1000ppb or less (Neilson et al., 1983). The final fate of4,5,6-TCG is to be excreted and attached to
organic matter present in the sediments. There, it can be biodegraded and, possibly, completely mineralized by
aerobic or anaerobic bacteria.
Government, environmental agencies and industry are concerned with pollution, and thus there has been
significant support for genetic engioeering research to develop new technologies for bioremediation. Genetic
engioeered microorganisms (GEM) can be iotroduced in effluent plant treatment or in contaminated areas
(Dobler, 1992). The aim of this research is to isolate microorganisms capable ofbiodegradiog organochlorioated
compounds io the local industry of southern Brazil and to identifY genetic sequences in these microorganisms
which are responsible for the metabolic pathways of biotransformation.
MATERIAL AND METHODS
Chemicals The model organochlorioated compound used was 4,5,6-trichloroguaiacol (4,5,6-TCG) bought from
Helix Biotech Co., Canada. All other chemicals used were of analytical grade.
Bacterial isolation and identification The aerobic bacteria were isolated from the biological reactor of the
treatment plant of the pulp and paper factory Riocell S.A, io Gualba, RS, Brazil. An effluent medium was
prepared utilizing only filtered liquid effluent and agar. Samples of liquid effluent were plated and incubated at
3T'C for 120 hours. Identification was with API 20E and Rapid NFT kits.
Physiological Tests Growth curves were performed with all isolates in three different media: 1) Luria broth
(LB); 2) effluent + 1% glucose; 3) pure effluent (all pH 6·5). Each curve was run for 150 hours and 150 rpm
agitation, at 37" C. The volume was 15 mi. The isolates were also plated on: 1) M9 minimal medium (Sambrook
et al., 1989); 2) Siounon's salt (SS) (Baronet al., 1994) (without citrate); 3) Luria broth (LB); and 4) LB with
different concentrations of 4,5,6-TCG (1,2,4,6, 10 and SO mg·l·').
Analysis of 4,5,6-TCG by scanning spectrophotometry A I Sml inoculum of isolates 2, 12 and E. coli DH5a
were seeded in 200 ml ofM9 +50 mg·l·' of 4,5,6-TCG medium and incubated at 150 rpm at 3T'C. Isolates 2, 12,
13, and the control Staphylococcus sp. (isolated io our laboratory), were grown io LB containiog 50mgl"1 of
4,5,6-TCG, pH 7·0. Samples of 1ml were collected from cultures and dispensed ioto 3·0 ml vials and extracted
with 1·5 ml heK&ne by vorteKiog. The heK&ne layer was taken and dispensed ioto spectrophotometric cuvertes.
The same extraction procedure was applied to control medium which consisted of pure M9. Analyses were
followed for 40 days. A Shimadzu UV 160 spectrophotometer in a scanning range of 200 to 400 nm was used.
This procedure was used to evaluate by-products of 4,5,6-TCG degradation.
RESULTS AND DISCUSSION Nine aerobic bacteria able to grow on effluent medium were isolated from
pulp mill effiuent. Isolate 2 was identified as Enterobacter cloacae, five were tentatively identified as
Pseudomonas spp. (isolates 6, 9, 10, 11 and 12), isolate 7 as a Pasteurella sp., isolate 13 as a Bacillus sp. and
isolate 8 was an unidentified Gram positive rod.
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Table 1 Growth of isolates on solid media containing various 4,5,6-TCG levels
Isolate N"
Basic medium
2
6
7
8
9
10 11
TCG (mg·l" 1)
LB
2
+
+
+
+
+
+
+
LB, 50%
+
+
0
+
+
+
LB,50%
I
+
+
+
+
+ + +
LB, 50"/o
+
2
+
+
+
+
+
+
+
+
M9
0
+
+
+
+
M9
2
+ +/+I+ +/- +/M9
4
+I+1M9
50
M9, 50"/o
+
2
+
+
Effluent
0
+
+
+
+
+
+
+
Effluent + I% glucose
+
+
0
+
+
+
+
+

ss
ss
ss
ss

+=growth; - =no growth

2

+

4
6
10

+
+

+

+
+

+
+
+

+
+
+

+
+
+
+

+
+
+

+
+
+

12
+
+
+
+
+
+/+

+
+
+
+
+
+
+

13

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

.

TCO = 4,5,6-trichloroguiaool

Figures I, 2 and Table I show the results of growth curves and static cultures of isolates in different media. The
pool of isolates was able to reach a higher biomass in the effluent than any of the isolates separately (Fig. 2). This
can be attributed to symbiotic interactions. The Bacillus sp. grew much better than others, suggesting better
adaptation to 4,5,6-TCG-containing media, and was possibly the main bacterium contributing to biomass
formation in the pool growth experiment. The results showed the growth ability of the bacteria varied and the
most tolerant isolates, E. cloacae (2), a Pseudomonas sp. (12) and the Bacillus sp. (13), were chosen for the
experiments on 4,5,6-TCG degradation.
The optimum absorption wavelength for 4,5,6-TCG, free of interference, was 296nm. When isolates were
cultured in M9 media over a period of 40 days, no decrease in 4,5,6-TCG concentration was seen (results not
shown). However, cells maintained their viability, suggesting that bacteria isolated from the effluent and the
control share a certain level of resistance towards the model compound. Lack of 4,5,6-TCG metabolism in M9
could be because of lack of essential factors necessary for biosynthetic pathway induction.
Figure 3 shows the results of growth of the 3 most tolerant isolates and control bacterium in LB containing
50mg·J·' 4,5,6-TCG. A clear decrease in the levels of hexane-eXtractable 4,5,6-TCG can be seen. The Bacillus sp.
reduced the 4,5,6-TCG peak almost completely in 24 hours. Further experiments demonstrated that 4,5,6-TCG
neither volatilizes, accumulates inside cells, nor is adsorbed on them. These results strongly suggest that the
decrease of this organochlorinated compound was related to bacterial metabolism. The fact that there was growth
on LB further suggests that the degradation of 4,5,6-TCG is related to co-metabolism pathways.
Acknowledgments This work was supported by FAPERGS, CNPq and GENOTOX, Centro de Biotecnologia,
Universidade Federal do Rio Grande do Sui. The authors thank Riocell S.A. for its material and scientilic
support.
REFERENCES
Allanl, A., Hynning, P., Remberger, M., Neillon, A.H. (1992). Role of sulfate coneentration in dechlorination of 3,4,5-trichJorocatecol by
stable enrichment cul~s grown with cownarin and flavanone glycones and aglyoones. Appl. Environ. MicrobiaL, 58:961-%8.
Banm, E., Peterson, L.R., Finegold, S.M. (1994). Diag>mUc Microbiology. Mosby-Year Book, Inc.
Dobler, LW. (1992). Evaluation of aquatic sediment microcosms and their use in_ assessing possible effects of introduced microorganisms on
ecosptem panuneters. Appl. Environ. Microbial., 58:1249-1258.
Nefbon, A.IL, Allard, A., H)'IUling, P., Remberger, M, Landner, L.(l983). Bacterial methylation of chlorinated phenols and guaiacoJs:
fonnatioo of verutrolcs from guaiacols and high-molecular weight chlorinated lignin; Appl. Environ. Microbial, 45:774-783.
Sambrook, J., Frlts<h, E.F., Manlat!J, T. (1989). Molecular Cloning. A Laboratory Manual., Vol. 3. Cold Spring Harbor Laboratoty P=s.
Zlnl, C.A. (1994 ). Compostos fen6licos clorndos em efluente de liibrica Kraft de celulose utilizando 80% de substitui9no por diOxido de cloro
no estigio De. 0 Popel, 33-39.

132

LABS2

•

Tondo EC, Biodegradation of 4,5,6-TCG

•

Figure 1 Growth curves in effluent plus
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ABSTRACT This study assessed the microbial density (fungi and bacteria) and diversity of fungi in a sandy soil
contaminated with organochlorine compounds (6·96%, total; 5-12% hexachlorobenzene) and in a similar
non-contaminated soil. The microbial density and diversity of fungi were considerably higher in the contaminated
soil. The low organic matter content in the soil suggested that the microorganisms may utilize organochlorine
compounds as carbon source. Cladosporium cladosporioides (Fresen.) de Vries, C. orysporum Berk. & Curt.,
Epicoccum nigrum Link, Nigrospora cj sphaerica (Sacc.) Mason, Paecilomyces sp., and Trichoderma viride
Pers. ex S.F. Gray aggr. were present in contaminated soil, while only Penicillium spp. was found in both soils,
and other Cladosporium sp. only in non-contaminated soil.
INTRODUCTION In the region Of "Baixada Santista', Sao Paulo, Brazil, there are soils contaminated with
organochlorine compounds, which cause serious environmental and health problems. These soils were
contaminated with carbon tetrachloride from waste dumps. Carbon tetrachloride is still produced, but the destiny
of this waste is not the same. The current predominant organochlorine waste is hexachlorobenzene (HCB), a
molecule known to be recalcitrant.
Many organic materials that contaminate soil and subsurface environments are readily degraded by natural
processes. Thus, bioremediation can be thought of as a highly successful purification process. However, some
organic molecules are resistant to biodegradation; either the appropriate microbial population is not present or
environmental conditions are not suitable for biodegradation, so that the compounds persist in the environment
for years (MacCarty, 1991). In order to assess the potential of a site for engineering an in situ bioremediation
system, the first step is to characterize chemically, physically and biologically the soil to be treated, to determine
the contaminant concentrations and to assess limiting factors.
l
Factors that determine persistence are the microbial flora, which may lack organisms With appropriate
enzymes; the absence of an essential co-factor; environmental toxicity; inactivation of requisite enzymes and
binding of the contaminant to soil components, impairing bioavailability (Alexander, 1965). The peroxidases,
which are commonly referred to as ligninases, are sble to catalyze the initial oxidation of many hard-to-degrade
organopollutants (Sangland et al., 1986). This is of great significance because the initial oxidation of a chemical is
often the most difficult step in its biodegradation. Because of ligninase's broad bindegradative abilities, it has been
proposed that it may be possible to develop waste treatment systems based on the use of microorganisms which
produce these enzymes, such as white-rot fungus in axenic culture (Bumpus et al., 1987).
This study investigated the microbial density and diversity of fungi of the contaminated soil from "Baixada
Santista' to assess its potential for xenobiotic degradation.
MATERIAL AND METHODS The soils in this study are from highly sandy "restinga", devoid of vegetation.
Samples (Sl, contaminated and S2, uncontaminated) were collected in May, 1994, near to milepost km69 of
"RodoviaPadreManuel da N6brega", Sao Vicente, Silo Paulo, 23° 53' 30" Sand 46" 26' 15" W.
Composite sample of S1 and S2 was analyzed by "Lagro-Laborat6rio Agronilmico SIC Ltda", for soil
physical-chemical characteristics. Organochlorine concentrations in S1 samples taken at a depth of 30 em were
analyzed, in triplicate, by gas chromatography in the laboratories of Rhodia at the Paullnia Research Center, Silo
Paulo. For microbiological study, 100g samples were stored at room temperature. The microbial density (fungi
and bacteria) was assessed, in quadruplicate, for both samples of soil. The dilution method was used to estimate
the microbial densities, with Martin's culture media for fungi and nutrient agar for bacteria. Various dilutions
were tested and 1o• was selected for fungi and for bacteria. Fungi were counted after a week of incubation at
room temperature (about 25°C). Colonies were isolated on potato dextrose agar (PDA). After one week's
incubation, permanent slides were made (Riddell, 1950) for identification. Bacteria were counted after 48 hours'
incubation at room temperature, but they were not identified.
RESULTS AND DISCUSSION Both soils, S1 and S2, are highly sandy (98·0"/o), with the following
physical-chemical characteristics: pH 5·07; CEC5·5mEq·1 oorni·'; base saturation 5·6%; 0·06% total nitrogen;
1·0Jlg·g·' phosphorus; 0·01 mEq·100rnl'1 potassium; and 0·13% organic matter. In S1, organochlorine
concentrations were 6·96% total, 5·12% HCB, 1·46% pentachlorophenol, 0· 35% pentachlorobenzene, 0·0 15%
tetrachlorobenzene and 0·017% hexachlorobutadiene, and moisture content, 10"/o. S2 had a moisture content of
0·31 %. The moisture contents were not adjusted so as to maintain field conditions. Bacterial counts were
4·98x107cfu·g· 1 for S1 and 3·5 lx106cfu·g·1 for S2. The fungal concentrations were 1·28x107cfu·g·', S1 and
5·02x10'cfu·g·1 t., S2
The microbial density in S1 is very much higher than in S2. This may be related to the high concentration of
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organochlorine compoliitds in this soil. Sfuce there is little other organic matter in SI, the microorganisms may be
utilizing organochlorine compounds as carbon source. The difference between the microbial densities may have
been caused by the moisture difference between the samples; however, when the taxa of identified fungi are
compared, it is to be noted that there is very much higher diversity of fungi inS! (Table 1), as well as a higher
microbial density.

•

•

Table 1 Fungal species isolated from contaminated and non-contaminated soils
Taxa
Sample 1
Sample 2
Cladosporium c/adosporioides
+
Cozysporom
+
Cladosporium sp.
+
Epicoccum nigrum
+
Nigrospora sphaerica
+
Paecilomyces sp.
+
Penicillium sp.
+
+
Trichoderma viride
+
Most of the identified fungi can live under a wide range of conditions, especiillly Penicillium spp. which can be
found from the Equator to polar regions, and Trichoderma sp., which is a genus frequently found in mycological
studies in both humid and dry regions (Barron, 1972). Trichoderma sp. is present only in Sl, while Penicillium
sp. is present in both samples, and Cladosporium sp. only in S2. These observations suggest that the moisture
difference between the soils does not explain the difference. Visnardi et al. (1994) studied bryophyte flora in the
same areas and some species were only found growing in polluted areas. This again shows that some organisms
are tolerant of these special conditions and some rarer species may he selected to grow in these areas as they are
not subject to competition from the normal susceptible species.
Microbial counts in excess of 10' cells per gram are required for effective bioremediation. Sites typicillly
contain I0'-10' cells per gram (Block, 1993). This study shows naturally occurring microorganisms are capable
of living in large numbers in a highly contaminated soil and reports a diversity of fungal species. It also suggests
that the microbial population may be utilizing these persistent organochlorine compounds as a carbon source.
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ABSTRACT The variation in mycelial extension rate among !II ligninolytic basidiomycetes isolated in Brazil
was determined. The results demonstrated a great variability in growth rate, ranging from 0·2lcm·day"1 for
Cariolopsis rigida to 5·28cm·day"1 for Antrodiella americana. The growth rate of most of the fungi (74·8%) fell
within the range O·Scm·day ·'to 1·5cm·day·'.
IN1RODUCTION Lignin is one of the most abundant organic polymers, probably only second to cellulose
among the renewable organic resources on earth. It is a complex, irregular, non-hydrolyzable and environmentally
persistent wood polymer with phenylpropane subunits, whose structure varies from species to species (Kirk &
Shimada, 1985). The lack of an ordered and repeating structure, coupled with the racemic nature of the subunits,
combines to make lignin resistant to attack by most enzyme systems. This exceptional recalcitrance and the
numerous substructures contained in lignin that are also found in common organic pollutants led researchers to
propose that any organism capable of mineralizing lignin must have highly non-specific oxidizing systems that
should be able to degrade aromatic pollutants (Bumpus et al., 1985).
The capacity for complete decomposition of lignin by single microorganisms may be limited to fungi that cause
the white-rot type of wood decay and to the litter-decomposing basidiomycetes (Kirk & Shimada, 1985). Thus
the Basidiomycetes have become the object of attention of workers in the hazardous waste field and the use of
these fungi for in situ bioremediation of contaminated wastewaters and soils has been proposed.
Until recently, most research has focused on one species, Phanerochaete chrysosporium. However, great
differences in ligninolytic activity, efficiency in effluent decolorization, xenobiotic degradation, and other
activities have been demonstrated within the basidiomycetes (Nishida et al., 1988; Galeno & Agosin, 1990;
Esposito et al., 1991; Morgan et al., 1991). Considering the 1600 or 1700 species of wood-rotting fungi in the
class Basidiomycetes (Gilbertson, 1980), there is reason to expect that more appropriate fungi might be selected
for bioremediation.
A preliminary study of 210 basidiomycetes isolated in Brazil was carried out to select white rot fungi for use in
the bioremediation of soil contaminated with organochlorides. The fungal strains have been deposited in CCB
Culture Collection (Institute de Botiinica, SP). They were collected, isolated and identified by the Mycology
Group of the same institute and the isolates were tested qualitatively for ligninolytic enzymes (Okino et al.,
1995). This paper reports the variation in mycelial extension rate among Ill of these isolates.
MATERIALS AND METHODS
Organisms. Ill isolates described above and Phanerochaete chrysosporium 28326 from the American Type
Culture Collection were studied. AU cultures were maintained on 2% malt extract agar (MEA) slants at 4 •c.
Determination or mycelial extension rates. Fungi were first grown on MEA for 5-7 days at 30°C and 2mm
plugs of growth were transferred to three plates of MEA and incubated at the same temperature. The mycelial
extension rate was recorded as the average daily increase in colony diameter, measured in two perpendicular
directions.
·
Statistieal analysis. Data were analyzed by analysis ofvariance (ANOVA). If treatment means were shown to be
significantly different, the Tuckey test was perrorrned to determine which treatments were different from others.
RESULTS AND DISCUSSION Relative mycelial extension rates of wood-degrading basidiomycetes on MEA
have been shown to correlate well with the relative growth rates of these same fungi in soil (Dowson et a!.,
1989). The results demonstrated a great variability in growth rate, ranging from 0·2lcm·day" 1 for Coriolopsis
rigida to 5·28cm·day'1 for Antrodiella americana. Most of the fungi (74·8%) fell within the range O·Scm·day-1 to
1·5cm·day"1, which agrees with reported data for the same class of fungi on the same medium (Freitag & Morrell,
1992; Lamar eta!., 1990).
In 28 fungi (25·2%), the growth rate was above 1·5cm·day·'. Six of these fungi grew very quickly, with
average extension rates above 2cm·day" 1• These were PyciWporus sanguineus (2·53cm·day"1), Fayodia sp.
(2·70cm·day"1), Climacodon pulcherrimus (2·72cm·day"1), Phanerochaete chrysosporium ATCC 28326
(3·77cm·day"1), Phellinus gilvus (3·79cm·day"1) and Antrodiella americana (5·28cm·day·'). P. chrysosporium
ATCC 28326 has been maintained under artificial culture conditions for a long time, which might explain the
higher value found here as compared to that described for the standard sample (1·5-2·0cm·day"1).
•
Statistical analysis showed that there was often a significant difference at the 5% level in growth of different
species or different strains of the same species. Interspecific as well as intraspecific differences in mycelial
extension rates have previously been demonstrated for wood-degrading basidiomycetes. Dowson et al. (1989)
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found differences in rates of mycelial extension·· betWeen Hypholoma fasciculare, Pholus impudicus,
Phanerochoete laevis, P. velutina and Steccherinum.fimbriatum. Lamar et al. (1990) have also demonstrated
significant differences in growth rates between 5 Phanerochaete strains and Inonotus circinatus. They found the
highest average growth rate for P. sordida (2·68cm·day 1), this being considered notable. In comparison with this,
the growth rate of the A. americana studied here is impressive.
An often-cited disadvantage of bioremediation is the long treatment time in comparison to alternative
technologies. Microorganisms, to be efficient, must possess a rapid growth rate in addition to other features
(Lamar et al., 1990). The significant differences in mycelial extension rates shown in this study indicate that this
could be an important first step in the screening of fungi for use in bioremediation processes.
Acknowledgments We wish to thank Dr. Aipore Rodrigues de Moraes (Inst. de Estatistica, UFMG) for
statistical analysis.
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SCREENING OF LIGNINOLYTIC FUNGI FOR SOIL BIOREMEDIATION II:
PRODUCTION OF PEROXIDASES AND PHENOL OXIDASES
Machado, K.M.G.', Silva, W.R.F.', Bononi, V.L.R.'
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ABSTRACT 45 basidiomycetes selected from an earlier qualitative investigation of210 isolates were tested for
ligninolytic enzymes, as part of a larger study on the use of white rot fungi for bioremediation of soil
contaminated with organochlorides. Enzymes were produced on a solid sugar cane bagasse medium. Eight
species of fungi showed good peroxidase activity, measured by the decolorization of Remazol Brilliant Blue-R.
These were: two species of Lentinus, Peniophora cinerea, Trametes vi/losa, Trichaptum bysogenum, Trogia
buccinalis and two non-identified strains. Peniophora cinerea and Trametes vil/osa were the best producers of
phenol oxidase, measured with o-dianisidine as substrate.
INTRODUCTION Bioremediation, the use of microorganisms to control and destroy contaminants, has been
successfully used to treat oil spills and sites contaminated with petroleum hydrocarbons. The exceptional ability
of the white rot fungi to degrade an extremely diverse range of very persistent or toxic environmental pollutants
has interested those working in the hazardous waste field. Evidence suggests that this fungal ability is due, at
least in part, to the lignin-degrading system of the cells.
Lignin-degrading enzymes were discovered, and subsequently characterized, in the ligninolytic fungus
Phonerochoete chrysosporium (Glenn et al., 1983; Tien & Kirk, 1983, 1984). Extracellular lignin degradation by
this fungus involves lignin peroxidases (LIPs) and manganese-dependent peroxidases (MoPs), as well as
H,O,-producing oxidases. Laccase, a blue copper-containing phenol oxidase, seems to be involved in lignin
degradation in some fungi, although it is not produced by P. chrysosporium. Other white rot fungi apparently
secrete different combinations of these ligninolytic enzymes and MoP and laccase seem to be more widely
distributed among these fungi than is LIP (Waldner et al., 1988; Szklarz et al., 1989).
Until recently, P. chrysosporium has been widely used as a model system to understand the biodegradation of
lignin and some environmental pollutants. However, besides the diversity among the white rot fungi in their
ligninolytic enzyme pattern, great differences in their ability to degrade xenobiotics have also been demonstrated
(Morgan et al., 1991; Lamar et al., 1990).
In a preliminary study to select white rot fungi for bioremediation of organochloride-contaminated soil, 210
basidiomycetes isolated in Brazil were qualitatively tested for ligninolytic enzyme production (Okino et al., 1995).
The present study aims to quantifY the extracellular ligninolytic activity of 45 of these fungi.
MATERIALS AND METHODS
Organisms 45 fungal isolates tested by Okino et al. (1995) deposited in the CCB Culture Collection (Instituto
de Botlinica, SP). They were collected, isolated and identified by the Mycology Group of the same institute.
Phonerochaete chrysosporium 28326, obtained from ATCC, was used as a reference strain.
Culture conditions All cultures were maintained on 2% malt extract agar (MEA) at 4°C. They were first grown
on MEA for 5-7 days at 30°C and then 2mm plugs of growth were transferred to solid production medium. This
medium contained (%, w/v): (NH,),SO,, 0·2; MnS04 .4H,O, 0·0004; NaCI, 0·01; CaCJ,.2H,O, 0·01;
KH,P04 .7H20, 0·1; glucose, 2; sugar cane bagasse powder, I; agar, 2. Triplicate cultures were incubated at
30°C for 7 days.
Enzyme assays Solid agar was extracted in 50mM acetate buffer pH4·6 for 30mins. Enzyme activities were
measured in the filtrate. Peroxidase activity was determined by decolorization of Remazol Brilliant Blue R
(RBB-R) (Ulmer et al. 1984). Activity was determined from the differences in the absorbance ratio
A585mn/A500nm between the test and control. Phenol oxidase activity was followed spectrophotometrically at
460nm, by the oxidation of o-dianisidine (Szklarz et al., 1989). One unit was expressed as rnicromoles of
substrate oxidized per minute per liter of culture filtrate.
RESULTS AND DISCUSSION 35 (77·8%) of the 45 isolates tested were able to decolorize RBB-R. This
decolorization reaction has been proposed as a useful screening method for ligninolytic activity (Glenn & Gold,
1983; Archibald, 1992) and for xenobiotic degraders (Field et al., 1993). The enzymes known to be responsible
for the decolorization are lignin and manganese peroxidase (Kuwahara et al., 1984), but not laccase (Archibald,
1992). Eight fungi were especially good in their ability: Lentinus sp. 1 (1-4U·r'), Lentinus sp. 2 (I·SU·t·'),
Peniophora cinerea (1·9U·t·'), Trametes vil/osa I (1·6D-1" 1), Trichaptum bysogenum (1·7U·I·'), unidentified
isolates 274 (1·4U·l" 1) and 381 (1·6U·1·') and Trogia buccinalis (4·2U·t·'), which exhibited the highest activity.
Only 6 fungi (13·3%) failed to produce detectable phenol oxidase activity. Seven showed good activity:
Melanopona nigra (16·9U·t·'), Trametes versicolor I (12·3U·t·'), Trichaptum bysogenum (28·4U·t·'), unidentified
isolates 268 (21·9U·I·') and 381 (16·0U·I"1), Peniophora cinerea (58·9U·I"1) and Trametes vil/osa 3 (90·2U·1·'). As
· expected, P. chrysosporium had no activity.
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The failure to produce detectable ligninolytic activity as well as the very low decolorization ratio observed ill
P. chrysosporium could be due to nutritional factors. The p~oduction of ligninolytic enzymes by P.
chrysosporium occurs under well-defined conditions, such as nutrient-limited media, adequate oxygen supply and
during secondary metabolic (idiophasic) growth (Tien & Kirk, 1984). In other basidiomycetes the influence of
culture conditions on ligninolytic enzyme production and excretion has also been observed (N"Iku-Paavola et a!.,
1990). In addition, the ligninolytic enzymes can be cell wall-bound or localized within the cell as observed for
Lenziles trabea (Szklarz et al., 1989) and other white rot fungi, where they are very difficult to detect.
In conclusion, this study demonstrates the ability of Brazilian basidiomycete fungi to produce detectable
ligninolytic activities. As there is a correlation between the ability to decolorize polymeric dyes and xenobiotic
degradation, we consider that the fungi showing high levels of the two enzyme activities are promising for use in
bicremediation processes.
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DECOLORIZATION OF SUGAR CANE MOLASSES BY LIGNINOLYTIC
CULTURES OF Phanerochaete chrysosporium.
Durrant, L.R, Faculdade de Engenharia de Alimentos, UNICAMP, SP, Brazil.
ABSTRACf Lignin peroxidase production by the white-rot basidiomycete, Phanerochaete chrysosporium,
under nitrogen-limiting conditions was enhanced by the addition of sugar cane molasses to a basal medium
containing 1% glucose. The optimal molasses concentration was 0·6% w/v. Dialysis of the molasses resulted in a
delay in lignin peroxidase induction. Molasses decolorization was observed with both untreated and dialyzed
molasses, and was dependent on the levels oflignin peroxidase activity in the culture supernatant. Immobilization
of the fungus in polyurethane foam allowed its reuse for lignin peroxidase production, offering the possibility of
scaling-up the process.
INTRODUCTION The white-rot fungus Phanerochaete chrysosporium degrades a wide variety of organic
compounds, such as lignin, lignin model compounds, vanillic acid, syringic acid, chlorinated aromatic compounds,
azo dyes and some polycyclic aromatic hydrocarbons (Cancel et a!., 1993; Cripps et a!., 1990; Glenn & Gold,
1983; Paszczynski & Crawford, 1991; Fukui eta!., 1992). Its ability, and that of other white-rot fungi, to degrade
these compounds is due to the lignin degrading system of these microorganisms (Cripps et a!., 1990; Glenn &
Gold, 1983; Fukui et a!., 1992; Hammel, 1989). P. chrysosporium degrades lignin during secondary metabolic
growth, the onset of which can be triggered by limiting the nitrogen supply. Four kinds of enzymes are known to
participate in the breakdown: lignin peroxidase, manganese-dependent peroxidase, hydrogen
peroxidase-producing enzymes and laccase (Kirk, 1988). Under ligninolytic conditions P. chrysosporium secretes
lignin and manganese peroxidases which, together with the H,O, generating enzymes, appear to be the major
components of the lignin degrading system. At first, lignin peroxidase was produced in stationary flasks in very
small quantities (Asther eta!., 1988). Later it was shown that its production could be enhanced in tbe presence of
lignin or lignin-like low molecular weight compounds (Kern, 1989). Glenn and Gold (1983) first reported that
ligninolytic cultures of P. chrysosporium decolorize several polymeric dyes.
Molasses is a by-product of either the manufacture or relining of sugarcane. It is a dark, viscous liquid,
containing about 50"/o saccharides that cannot be recovered commercially. Brown pigments are formed during the
processing of sugarcane from the initial juice extraction through to the crystallization of the raw sugar, via
non-enzymic (Msillard, caramelization) and enzymic reactions (oxidation of phenolic compounds). The formation
of quinones by the action of tbe plant phenol oxidsses occurs early in the extraction pra<:ess, when the cane is
first crushed. The highly reactive quinones polymerize to produce the brown and black pigments, that contribute
significantly to the color of molasses.
Molasses is widely used in industry as a feed stook for fermentation processes; however the presence of the
colored substances can lead to environmental pollution since after product recovery, considerable quantities of
these compounds remsin in the fermentation residues (Dowd eta!., 1994). These highly colored pigments cannot
be degraded by conventional methods. We examined the potential ofP. chrysosporium to decolorize molasses.
MATERIALS AND METHODS
Chemicals Chemicals were purchased from the Sigma Chemical Co. (England), except for veratryl alcohol
(grade purum), from Fluka Chemical Co. (England). Molasses was from a Health Food Center (England).
Organism and Culture Conditions Phanerochaete chrysosporium BKM-F-1767 (ATCC 24725) was provided
by Dr. H. Dalton, Department of Biological Sciences, University of Warwick, England, and was maintained on
2% malt agar slopes at room temperature. The fungus was grown under nitrogen-limiting conditions for lignin
peroxidase production, in a medium containing 1% glucose, minerals and vitamins, as described by Kirk et a!.
(1988), with the exception that the buffer used was 10mmole·l"1 sodium tartrate. Molasses was added to some
media at 0·2%, 0·4%, 0·6%, 0·8%, and 1·0"/o (wlv). Molasses was dialyzed overnight against distilled water.
Cultore Parameters The microorganism was grown under stationary and shaken conditions. For stationary
cultures, 1Oml of growth medium was added to each 1OOml conical flask, inoculated and incubated in a vertical
incubator. For shaken cultures, 250ml of growth medium was added to each one liter conical flask, inoculated
and incubated in an orbital shaker at 140rpm for three days, and then concentrated down to 1OOml, oxygenated,
and incubated at 70rpm. The temperature of incubation for both conditions was 39°C.
The inooulum for stationary conditions was as described previously (Jafelice et a!., 1988). For shaken
conditions, 250ml conical flasks were inot:ulated with spores and mycelium of the fungus from potato dextrose
agar slopes and incubated at 39°C for eight days. The spore solution was added to the flasks to give a final
concentration of 10'spores·mi·'. On the third day of growth, oxygen was flushed into the 100ml flasks for one
minute. The cultures grown in one liter flasks were allowed to settle and 150ml of medium was aseptically poured
off The flasks were sealed with rubber stoppers and oxygenated for 10min.
Lignin peroiidase assay Enzyme activity was determined spectrophotometrically, by the method of Tieo and
Kirk (1984) measuring the rate of oxidation ofveratryl alcohol to veratryl aldehyde.
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Decolorization studies The decolorization of molasses pigments was followed by changes in the 2S0-500nm
spectrum. Samples collected after growth of the fungus on either 0·6% molasses or on 0·6% molasses plus I%
glucose, without oxygenation, were used as controls.
Immobilization of P. chrysosporium in polyurethane foam Polyurethane foam cubes ofside 0·5cm to 0·8cm
were washed several times with distilled water, autoclaved for 20min in excess distilled water, washed again and
pressed to remove the water. Fifty to sixty foam cubes were added to I liter conical flasks containing 250m! of
the growth medium described above plus molasses 0·6% w/v and sterilized. The flasks were inoculated with
spore suspension and incubated as described under culture parameters. On the sixth day of growth (maximum
lignin peroxidase activity), the supernatant was collected and IOOml of fresh growth medium containing 0·2%
glucose plus 0·6% molasses was added to each flask, which was sealed and oxygenated as described above.
Lignin peroxidase was assayed every 24 hours. All a control, experiments using free cells were carried out.
RESULTS
Production of lignin peroxidase on glucose medium High levels of enzyme activity, decreasing slightly after
peak activity (8J.1mole·mi·'·min·'; day 8) were obtained under stationary conditions. However, when larger flasks
were used for stationary growth and the proportion of medium to the flask volume was maintained, the
production of enzyme was much lower than observed with I Oml medium in I OOml flasks (results not shown).
Effect of molasses concentration on enzyme production The effects of molasses concentration on the activity
of lignin peroxidase during production under agitated conditions is shown in Figure I. Optimum yields of lignin
peroxidase were obtained using molasses concentrations of 0·4% to 0·6%. Concentrations above 0·6% tended to
inhibit the production of this enzyme, possibly indicating the presence of some toxic compound.
The production of lignin peroxidase by the fungus grown under shaken conditions on either I% glucose or I%
glucose plus 0·6% molasses is shown in Table I. When molasses was present in the growth medium, lignin
peroxidase activity appeared 24 hours earlier than in glucose only medium and maximum activity was three times
higher. The presence of molasses promoted an increase in the levels of enzyme production, and the mechanism
may be similar to that ofveratryl alcohol (Cancel et al., 1993).
The lignin peroxidase activities for P. chrysosporium grown on medium containing I% glucose only, or I%
glucose plus 0·6% molasses or dialyzed molasses, are also presented in Table I. Dialysis resulted in a delay in
lignin peroxidase induction.
Table 1 Lignin peroxidase production by P. chrysosporium in aerated media with glucose or glucose plus
molasses
Lignin peroxidase activity (J.Imoleoml'1·min·')
lncubation (days) 3
4
5
5·5
6
7
8
9
Carbon source
2.0
0
1"lo glucose
0·79 2-1
2-4
2-2
0
0
5·9
1·5
1% glucose + 0·6% molasses
0
1-3
4·9
8·5 6·9
4-7
t•/o glucose + 0·6% dialyzed molasses ND ND 1·4 1-4 2·2 5·6 ND ND
ND-Notdone

•

Decolorization of molasses pigmentS The brown color of the molasses started to disappear at the same time as
the appearance of lignin peroxidase and decolorization was maximum when lignin peroxidase reached its peak of
activity. A range of maximum enzyme activity was observed among cultures grown under the same conditions
and same period of incubation. Decolorization increased directly with maximum enzyme activity. Neither of the
controls exhibited any decolorization. Figures 2 and 3 show the spectra for the decolorized molasses and dialyzed
molasses with the respective controls. Samples that exhibited high lignin peroxidase activity and were highly
decolorized showed much lower absorbance than the respective controls.
Immobilization of the fungus in polyurethane foam When non-immobilized cells were used, pellet size was
variable and clump formation due to aggregation was high. However, entrapment of the fungus within the foam
cubes led to a control of pellet size and avoided clump formation. These factors explain the smaller variation
observed in lignin peroxidase activity among flasks containing the foam-immobilized fungus (results not shown).
Re-utilization of the foam-immobilized microorganism was possible and allowed repeated production of high
activities of lignin peroxidase. Free cells showed reasonable yields of enzyme only when they were first
re-utilized. After that, re-utilization led to much lower levels of lignin peroxidase activity. The production of
enzyme by free and immobilized cells ofP. chrysosporlum re-utilized for the first time is shown in Figure 4.
DISCUSSION Lignin peroxidase was produced under both stationary and agitated conditions, and the presence
of sugar cane molasses increased the levels of activity. In a medium containing 1% glucose only as the carbon
source, maximum activity under stationary and shaken conditions was observed from the 7th to the 8th day of
incubation. However, when molasses was present, maximum activity appeared 24 boors earlier and it was about
50"/o higher than the activity produced in a glucose-only medium cultivated under shaken conditions. Molasses
has been reported to contain products originating from microbial and chemical degradation of lignins during the
processing of cane and cane juice. These products have been identified as phenyl glucosides (10-20%),
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phenylpropanetriol glucosides (40-600/o), and minor amounts of other phenolic derivatives (Palla, 1983). The
aglycone substituents include p-hydroxypheno~ 3,4-dime!hoxypheno~ 3-methoxy-4-hydroxyphenol, and
3,5-dime!hoxy-4-hydroxyphenol. Vanillic, veralric, p-hydroxybenzoic, and syringic acids hsve also been isolated
from cane and cane sugars (Palla, 1982). The presence of these lignin-related compounds may be responsible for
the stimulation of lignin peroxidase activity.
Dialysis of !he molasses resulted in a delay in the peak of activity, which was lower !han the activity obtained
in non-dialysed molasses (about 600/o), perhsps due to the loss of some of !he low molecular weight compounds
that are responsible for !he stimulation of !he enzyme.
The immobilization of !he fungus in polyurethane foam restricted growth to the pores of !he foam, promoted
uniformity of !he pellet size and prevented clumping leading to much lower variation in lignin peroxidase activity
among !he flasks. It also allowed repeated utilization of the immobilized fungus and shortened the time required
for obtaining maximum lignin peroxidase activity. The support may also offer protection to !he mycelial structure
of the fungus against shearing forces in !he agitated medium.
The fact thst molasses promotes enhancement of lignin peroxidase activity under shaken conditions suggests
the possibility of scaling up its production by a natural compound thst is readily available in sugarcane-producing
countries. Decolorization of molasses by the ligninolytic cultures of P. chrysosporium is consistent with !he
ability of this fungus to breakdown of a variety of structurally diverse organic compounds, including
organopollutants. The decolorization ability correlates with lignin peroxidase activity, and this system may be
useful as an anti-pollution agent for the treatment of waste water and stillage from sugarcane refineries and
distilleries.
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Figure 1 Effect of molasses concentration on lignin peroxidase production by P. ·
chrysosporium.
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Figure 2 UV-Spectra of decolorized molasses.

Figure 3 UV-Spectra of
, decolorized dialyzed molasses.
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on, DEGRADING MICROORGANISMS
Rodrigues, E.G.C., Menezes, E.P., Santa Anna, L.M.M, Vital, R.L., Sebastian, G.V.
Petrobras/CENPES, Cidade Universitilria, Quadra 7, Ilha do Fundiio, 21949-900 Rio de Janeiro, Rl, Brazil.
ABSTRACf A mixed culture of bacteria isolated from oil-contaminated soil increased the degradation of oil in
sterilized soil (bioaugmentation).
INTRODUCTION The oil industry is interested in the development of soil bioremediation techniques, since its
activities involve a risk of oil leaks. It has been found that microorganisms are able to degrade organic residues
formed by the oil industry; efforts have centered around the technique known as landfarming, meant to degrade
oily sludges and rid the environment of pollution. This technique is being employed by Petrobrils, but it has
limitations, such as the slowness and extent of oil biodegradation in the soil. A possible way of speeding up oil
biodegradation would be to add native oil-consuming microorganisms to the contaminated soil, which would·Jead
to a higher rate of conversion of hydrocarbons to intermediate organic compounds and possibly to complete
mineralization.
·
The aim of this study was to isolate oil-degrading microorganisms and to study them in laboratory tests.
METHODS
Selection of oil consuming microorganisms Contaminated soil from the operational area was suspended in
peptone water, aerated and incubated at 30°C. A fraction of the suspension was inoculated into Bushnell-Haas
mineral medium with 5% crude oil as sole carbon source and incubated at 30°C for 1 days.
Isolation and identification of oil-consuming microorganisms The organisms were isolated and purified by
repeated plating on rich media. Purified cultures were identified by biochemical tests. Identified strains were
cryogenically preserved in the Petrobrils Microorganism Bank.
Evaluation of degradative capacity Five isolates were inoculated, separately or together, into a mineral
medium with 5% crude oil and incubated at 30°C for 14 days. Oil degradation was monitored by gas
chromatography, by C02 evolution and by turbidity of the aqueous phase.
Evaluation of degradation in soil The pool of bacteria showing oil consumption was grown in a rich broth for
3 days at 30°C. The biomass was centrifuged and suspended in 0.85% NaCI and 0·5ml inoculated into flasks
containinz SOg soil (natural or sterile), contaminated with 5% oil, and pH and nutrients adjusted. Oil
biodegradation was monitored by gas chromatography and by evolution of CO,.
RESULTS Table 1 shows the microorganisms isolated from the soil. In the preliminary test in Bushnell-Haas
broth plus oil, Pediococcus sp. and Bacillus sp. showed highest degradative capacity, whilst the actinomycete sp.,
Flavobacterium sp. and Pseudomonas aeruginosa, in spite of not producing appreciable amounts of CO, grew in
the presence of oil. The pool made up of these 5 isolates consumed oil in a mineral medium less efficiently than
either Pediococcus sp. or Bacillus sp. separately.
Table 1 Microorganisms isolated from contaminated soil
BACfERIA
FUNGI
Acinetobacter calcoaceticus
Aspergillus niger
Actinomycete
Deuteromycete
Bacillus sp.
Paecilomyces variotii bainer
Flavobacterium sp.
Penicillium
Moraxella sp.
Rhodotorula glutinis
Moraxella atlantae
Moraxel/a nonliquefaciens
Pediococcus halophilus
The addition of the microbial pool or of Pseudomonas aeruginosa to the non-sterilized soil did not increase oil
biodegradation in comparison to the natural soil flora when the pH and nutrient levels were adjusted. However,
the addition of the bacterial pool, or the pool plus Pseudomonas aeruginosa, to sterilized soil increased
degradation, although this did not occur when only Ps. aeruginosa was added.
The results show that bioaugrnentation (the addition of indigenous microorganisms) of soils low in microbial
activity can increase oil degradation.
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BIODEGRADATION OF HYDROCARBONS FROM OIL TANK BOTTOM
SLUDGES IN SOIL SLURRY
Ferrari, M.D., Neirotti, E., Albomoz, C., Mostazo, M.R, Cozzo, M.
Centro de Investigaciones Tecnol6gicas, Administraci6n Nacional de Combustibles, Alcohol y Portland
(ANCAP), Pando, Canelones, C.P 91000, Uruguay.
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ABSTRACT Oil wastes were biodegraded in aqueous soil slurries consisting of uncontaminated sandy loam soil
mixed with petroleum tank bottom sludge (solids 15-40%, oil 1-8-2·8%), inoculated with selected soil cultures.
The addition of succinate, an oleophilic nutrient supplement, or a dispersant did not improve biodegradation. A
commercial inoculum was less effective than the soil organisms. The rate of oil removal was greater in soil slurry
than in solid-phase biotreatment and the results were more consistent; however, the final percentage of
hydrocarbon degraded was similar. Degradation was greatest in a fed-batch slurry bioreactor. However,
slurry-phase biotreatment did not eliminate more persistent components.
INTRODUCTION Petroleum refinery sludge disposal is a major problem. The main sources of sludge are
water-oil separation systems and crude oil storage tanks (American Petroleum Institute, 1991). A number of
treatments, such as solvent extraction, chemical fixation, incineration and biotreatment, are available (Comeau et
al., 1993; Black et al., 1994). Of these, biotreatment is attractive as a simple, low-cost technology which can
handle most sludges and contaminated soils found in a refinery.
Biotreatment uses microorganisms to convert unwanted organic constituents into harmless products. Methods
tested for biotreatment of hydrocarbon contaminants in sludge include land treatment, slurry bioreactor and
composting (Atlas & Bartha, 1992). The process is limited by microbial, chemical and physical constraints, such
as nutrient and mass transfer limitations; it can be enhanced by inoculation with foreign microorganisms (Venosa
et al., 1992), bioaugmentation (Phelps et al., 1994), use of oil dispersants (Bewley et a!., 1989; Prince, 1993),
supply of co-substrate (Liu & Suflita, 1993), and addition of nutrients (Lindstrom et al., 1991; Prince, !993). We
have reported the effects of fertilization, tilling, pH and moisture on land treatment of petroleum tank bottom
sludge (Ferrari et al., 1994). These studies showed poor oil removal and reproducibility. The use of mixed slurry
systems can improve oxygenation and substrate bioavailability (Black et al., 1994; Brunsbach & Reineke, 1993;
Gray et al., 1994; Mueller et al., 1991; Linz et al., 1991). The objective of the present study was to evaluate
biological treatment of petroleum tank bottom sludge using mixed slurries.
MATERIALS AND METHODS Waste sludge from refinery storage tanks was collected and free water
removed. The waste had the following composition: oil 70"/o (hydrocarbon distribution: saturates 46%, aromatics
20"/o, resins 10"/o, asphaltenes 24%), fixed and volatile solids (ignited at 550°C) 4% and 8·2% respectively, water
14%. Gas chromatographic analysis using n-alkane standards showed the carbon range of the saturated
compounds was C"- C, (Ferrari et al., 1994). Soil samples from non-contaminated soil near to the refinery were
air dried at room temperature and sieved (2mm diameter pores). The soil was a sandy loam ( 65% sand, 15% silt,
20% clay), pH 7·0, porosity 56·9%, total carbon 1·72%, inorganic carbon 0·0021%, chloroform-extractable
substances 0·2%, Kjeldahl nitrogen (including nitrates) 0·6%, biological activity 0·83mgCO,.(kg.soil)"\ aerobic
heterotrophs 3·3xi07CFU·(g.soil)" 1, n-hexadecane-degrading microorganisms z.Ix!O' MPN·(g.soil)"1, and fungi
!·9x!O'CFU·(g.soil)"1 (all values expressed on dry weight basis).
Inoculum 2g soil previously exposed to sludge was added to 200mi of Bushnell-Haas broth (Bushnell & Haas,
1941) in a 500mi Erlenmeyer flask and incubated for 4 days. This culture was inoculated, at 10"/o (v/v), into
flasks containing a 20% (w/w) suspension in Bushnell-Hass broth of soil impregnated with chloroform-extracted
oils. Fifteen 10% (v/v) consecutive transfers into fresh medium were made every 3-4 days. Flasks were incubated
in a rotary shaker at 280C and 200rpm. The supernatant after the 15th transfer was used in the tests. It had
aerobic heterotroph counts of2x!O'CFU·ml·' and n-hexadecane-degrader MPN of 108ml' 1• In some experiments a
commercial product, Micro-Blaze, was used instead of the inoculum. Micro-Blaze (Verde Environmental) is a
biodegradable soap containing a blend of three microorganisms, recommended as bioremediation additive for
hydrocarbon spills on land or water. Mean value of counts of aerobic heterotrophs was Hx!O' CFU·ml·'.
Biodegradation studies Sludge oil was incorporated into soil by impregnating it with Soxhlet-extracts in
chloroform. The solvent was removed under vacuum in a Rotavap rotary evaporator (Biehl) and then in a
vacuum oven, both at 30°C, to constant mass. Oil-impregnated soil had aerobic heterotrophic counts of I O'CFU
g' 1 (dry weight). Soil was dispersed in distilled water, mineral salts (Ferrari et al., 1994) added and pH adjusted to
7.4 using 60mM phosphate buffer. Slunies were inoculated to give aerobic heterotrophic counts of
1-2x!O'CFU·ml·'. 125m! Erlenmeyer flasks containing 20g soil slurry (solids 40%, 2·1-2·8g.oil·(IOOg.slurry)'1 )
were incubated in a rotary shaker at 28°C and 200rpm. Water loss during incubation was compensated for by
adding sterile distilled water. To assess the effects of succinate as co-substrate, of a dispersant and an oleophilic
fertilizer, !9mg of succinic acid or SOmg·(g.oil)'1 of a dispersant, Corexit 9527 (Exxon Chemical Americas,
Houston, TX) or 0·2g·(g.sludge-oils)'1 of an oleophilic fertilizer (composition: urea 15·7%, K,P04 5·9%,
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2-butoxyethanol20·8%; 1-dodecanol 17·8%, oleic acid 26·2 %, and water 23·6%) instead of the mineral salts,
were added. Flasks uninoculated and poisoned with I% (w/w) HgCI were used to evaluate abiotic losses of
hydrocarbons. The entire contents of each flask were sampled. Experiments were conducted in triplicate.
Reactor experiments were carried out in a 21 Gallenkamp modular fermenter (working volume 1·1-1·251.)
operated under the following conditions: pH= 7·4 ±0·2 (maintained with 5N NaOH), temperature 28°C, air flow
600ml·mio·', agitation 400rpm, dissolved oxygen 50-90"/o. It was loaded with 1250 grams of slurry (solids 4%, oil
0·44%) and then inoculated. 71, 74 and 113 grams of oil-impregnated soil (12·5% of oil) were added after 14, 28
and 48 days of operation. Solids content varied between 4% and 22%. Triplicate 25m! samples of medium were
removed at various times for analysis. The loss of oil by adsorption was quantified at !he end of the experiments.
Oily materials adhering to the internal surface of the bioreactor and its components were removed by washing
wilh chloroform. Final values reported for amount and rate of oil removal were corrected for this loss.
Analytical Methods Oil in slurry samples WaS determioed as material soluble in chloroform. Samples (10-20g)
were acidified to pH2·0 with concentrated HCI and dried wilh magnesium sulfute monohydrate in a mortar. The
dry solid was Soxhlet-extracted with chloroform for !6h. The extract was concentrated under vacuum in the
Rotavap apparatus at 30°C and then evaporated under a gentle stream of nitrogen in a Meyer N-Evap analytical
evaporator at 40°C. The residue was determioed gravimetrically. For hydrocarbon separation by class, this
residue was treated wilh n-hexane. The insoluble portion was denomioated asphaltenes. The soluble portion
(saturates, aromatics and resins) was fractionated on a column with alumina and silica gel by successive elution
(Ferrari et a!., 1994). Solids content of the slurry was determined in a Mettler infrared drying balance at I 05°C.
Aerobic heterotropbs and fungi were enumerated on spread-plates incubated at 30°C for 7 days; media used were
plate count agar and malt agar (Difco) with 60mg·l' 1 ofpenicillin-G (Sigma) and Smg·t·' Rose Bengal (Sigma).
n-Hexadecane was used as a substrate for hydrocarbon-utilizing microorganisms enumerated by the 5-tube MPN
technique (Ciesceri eta!., 1989; Song & Bartha, 1990). 5 mi aliquots ofBushnell-Haas broth were inoculated and
50~1 of UV-sterilized n-hexadecane (Sigma) and 100~1 of autoclaved resazurin, 50ppm (Sigma) were added to
each tube. After incubation at 27°C for 21 days, tubes with a positive pink reaction were counted.
RESULTS AND DISCUSSION Figure I shows the biodegradation of petroleum tank bottom sludge in soil
slurry by soil microorganisms. Most oil loss took place in the first 15 days and 53% remained after 90 days; no
significant change was seen in the abiotic controls. The aerobic heterotropbs increased from 2·4x!O' to l·Oxl0 10
per gram of slurry after 15 days and then declined slowly to the initial level. The numbers of n-hexadecane
degraders increased and then fell below the initial level. The low counts of fungi suggest they did not actively
participate in the oil elimination. Fungal counts in slurry-phase experiments were two orders of magnitude lower
than !hose observed in solid-phase experiments (Ferrari et al., 1994). The extent of oil removal by hydrocarbon
class is given in Table 1.
Table 1 Biodegradation of petroleum tank bottom sludge in soil slurry
o/o change,
Hydrocarbon Initial, g% g% arter 90days % change, batch
class
slurry
batch slurry
slurry, 90 days
bioreador, 81 days
1·15
0·29
-75%
-76%
Saturates
Aromatics
0·51
0·31
-39%
-45%
0·59
0·30
-50%
-46%
Asphaltenes
Resins
0·').7
0·43
+ 61%
+43%
Total oil
2·52
1·33
- 47"/o
-47%

•
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Batch experiments performed in sbakCn flasks with mineral salts, 60mM phosphate buffer pH7-411Dd inoculated with
indigenous microorganisms. Average of three replicates.

1:
'

Dispersants are often used to increase the surface area of oil for microbial attack (Atlas & Bartha, 1992;
Bewley et al., 1989; Foght & Westlake, 1982; Leahy & Colwell, 1990). Ten commercial dispersant formulations
obtained from seven suppliers were examined in preliminary studies. Only one of them, Corexit 9527, produced a
significant dispersion of sludge in distilled water. The effect of the dispersants [0·1g·(g.hydrocarbon)'1] on the
growth of soil microorganisms in Bushnell-Haas broth with n-hexadecane (5g•l'1} as carbon source was evaluated
in shaken flasks (28°C, 200 rpm). Aerobic heterotrophs grew best in the presence of Corexit 9527 and for these
reasons this dispersant was selected for the slurry tests. Corexit 9527 had no effect on bacterial counts, but
inhibited the degradation of sludge-derived oil in slurry-phase biotreatment (Figure 2). With Micro-Blaze
(microorganisms plus surfactant) instead of the standard inoculum, n-hexadecane degraders were the highest
seen, but the rate of oil disappearance was the lowest. Neither the addition of an oleophilic nutrient nor succinate
enhanced the biodegradation of tank bottom sludge in soil slurry (Figure 2). The present results show more rapid
and reproducible degradation than in solid-phase experiments (Ferrari eta!., 1994).
To assess the effect of oil concentration on biodegradation, the bioreactor was operated in a fed-batch mode.
Mass balance calculations were performed and the results are shown in Figure 3. Although microbial numbers
were greater than for batch treatments, after subtracting the losses due to adsorption and volatilization, the oil
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loss was identical (47%) (Table !). Fed-batch biotreatment did not increase elimination of oil, but it increased the
quantity of oil removed per volume of sluny. It has been suggested that oil loss might be inhibited by
accumulation of inhibitory metabolites and/or depletion of degradable hydrocarbon substrates (Mueller et a!.,
1991). These results show that repeated addition of oil is followed by renewed degradation and hence decreased
hydrocarbon degradation with time in flask experiments is not due to inhibitory metabolites.
Biotreatment in soil sluny offered advantages over solid-phase biotreatment in terms of both more predictable
and rapid oil removal. However the slurry-phase biotreatrnent did not remove the more persistent components,
aromatics, asphaltenes, and resins: Further investigations must be conducted to improve the metabolic capacity
using specialized microorganisms. On the basis of the data reported in this paper, biotreatment in slurries is an
effective method for contaminated soils.
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ABSTRACT A mixed culture obtained by enrichment was added to oil refinery effluents. Biodegradation of
COD, total organic carbon (TOC) and toxicity (Daphnia assay) were followed in aerated and unaerated systems.
The repeated addition of inoculum enhanced the removal ofTOC and acute toxicity in effluents.
INTRODUCTION Waste treatment systems such as activated sludge, aerobic ponds, anaerobic digestors etc.
use mixtures of bacteria. The degradation of toxic organic compounds in such systems is often better studied in
more typical mixed cultures, rather than in pure cultures (Bhatnagar & Fatherpure, 1991). The mixed microbial
cultures found in nature work together to use available nutrients, the residual products of one species feeding
others. Through these complex biological interactions, microorganisms, even those with highly specific metabolic
needs, grow and reproduce in the mixed culture environment (Goodhue et al., 1986).
Studies on biodegradation of petroliferous residues have shown increased efficiency when specific
hydrocarbon degrading bacteria are added to the biological treatment (Zayed and Pal, 1980; Moursy et al., 1982).
Tests to evaluate acute and sublethal toxicity and carcinogenic and mutagenic activity in effluents (Westaway et
al., 1982) may be used to monitor water quality.
Biological degradability and toxicity of organic substances are two basic determining criteria for the biological
treatment of wastewater (Piller, 1976). The aim of this present research was the investigation of the
biodegradation and toxicity reduction behavior of a mixed culture inoculum, selected from hydrocarbon
contaminated sites, with the perspective of using it in wastewater biological treatment.
MATERIALS AND METHODS The current effluent treatment system ofRefinaria Presidente Bemardes de
Cubatiio (RPBC), in Cubatiio, SP, Brazil, which has been operating since 1987, uses a two-stage treatment
m_ethod. The primary treatment is an oil-water density API-type separator and the secondary treatment uses six
open ponds with mechanical aeration, one completely mixed, three aerated and two facultative. This system
receives hydrocarbon-rich wastes from the W14 line (from the 138 product-storing units) and the W4 line (from
the twelve petroleum derivative production units and other operational system units). Domestic drainage is also
received.
RPBC normally deals with national petroleum, the majority being paraffin or naphthalene based. The main
pollutants of the wastewater are thus aliphatic and aromatic hydrocarbons from the storage and processing units.
Also present are phenols (60mg·t·'), ammonia (100mg·l' 1), sulfates (lOOmg·l-1), cyanide (3mg·l"1), oils and greases
(100mg·I-'), solids in suspension (50mg·t·'), COD (650mg·t 1), BOD (500mg·l' 1) and metals (concentrations below
0·2mg·l"'). The treatment system is efficient in removing the analyzed parameters, except for COD and ammonia.
Sampling Twelve assays were carried out in the laboratory using the effluent of the refinery from two treatment
sites: Site 1 - primary treatment exit and Site 2 - stabilization pond exit (LE). In this pond the effluent remains for
twelve hours for the homogenization of the effluent which arrives from the primary treatment, besides having the
role of another important oil-water API-type separator.
The five initial experiments were carried out with samples from Site I and the other seven with samples from Site
2. The ten first experiments were carried out with individually analyzed samples and the remaining two with
composed samples, samples being taken every 6 hours for 24 hours.
Inoculum Selection Microorganisms were collected from sites which contained oily residues that could be
similar to those encountered at RPBC: soil and rock of a bituminous schist (Forma~o Irati, in Rio Claro, SP),
liquid effluents and land farming soil at RPBC and at REPLAN (Refinaria do Planalto, in Paulinia, SP) and
effluent and soil samples from PETROSIX (mdustrial schist processing unit ofPetrobrAs, in Silo Mateus do Sui,
Parana). These materials were mixed and added to the efflueut in the proportion of 8% (VIV) along with 3000
ppm of a nutrient solution containing yeast extract (5%), glucose (5%) and peptone (5%) in distilled water. The
final inoculum obtained by enrichment was reintroduced repeatedly to the effluent.
The mixed culture was added, with aeration, to each new effluent sample 24 hours before the beginning of each
assay. The following nutrients were added to the suspension: molasses (10 ppm) in experiments 1 to 5, yeast
extract (5% [VIV]) in experiments 6 to 12. The yeast extract was obtained the following way: 200g yeast were
added to 1L distilled water and this solution was sterilized and centrifuged. The solution supernatant was applied
as nutrient. Bacteria from the end of each assay were added to the original inoculum in the proportion of 1:1.
Experiments In an initial study, the effects of addition of inoculum at time zero, and supplementary additions at
24h and at 12, 24 and 36h were studied. On the basis of these tests, two systems were selected for study. 10 liter
batches of effluent were incubated. Control (effluent only) Cl was aerated for 48h; samples were taken at t = Oh,
24h, 48h and 84h. Control C2 was aerated for 96h and samples taken at t = Oh, 72h, 96h, 6days and 35days. Tl
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and T2, containing eflluent and mixed bacterial inoculum, 8% 0/N) added at T ~ Oh, 12h, 24h & 36h, were
sampled at the same times as the controls, Cl & C2. With the exception of the controls, at zero time all systems
received 2ppm sodium tripolyphosphate. The aeration was produced by pond aerators regulated at an air flow
rate of200cm'·s:'
Analyzed Parameters:!. Colony Forming Units (CFU) on Plate Count Agar (PCA) incubated at 36 •c for 48h.
2. Chemical Oxygen Demand (COD) by the potassium dichromate method (APHA, 1992).
3. Acute toxicity using Daphnia simi/is (CETESB, 1986). The results of the toxicity tests, CE(I)50;48h, were
converted into toxicological units (TU), (IOO/CE(I)50;48h). CE(I)50;48h was calculated using the SpearmanKarber method (Hamilton eta!., 1977).
4. Total Organic Carbon (TOC) by high-temperature catalytic combustion in a Rosemount Dohrman DC-190
analyzer.
Toxicity and COD were also measured in filtered samples (Millipore membrane 0·45 Jlm) in case 3 (site 2),
since they contained large amounts of oil.
RESULTS AND DISCUSSION Case 1: Table I illustrates the behavior for a sample with low TOC, COD and
toxicity taken from site I. The number of cells in the control increased to numbers similar to those in the test (TI)
but fell after the cessation of aeration. The reduction of COD and toxicity was similar in both systems. There was
a more marked fall in TOC in the system with added microorganisms (TI). Case 2: The highest COD value
observed for eflluent collected at site I was 700mg.0,-1'1 and the total toxicity was 476TU (Table 2). In this case,
in both Cl and Tl, cell numbers were lower and did not change significantly with time. TOC was lower in Tl
than inC! at the end of the test period. Case 3: Effluent collected at site 2 (Table 3) was found to have a COD
value of5900mg.0,-1" 1 and toxicity of2000 TU. Although the cell numbers were greater in the test samples (Tl &
T2) than in the controls (Cl & C2) at all times, the fall in COD was similar in both situations. The total toxicity
fell to negligible levels only after 35 days, but there was a marked fall in the toxicity of the filtered effluent after 3
days aeration.
Table l Comparison between Cl (control) and Tl (inoculated) under aerated and non-aerated conditions, using
effluent from site I. Case one.
Time(days)
Parameters
System
2
0
3.5•
Cells, CFU·ml"1
Cl
1·06xl04 1•67 X !06 2·04 X JO'
Tl
1•67 X 106 6·40 X !06 6·05 X 106
Total toiicity, TU
Cl
100
I
I
Tl
100
I
I
Total COD (mg.O,•I'1)
Cl
323
64
64
Tl
323
64
64
Total TOC (mg.C•I'1)
Cl
55-17
70·47
50·11
Tl
55·17
31·46
17-37

•

• without aerntion

Table 2 Comparison between Cl (control) and Tl (inoculated) under aerated and non-aerated. conditions, using
eflluent from site I. Case 2
Time(days)
Parameters
System
0
I
2
3.5*
Cells (CFU·ml" 1)
4•03 X 103
Cl
4x 10'
3·0 X 10'
Tl
7-10 x IO'
2·5 X JQ'
6·0 X !04
+t-+
+t-+
Total toiicity (TU)
Cl
476
+t-+
+t-+
+t-+
+t-+
Tl
476
1
466
Total COD (mg.O,•I' )
CI
700
500
600
Tl
700
500
167·2
TOC (mg.C·I-1)
Cl
122
129·2
80·12
Tl
122
106·9

•

+++Not calculable; 100% lethality at all concentrations tested
without aeration

•

ti!

!50
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Table 3 Comparison between C! and C2 (controls) and Tl and T2 (inoi:ulated) under aerated and non-aerated
conditions, using effluent from site 2. Case 3.
Time(days)
Parameten

System
Cl
C2

,..

•

1
3
4
3-5'
2
2-90xl0'
1·82x10' 5-25xl0'
10'
10'
10'
1Wx10'
10'
1·20xl0'
6·05xl0' 3-70x10' 4·90x!O'
Tl
HOxlO'
l·OOx10'
7-20x10' 9-45x10'
T2
+++
Total toxlclly (I'll)
Cl
+++
2000
+++
+++
+++
C2
2000
+++
+++
2000
+++
Tl
+++
+++
+++
+++
T2
2000
Cl
+++
+++
+++
+++
T..Jclly (I'll)
+++
+++
(Rltrate)
C2
+++
+++
+++
Tl
+++
+++
+++
+++
+
T2
+
+
5,900
Total COD (mx.Oit')
Cl
3700
600
C2
1584
5900
560
5900
2450
Tl
2376
746
T2
5900
1386
515
COD (mj!.01·t')
Cl
2200
800
(ffitrale)
2200
475
C2
594
752
Tl
2200
960
594
2200
T2
594
TOC(mgCt')
122·2
Cl
146·4
185-2
134·3
C2
Tl
205-3
84·6
172-8
141·7
T2
+++Not calculable; 100% lethality at all coru:entrations
+ Not calculable; evidence oftoxicity cmJy at the hlghest concentratioo tested
without aeration from 48h •• without aeration from 96h
CeUs (CF1J·mt1)

35"

+
0

640

500

•

The results suggest that excessive amounts of oil should be avoided and that biological treatment works poorly
on petroleum residues not in solution. Mechanical separation is an essential part of the treatment process.
Addition of seleeted mixed microbial concentrates improves the rate of biodegradation and detoxification of
water-soluble petrochemical wastes and is a method of considerable economic potential.
Acknowledgments To Petrobras for their financial support for scientific research.
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DEGRADATION OF NITRILES BY A Candidafamata STRAIN
Linardi, V.R., Dias, J.C.T., Rosa, C.A, Gomes, N.C.M.
Dept. ofMicrobiology, ICB-UFMG, Cx. P. 486, 31270-901 Belo Horizonte, Brazil.

SUMMARY A strain of Candida jamata isolated from gold mine effiuent was able to grow in acetonitrile,
propionitrile, isobutyronitrile and acetamide as sole nitrogen source. The results suggest that the hydrolysis of
nitriles is effected by a two-step reaction, mediated by nitrile hydratase and amidase.
INTRODUCTION Nitrile compounds and their derivatives are extensively used in many industrial operations.
These compounds are cyanide-substituted carboxylic acids and are produced naturally and synthetically (Nawaz
et a!., 1989). The naturally occurring nitriles are found in higber plants, insects and microorganisms. Synthetic
nitrile compounds are used industrially in benzonitrile herbicides and as precursors for the synthesis of
polyacrylonitrile plastics and they are widely used as organic solvents. Little is known about the ecological impact
of organic nitriles and the wider use of these toxic compounds could lead to an environmental problem in the
future (Digeronimo & Antoine, 1976).
The enzymatic hydrolysis of nitriles to their corresponding acids and metabolically available ammonia by a
wide variety of both Gram-positive and Gram-negative bacteria is well documented. Nitrile hydrolysis by
filamentous fungi and yeasts has not been studied extensively (Vander Walt eta!., 1993).
The microbial metabolism of nitriles proceeds through two different pathways. Nitrilase (EC 3.5.5.1)
participates in the direct conversion of nitriles to their carboxylic acids and ammonia (Kobayashi et a!., 1989).
Asano et a!. (1982) proposed a second pathway involving a nitrile hydratase (EC 4.2.1.84) that mediates the
conversion of nitriles to their amides. An amidase (EC 3.5.1.4) converts the amides to their corresponding
carboxylic acids and ammonia. The present investigation describes the ability of a Candida jamata strain isolated
from gold extraction circuit liquids to utilize low molecular weight organic nitriles as a sole source of nitrogen.
MATERIALS AND METHODS
Organism and culture conditions The yeast was isolated from gold mine effiuent in yeast nitrogen base (Difco)
containing 1% glucose and lOmg% chloramphenicol. It was identified according to the keys ofKreger-van Rij
(1984) and Barnett eta!. (1990).
The organic nitriles, acetonitrile (Baker), propionitrile, isobutyronitrile, benzonitrile (all from Merck) and the
amide, acetamide (Aldrich) were tested as sole nitrogen sources. C. jamala was adapted by growing in 20m!
yeast carbon base (Difco) with increasing acetonitrile concentrations from lg·l·' (24·4mM) to lOg·I·' (244mM).
Serial transfers of 0·5ml aliquots of a 72h yeast suspension (A.u,= 0·155) were used as inoculum. Cultures were
incubated at 28°C in a rotary shaker at 250rpm for 72h. Growth was estimated as optical density at 460nm.
C. jamata grown in IO,OOOmg·l'' acetonitrile for 72h was used as inoculum (0·5ml, A.u,= 0·155) for the
·experiments with lOg· I'' (182mM) propionitrile, lOg·!'' (145mM) isobutyronitrile, 250mg·l' 1 (2·4mM) benzonitrile
and lOg· I·' (16·9mM) acetamide. The yeast cells were harvested by centrifugation and the ammonia concentration
of the supernatant was measured colorimetrically by the method ofFawcett & Scott (1960).
The growth of C. jamata in 244mM acetonitrile was followed
RESULTS AND DISCUSSION
spectrophotometrically; the lag phase was 25h and the end of the exponential phase was reached after 48h.
Ammonia was detected in the culture after 36h and increased regularly thereafter up to 72h.
Table l GrowthofCandidajamata in various nitriles and acetamide
Growth substrate
Concentration (mM)
A....
Ammonia (mg·t')
Acetonitrile
244
12
63
Propionitrile
182
7·6
40·1
Isobutyronitrile
145
2· 3
0
Benzonitrile
2·4
Acetamide
16·9
10·5
n.d.
n.d =not determined

-=nogrowth

Table 1 shows the effect of various nitriles on the yeast growth. Best growth was observed when acetonitrile
was used as sole nitrogen source, followed by growth on propionitrile and on isobutyronitrile. C. jamata was able
to grow in 16·9mM acetamide (Table 1), indicating it produces amidase. The effects of increasing acetamide
concentrations are being tested. The utilization of acetamide as a nitrogen source by C. jamata shows that the
hydrolysis of the above nitriles could be effected by a two-step reaction, mediated by nitrile hydratase and
amidase. The alternative nitrilase pathway is not ruled out by this result. However, the yeast did not use
benzonitrile. Microorganisms that use a nitrile hydratase and an amidase to metabolize nitriles rarely degrade
aromatic nitriles or their amides (Nawaz et a!., 1991). This suggests that C. famata utilizes a two-step
degradation of nitriles. Enzyme assays for nitrile hydratase and amidase activities using cell extracts are underway
in our laboratory.
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ABSTRACI' Gold extractive procedures that utilize cyanidation often generate toxic eflluents that must be
treated before discharge to the environment. We studied the occurrence and distribution of yeasts in a gold
mining plant in order to isolate strains capable of degrading cyano-metals. Sixty-three yeast strains were isolated
from five different points of the gold mining liquid eflluents. Candida Jamata, Rhodotorula glutinis and
Geotrichum sp. were the most frequently isolated species. Six yeast strains grew on Yeast Carbon Base
supplemented with 0·4mM ferric cyanide as the sole nitrogen source. Eight strains grew in the presence of
0·6mM copper cyanide and one Rhodotoru/a rubra strain grew in the presence of 0·6mM silver cyanide. This is
the first description of yeasts with this ability. Some of these strains could be useful in bioprocesses for the
treatment of cyano-metal-containing eftluents.
INTRODUCI'ION Wastewaters in the mining industry, in which cyanide serves as an ore extractant, are rich in
heavy metals. These metals bind to free cyanide forming complexes of variable stability and toxicity.
Cyano-metals, such as ferrocyanide, tetracyanonickelate, silver, copper and zinc cyanides, may constitute a
significant fraction of cyanide-related compounds in these habitats (Silva-Avalos et al., 1990). Various
microorganisms are able to degrade cyanide, but there are only a few reports of microorganisms degrading
cyano-metal complexes. Those identified include Pseudomonasjluorescens, Klebsiella sp. and Acinetobacter sp.
(Rollinson et al., 1987; Silva-Avalos et al., 1990; Finnegan et al., 199la; Finnegan et al., 199lb). This study
reports the occurrence and distribution of yeasts in a gold mining plant, where cyanidation is used for the
mobilization of the metal.
METHODS Samples were collected from five different ore processing stages during gold extraction by
cyanidation in the Minera~o Morro Velho in Nova Lima, MG. Point one was the stage where the ore was mixed
with water (pH 7·2) without cyanide; point 2 that of cyanide addition (350mg•l' 1 sodium cyanide, pH10·5); point
3 was in the ore clarification tank (I 00-150mg·l·1 sodium cyanide, pH I 0·5); point 4 in the Barren solution, where
gold has already been removed (100mg·l'1 sodium cyanide, pHIO·O) and point 5 in the waste treatment basin
(pH7·1), where the eflluents are submitted to natural degradative processes until the cyanide concentration
reaches acceptable levels. Liquid samples were collected in sterile 500ml bottles and transported in an ice bath to
the laboratory for processing within 5h.
Yeasts were isolated by enrichment in YNB (Difco) plus I% glucose and IOmg"lo chloramphenicol. Samples
were also inoculated into Sabouraud broth plus I Omg"lo chloramphenicol. Flasks were incubated at room
temperature (approx. 26°C) at 200rpm for 3-10 days. Colonies were isolated on acidified YM agar and isolates
characterized by standard metbods (van der Walt & Yarrow, 1984). Identification was according to the keys of
Kreger-van Rij (1984) and Barnett et al. (1990).
Yeast growth in the presence of cyano-metals was tested on plates of yeast carbon base (YCB) agar with
concentrations between 0·1-l·OmM of the following cyano-metals as nitrogen source: ferric cyanide (Fe(CN)...).
silver cyanide (AgCN), copper cyanide (Cu(CN),) and zinc cyanide (Zn(CN),). Suspensions of each culture
grown on Sabouraud agar for 24-48h were inoculated using a multipoint inoculator on to plates containing
various concentrations of the cyano-metals. Plates were incubated at 22°C and growth observed after 7 and 14
days. Resistance to cyano-metals was tested as above on YCB agar supplemeoted with 0·015% ammonium
sulfate as nitrogen source and various cyano-metal concentrations.
RESULTS AND DISCUSSION Sixty-three yeast strains belonging to 26 species were isolated from 5 different
points of the gold mining eflluents. Point 2 showed the highest number of yeast species (II), followed by points
I, 4 and 5 (6) and point 3 (5). Candida famata, Rhodotorula glutinis and Geotrichum sp. were the most
frequently isolated species. One strain of Rhodotorula glutinis was able to grow in concentrations up to 0·6mM
silver cyanide as sole nitrogen source and two different unidentified Candida strains grew in concentrations up to
0·1 mM. Silver cyanide was the complex most toxic to the yeasts, since the other strains isolated did not grow on
plates containing it, even when supplemented with ammonium sulfate as nitrogen source. On the medium
supplemented with 0·0 15% ammonium sulfate, all strains but one grew on plates with I·OmM ferric cyanide; most
grew with I·OmM zinc cyanide; most with 0·4mM copper cyanide, but only 4 with I·OmM copper cyanide. Six
isolates grew on YCB agar plus 0·4mM ferric cyanide as sole nitrogen source, 8 grew in the presence of 0·4mM
copper cyanide and 4 grew in the presence of 0·4mM zinc cyanide. Some of these strains could be promising for
use in bioprocesses for the treatment of cyano-metal-containing eftluents.
Acknowledgments This research was supported by grants from CNPq and PrPq/UFMG.
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DEGRADATION OF CYANOMETALLIC COMPLEXES BY Escherichia coli
Nauter, G.C.C., Figueira, M.M., Linard~ V.R.
Dept•. de Microbiologia, ICB, Cx. P. 486, 31270-901 Belo Horizonte, MG, Brazil.
ABSTRACT The kinetics of the degradation of cyanide complexes of zinc, copper and iron by a
cyanide-degrading Escherichia coli strain were studied. The organism, isolated from gold extraction circuit
liquids, was able to use different cyanocomplexes as nitrogen source for growth. E. coli BCN6 degraded cyanide
rapidly with concomitant biomass production. Of the three heavy metals present, only Fe and Zn were
accumulated by the cells. These results suggest a previous transformation of cyanide into another substance
before its utilization by the bacterium for cell production and a possible selective mechanism for the heavy metal
liberated after CN' degradation.
INTRODUCTION Cyanide compounds are used in many industries, such as in the synthesis of methacrylates,·
dyes, synthetic fibers and agricultural products. Many plants, such as cassava, peaches, cherries and bamboo,
produce cyanogenic glycosides and cyanolipids (Legras et at., 1990). Gold mining and electroplating industries
produce large amounts of cyanide wastes (Knowles & Bunch, 1986).
Due to its high toxicity, cyanide-containing waste water must be treated before release in order to meet the
regulatory requirements. Many chemical processes have been proposed to decompose cyanide, the most
important being alkaline chlorination, copper-catalyzed hydrogen peroxide oxidation and the INCO process.
Since some processes require special equipment and, in many cases, do not degrade all cyanide complexes,
biological treatment has been investigated to achieve high degradation efficiency at low cost.
A full-scale biological treatment facility is currently being used for cyanide waste waters by Homestake Mining
Co., Lead, SD, USA; cyanide compounds and thiocyanate are oxidized to ammonia and carbonate by
Pseudomonas paucimobilis, specially acclimated to elevated cyanide concentrations, immobilized in RBCs
(rotating biological contactors) (Mudder & Whitlock, 1984; Whitlock, 1989). The process removes 95-98% of
tl1e initial cyanide and metal present in the waste discharge of 4 million gallons of water per day.
Recent studies on the metabolism of cyanide by microorgaisms for prospective new biodegradation systems
have mainly been on Pseudomonas, Acinetobacter, Bacillus and Alcaligenes strains (Harris & Knowles, 1983;
Finnegan et a!., !991; Meyer et al., 1991; Ingvorsen et al., 1991). Figueira (1994) isolated an E coli strain
(BNC6) from gold extraction effluents, which was able to grow at cyanide concentrations up to 50mg·J' 1• The
organism formed a less toxix cyanide-glucose complex (cyanohydrin) before it was converted into ammonia by
microbial enzymes and subsequent biomass. This bacterium grew in iron, zinc and copper cyanides at different
CN concentrations. The objective of the present work is to determine the kinetics of utilization of cyanometallic
complexes by E. coli BCN6 and the possible accumulation of such metals by the growing cells.
MATERIALS AND METHODS
Microorganism
Escherichia coli BCN6, isolated from gold mining effluents and described as a
cyanide-degrading bacterium (Figueira, 1994), was grown in buffered minimal medium containing potassium
cyanide (SO·Omg·l'' ofCN·) as sole nitrogen source and stored on the same medium plus glycerol at -70°C.
Growth on different cyanometallic complexes The bacterium was grown in a buffered minimal medium
containing SO·Omg·l·' CN·, present as a complex formed by reaction with glucose for 72h. O·Sml of a culture of
OD 1·0 was inoculated into SOml of medium containingthe following cyanometallic complexes: 5-0mg·l'' CN' as
Cu(CN),-', !Omg·l'1 CN· as Zn(CN);', or 25mg·l"1 CN· as Fe(CN)03• The flasks were incubated with agitation at
30°C for 72h. At intervals, growth (OD at 540nm), total cyanide and metal concentrations were determined.
Analytical methods Total cyanide was determined by acid distillation and subsequent titration with AgN03,
according to APHA (1985). The metal concentrations were determined in the supernatant by atomic absorption
spectrometry (AAS).
RESULTS AND DISCUSSION E. coli BCN6 has previously been reported to be a cyanide-degrading
bacterium, able to use cyanocomplexes as a source of nitrogen. The organism grew at different cyanide
concentrations, depending on the metal of the complex, probably because of differences in metal toxicity
(Figueira, 1994). In the current study, it was found that the cyanide concentration in the medium was reduced to
about SO% of the initial concentration in the first hours of incubation. This was followed by the initiation of
growth. This indicates that the cyanometallic complex may have been converted into a nitrogen source for
bacterial growth. The cyanide disappeared from solution after ISh incubation for copper and zinc cyanide and
after 20h for iron cyanide. Microbial growth and cyanide degradation are shown in Figures I - 3.
The concentrations of Zn, Cu and Fe at different times are shown in Tables 1-3. In copper cyanide, no major
changes in metal concentration were seen, suggesting that, although the organism is able to use the complex as a
nitrogen source, it does not accumulate the metal within the cells. Different results were obtained for iron and
zinc complexes; after a few hours of incubation, E. coli was able to accumulate about 50% of the zinc remaining
in solution. About 25% of the iron present in solution was accumulated in the cells after 48h.
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Table 1 Variation of soluble copper (mg·I"') with incubation time in a medium supplemented with
Cu(CN);' (Smg·l·' CN·; 4·07mg·l·' Cu) in the presence and absence of Escherichia coli BCN6
Time (h)

2

4
6
15
20
24
48

,,
'

I

Cu (mg•t1) in supernatant (ConlloQ

•n

Cu (mg·t') in supernatant (Test)

•1o

3-75
3·46
3·23
3·54
4·10
3·27

3·07
2·98
3·55
4·10
3·47
3·31

Table 2 Variation of soluble zinc (mg·l-') with incubation time in a medium supplemented with
Zn(CN);' (IOmg·l·' CN·; 6·28mg·l·' Zn) in the presence and absence of Escherichia coli BCN6
Time (h)

•

2
4
6
15
20
24

48

Zn (mg·t1) In supernatant (Control)
0·73
0·71
0·64
0·72
0·69
0·61
0-64

Zn (mg·t1) In supernatant (Test)
0·39
0·49
0·48
0-41
0·37
0·25
0·31

Table 3 Variation of soluble iron (mg·l"1) with incubation time in a medium supplemented with
Fe(CN)03 (25mg·l·' CN·; 8·95mg·l"1 Fe) in the presence and absence of Escherichia coli BCN6
Time (h)

2

Fe (mg•l"1) in supernatant (ConlloQ

~~

Fe (mg•l"1) In supernatant (Test)

·~

4

6·59

5·24

6
15
20
24
46

7~

~13

7·57
7·35
6·62
8·09

6·75
6·46
6·56
6·29

Figueira (1994) described a distinct behavior of E. coli BCN6 when growing on cyanide as sole nitrogen
source, suggesting that the compound is present as a complex which is first converted to ammonia by microbial
enzymes; once accumulated in the medium, ammonia is consumed for biomass production. Similar results were
observed in the present work, in which the organism was grown on cyanometallic complexes; when almost all the
cyanide had disappeared from solution, microbial growth began, supporting the suggestion that this compound
must be transformed into ammonia prior to its utilization by the microorganism.
The mechanism by which bacteria are able to convert cyanide into a less toxic compound is related to the
production of intracellular enzymes - cyanide oxygenase and cyanide nitrilase (Dorr & Knowles, 1989). In the
present study, although all the cyanometallic complexes were utilized by the cells, there were only differences
between soluble iron and zinc concentrations suggesting evidence of microbial immobilization of these metals. 1f
intracellular conversion occurs, it would be expected that all the metals would be accumulated within the cells as
soon as the cyanide is degraded. However, copper was not accumulated even after 72h incubation (data not
shown). This could be explained by two possible mechanisms: i) the cyanide conversion occurs extracellularly and
only zinc and iron are accumulated by active metabolism (bioaccumulation) or biosorption (physico-chemical
processes); ii) cyanide is degraded inside the cells and, since 'free metal ions can be toxic, they are exported.
Copper, more toxic than the other metals, is totally present in the supernatant. In order to verifY such
suggestions, more experiments are being carried out to determine the intra- or extra-cellular location of the
enzyme activity.
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Figure 1 Variation of total cyanide and absorbance (!.. = 540nm) with time in a minimal
medium supplemented with Cu(CN)3' 2 (5mg·l"1 CN'; 4·07mg·l·1 Cu)
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Figure 2 Variation of total cyanide and absorbance (!.. = 540mn) with time in a minimal
medium supplemented with Zn(CN)/ (IOmg·l- 1 CN·; 6·28mg·l·1 Zn)
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ABSTRACT Pseudomonas jluorescens was immobilized on polyester polyurethane ·foam. There were no
differences in cell growth or in degradation ofEkofisk: crude oil between free and immobilized cells. Results were
compared with a previous study that showed biodegradation of petrol (Slovene diesel) was enhanced by
immobilized P. jluorescens.
INTRODUCITON Immobilized cells can be defined as cells entrapped within or associated with an insoluble
matrix (O'Reilly and Crawford, 1989). In the immobilized state they are in an environment protected against
unfavorable circumstances (Fukui and Tanaka, 1982: Rosevear et al, 1987). Interest is developing in immobilized
bacterial technology (IBT) as a method to treat chemical waste (Heitkamp et a!, 1990). There are few studies on
degradation of pollutants by immobilized cells (Omar and Rehm, 1988) and little work has been canied out on
the degradation of ri-alkanes in defined aqueous systems using bacteria immobilized on commercially available
materials (Wilson and Bradley, 1994)
ffiT is a potential method for treatment of oil pollution. Oil which enters the world's oceans undergoes
degradation, but the rate is too slow to cope with harmfiil pollution incidents. One reason offered for this slow
breakdown is the limited oil-water interfacial area which impedes the access of the bacteria to the oil. Oil is
hydrophobic and has low solubility; its accessibility to bacterial metabolism is enhanced by the formation of
water-in-oil emulsions, caused by weathering (Atlas, 1981). mT can increase the physical contact between oil
and microbes and may be applicable to the treatment of oil pollution.
This study investigates the use of a biosorbant polyester polyurethane as a biocarrier. The results are compared
to those of two previously tested materials, Biofix, a biosupport, and Drizit, a biosorbant, (Wilson and Bradley,
1996).
MATERIALS AND METHODS
Bacterial isolates The oil-degrading isolate used was Pseudomonas jluorescens, originally isolated from a
contaminated metal working fluid (Beech and Gaylarde, 1989). The inoculum for experiments was grown for 24
hours in nutrient broth (Oxoid) at 30°C.
Media Artificial seawater (Marine salts, TAP) was supplemented with 1% w/v Ekofisk crude oil (Lindsey Oil
Refinery Ltd.) for the biodegradation studies.
CeU immobilization on polyurethane Polyester polyurethane blocks (!em cubes) were added to an overnight
culture ofP. fluorescens and placed on an orbital shaker for 24 hours at 24°C.
Biodegradation Bacteria immobilized on polyurethane, and bacteria in free suspension, were centrifuged at
13000rpm {MSE, Micro-centaur), resuspended in phosphate buffered saline, pH7·3 (Oxoid), and added to give
equal cell concentrations per IOOml of medium. The cultures (m duplicate) were incubated at 24°C in an orbital
shaker (IOOrpm) for 20 days. Uninoculated controls accounted for abiotic, volatilization and extraction losses.
CeU ~ounts Vtable counts were canied out on the aqueous suspensions and on immobilized cells. The latter were
released from the solid matrices by sonication (Transsonic T310, Camlab) for 2min in Sml PBS. Counts were
determined in duplicate at time zero and after 20 days.
Oil analysis Residual oil was recovered from incubated samples by extraction with dichloromethane (DCM,
BDH), dried overnight, using anhydrous sodium sulfate, filtered, concentrated by rotary evaporation and
transferred to pre-weighed universal bottles. The remaining DCM was removed under a gentle atream of pure
nitrogen, bottles were reweighed at intervals and blowdown continued to constsnt weight and the weights
recorded. DCM extracts were analyzed by gas chromatography using a Carlo Erba 4160 gas chromatograph with
on column injection (O·S!J.l samples) and a flame ionization detector. Separation was achieved using a fused silica
capillary column (0.32mm by 30m, J and W Scientific). The oven temperature was increased from 50°C to 300°C
at a rate of 6°C·min·' and held at 300°C for IOmin. Hydrogen was used as the canier gas at a flow rate of
l·Sml·min·' and the FID detector temperature was kept at 330°C. Quantification of individual hydrocarbons was
made by measurement of the GC peak areas with a Shimadzu CR3-A integrator. Peaks from n-alkanes C.,-C 17 in
Ekofisk crude oil were compared to the response of the branched chain hydrocarbon, pristane, and c., to
phytane.
RESULTS AND DISCUSSION After 20 days incubation with crude oi~ there was no significant difference
(p=0.281) between the numbers of viable bacteria in the free (2·75xl013cfu·ml·', SE 2·75xl0 13) and the
immobilized system (3·14xl0 11 cfu·ml·', SE 1·65xl011 ). Table 1 shows the weight of oil degraded in this time. A
significant difference (p = 0·027) was found in the weight of oil lost from the control, free and immobilized
system, the free and immobilized system having lost significantly more weight than the control. Table 2 shows the
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carbon degraded after 20 days; there was no significant difference between the amount of C 12
any of the systems.

-

C,. degraded in

Table 1 Average weight loss (n=2) of Ekofisk crude oil after 20days incubation with Pseudomonas fluorescens
in sea'Yater; free and polyeS\er polyurethane-immobilized cell systems
Weight Joss (g Ekofuk)
Standard error
System
0·023
Control
0·135
0·040
Free cells
0·263
0·042
Immobiliz~ ceUs
0·300

•

Table 2 Carbon :degradation of Ekofisk crude oil after 20days incubation with P. fluorescens in seawater; free
and polyester polyurethane-immobilized cell systems (Values are ratios of peak areas; C 12-C 17:pristane and
C18:phytane)
System and time (days)
control
free
immobilized
Carl!on
0
20
0
20
0
20
C 12 I
o-8o
0·24
o-8o
o-37
o·so
o-53
Cu
1·27
0·38
1·27
0·31
1·27
1-01
0·61
0·21
0·61
0·32
0·61
0·51
c.,
0·60
0·22
0·60
0·30
0·60
0·48
c,.
0·66
0·16
0·66
0·12
0·66
0·28
o·45
0·14
o-45
o·I8
0·45
o-23
CIO
0·53
0·17
0·53
0·19
0·53
0·25

c..

c"

Figures arc means of2 samples and are adjusted to allow for volatilization and extraction~

Immobilization of P. fluorescens on polyurethane and incubation with Ekofisk in seawater for 20 days did not
result in any enhanced biodegradation, thus the weight loss differences may have been due to extraction errors.
There was no significant difference in viable counts in the free and immobilized systems, but the former showed a
slight increase in degradation of n-alkanes, suggesting that the inunobilized cells may have been gaining nutrients
from an alternative carbon source. The only other such source in the system was the polyurethane. Further
studies are necessary to investigate the possible degradation of polyurethane by the organism.
The data shows that more carbon was degraded in the control than in the inoculated systems. However, this
was calculated by comparing peak areas with those of the internal standards, pristane and phytane. Ifthe bacteria
are able to degrade these branched hydrocarbons, the ratio c.:pristane/phytane would increase, giving the
appearence that biodegradation of the alkanes was lower than the real value. This could also explain why no
apparent enhanced biodegradation of Ekofisk crude oil occurred with immobilization, whilst previous data
(Wilson & Bradley, 1996) h115 shown inunobilization to increase hydrocarbon biodegradation.
Although the present study shows no enhancement of hydrocarbon degradation, previous work indicated that
the use of inunobilized P. fluorescens is a potential method for treatment of hydrocarbon pollution (Wilson and
Bradley, 1996). Enhanced biodegradation of n-alkanes C12-C 18 of petrol (Slovene diesel) occurred with the
inunobilization of P. fluorescens on the biocarriers Biofix and Drizit in a freshwater system. The enhancement of
biodegradation rates of hydrocarbons by immobilized cells appears to be dependent on the biocarrier and culture
conditions used. In previous studies Biofix and Drizit achieved a significantly higher (p = 0•00 I) level and a faster
rate of degradation than seen with free living bacteria. The present study indicates however that polyurethane is
an unsuitable biocarrier for use in bioremediation due to its biodegradability and its inability to enhance
biodegradation ofEkofisk in seawater by P. fluorescens.
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ABSTRACT This article is a review of the current development of rapid methods and automation in
microbiology in the areas of sample preparation, alternative methods for viable cell counts, new methods for
estimation of microbial populations and biomass and new enrichment media for applied microbiology. The article
addresses the basic principles of rapid methods and specific applications of methods and provides a reference list
for further investigations by readers.
INTRODUCTION Rapid methods and automation in microbiology are rapidly developing areas.
Microbiological, chemical, biochemical, biophysical, inununological and serological methods are used for
improved isolation, early detection, characterization and enumeration of microorganisms and their products in
clinical, food, industrial and environmental samples. In the past 5-10 years, applied microbiologists and food
microbiologists have increasingly adopted new rapid and automated methods in their laboratories. Older, standard
methods of detection, enumeration, identification and characterization of microbes are well described in reference
books (Vanderzant & Splittstoesser, 1992; AOAC, 1990; FDA, 1992; APHA, 1993). Recent books and reviews
(Fung, 1991; 1994; Fung & Matthews, 1991; Hartman et al., 1992; Vanderzant & Splittstoesser, 1992) of rapid
methods for medical, water, food, industrial and environmental samples provide an overview of development.
The purpose of this article is to review the basic principles and practical applications of a variety of instruments
and procedures directly and indirectly related to improved methods for microbiology in quality assurance and
research in applied microbiology. Four areas of research and development in microbiology, sample preparation,
viable cell count, biomass and identification techniques are described.
IMPROVEMENTS IN SAMPLING AND SAMPLE PREPARATION One of the most useful instruments
for sample preparation is the Stomacher (Tekmar, Cincinnati, OH). This instrument is designed to massage
samples in a sterile bag. The sample is placed in the sterile, disposable plastic bag and appropriate sterile diluents
added. The bag is placed in the open chamber. After the chamber is closed, the bag is massaged by two paddles
for a suitable time period, usually 1-Smin. No contact occurs between the instrument and the sample. During
massaging, microorganisms are dislodged into the diluent for further manipulation. Massaged slurries are then
used for microbiological analysis. A similar system, named Masticator-Homogenizor (IUL Instruments GmbH,
Germany) has been introduced recently:
Another new instrument is the Diluflo (Spiral Biotech, Bethesda, MD). One of the most time-consuming
procedures of routine microbiological work is to aseptically measure a sample (e.g., lOg of meat) and then
aseptically add an exact amount of sterile diluent (e.g., 90ml) to make a desired dilution (1:10). With the Dilullo,
the analyst needs only to aseptically place a sample (e.g., 5·3g) into a prepared Stomacher bag or blending jar, set
a desired dilution (1:10) and set the instrument to automatically deliver the appropriate amount of sterile diluent
(e.g., 47·7ml). The dilution factor can be chosen by the analyst to satisfy the need (1: 10, 1:50, 1:100, etc.) simply
by programming the instrument.
ALTERNATIVE METHODS FOR THE VIABLE CELL COUNT PROCEDURE The conventional viable
cell count or standard plate count method is time-consuming. Several methods have been introduced to improve
the efficiency and convenience of operation of the viable cell count procedure.
The spiral plating method is an automated system for viable cell counting (Spiral Biotech, Bethesda, MD). The
instrument can spread a liquid sample on the surface of agar in a Petri dish in a spiral shape (the Archimedes
spiral) with a concentration gradient starting from the center and decreasing as the spiral progresses outward on
the rotating plate. The volume of liquid deposited at any segment of the agar plate is known. After the liquid
sample is spread, the plate is incubated for the colonies to develop. The colonies appearing along the spiral
pathway can be counted either manually or electronically. Manninen et a!. (1991) compared a laser colony
scanner with manual enumeration of microorganisms and found good correlations with both pour plates and
spiral plates; the two plating methods also correlated well (Table 1). Yeast counts were also very comparable but
mold counts are not as reliable, especially for fast growing molds such as Rhizopus oligosporus. Two new
versions of the spiral plater have recently been introduced; namely Autoplater (Spiral Biotech) and Whitley
automatic spiral plater (Bioscience International, Bethesda, MD). These instruments automatically process the
sample and sterilize the unit, ready for the next sample.
The ISOGRID system (QA Laboratories Ltd., San Diego, CA) consists of a square membrane filter with
hydrophobic grids printed on the filters to form 1600 squares for each filter. Food samples are weighed, blended
and enzyme-treated before passage through the filter. The filter is then placed on agar containing a suitable
nutrient or selective medium for growth of the bacterium, yeast, or mold. The hydrophobic grids prevent colonies
from growing further than the grid squares; thus all colonies have a square shape. This facilitates operator or
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electronic colony counts. This method has been successfully tested for a wide variety offoods (Entis, 1984; Entis

et al., 1982; Sharpe & Peterkin, 1988).
Table 1. Comparison of pnur plate and spiral plate counted manually and by laser for bacterial cultures (Log cfu

ml"').
Test cultures

Escherichia coli
Salmonella enteritidis
Pseudomonas aeruginosa
Staphylococcus aureus
Lactobacillus plantarum
Streptococcus sp.
Bacillus cereus
Micrococcus luteus

Pour plate
Spiral plate
Manual Laser Manual
Laser
8·86
8·85
8·73
8·85
8·76
8·66
8·78
8·92
8·00
8·00
8·00
8·00
8·04
7·78
8·18
8·18
9·48
9·40
9-60
9-69
7-73
7-66
8·00
8·08

7-26

7-15

7-15

7-26

7·40

7-32

7·51

7·57

•

•

(DatafromManninenetai.,I991).

Rehydratable nutrients are incorporated into films in the Petrifilm (3M Co., St. Paul, .MN) System. The
protective cover is lifted and 1ml of liquid sample is introduced to the center of the unit and the cover replaced.
The rehydrated nutrient medium film suppnrts the growth of microorganisms. After incubation, the colonies are
counted. The unit is about the size and thickness of a plastic credit card, thus providing great savings in space
during storage and incubation. Petrifilrn units with different media constituents have been developed for total
bacterial counts, coliform counts, fecal coliforms, yeast and mold counts. Petrifilm has been used to count
organisms from milk and meat (Ginn et al., 1986; Smith et al., 1986). Fung et al. (1987) compared Petrifilm SM
with a conventional viable cell count method for seafood analysis of mesophiles and found a 0·987 correlation
coefficient (Table 2).
Table 2 Comparison of the standard plate count method and the Petrifilm method for viable cell counts of
shrimp, perch, cod and whiting.
Colony-forming units gm·'
Seafood Sample Standard plate count Petrirdm SM
Shrimp
I
2·1 X 104
0·9 X J(l"
2
9·3 X 10'
6•8 X 10 3
4
3
1·5x 10
1·2x 104
4
4·4 X 10"
2·0 X 10"
5
2·0 X !04
0·9 X 10"
I
1•4 X 10 3
1·2 X 103
Perch
2
2
5·4 X 10
3·7 X 102
2
3
8·0 X 10
4·8 X 10'
4
5•0 X 102
3·2 X 10'
5
!·Ox 103
1·2x 103
1•2
X
JO'
J•J X 10'
Cod
2
2·2 X 10'
2·4 X J()'
3
l·Oxi04
l·Ox!O"
4
2·1 X 104
2·3 X J(l"
5
1·2xl04
1·2x104
2
I
3·0x 10
3·1 x 102
Whiting
2
2
5·8 X !0
5·6 X 102
3
1·2 X JO'
1-1 X 103
2
4
5•4 X 10
5·2 X 102
2
5
8·8 X 10
8•4 X 102

•

Samples were massaged in a stomacher for J.min. in sterile diluent. Viable cell oounts were made according to the standard method.
Incubation time was 48h at 32°C. All samples were assayed in duplicate. ~Jation coefficient between the two methods is r = 0·987.
(Datatal=fromFungetal, 1987)

Redigel system (RCR Scientific, Inc., Goshen, IN) consists of nutrients and pectin in a user-ready tube. A lml
sample is mixed with the tube contents and these are poured into a special Petri dish coated with calcium. When
the medium comes into contact with the calcium, a Ca'pectate gel is formed which resembles conventional agar.
After requisite incubation, the colonies can be counted as on a standard plate. Fung & Chain (1991) compared 17
widely different foods (20 samples of each) and found a correlation of0·964 with standard plate counts.
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Chain & Fung (1991) made a comprehensive analysis of all four methods against the conventional method on
seven different foods (20 samples of each) and showed that the new systems correlated well with the pour plate
method (r > 0·95). These four methods are potential alternatives to the conventional agar pour plate method. It
should he noted that these newer methods require some operator training and experience before satisfactory
results can he obtained consistently. They are good methods if carried out carefully.
In the Direct Epilluorescent Filter Technique (DEFT} method, the liquified sample is first passed through a
filter that retains the microorganisms. The filter is then stained with acridine orange and observed under
ultraviolet light. "Live" cells usually fluoresce orange-red, orange-yellow, or orange-brown, whereas "dead" cells
are green. The results can he read by eye, or by a semi-automated counting system marketed by Bio-F oss. A
"viable cell count" can be made in less than an hour. Using an image analyzer, an operator can count 50 DEFT
slides per hour (Pettipher, 1986). Recently the Nordic countries began using this technique for quality assurance
of ground beef.
These newer methods for viable cell counts of microorganisms need to he tested in more laboratories with
more types of samples before they can be accepted as valid alternatives to the time-honored standard plate count
method .
METHODS FOR ESTIMATION OF MICROBIAL POPULATIONS AND BIOMASS Many methods
have been developed in recent years to detect microorganisms using parameters such as adenosine triphosphate
(ATP) luminometry, conductivity, calorimetry and radioactive CO, generation. In order that a new method be
accepted, correlation between the parameter and the total viable cell count must be shown. As the number of
microorganisms increases in the sample, these physical and biochemical variables will change, but the relationship
between cell number and the measured parameter must he defined. Furthermore, the relationship must he
examined for a large number of species.
Theoretically, all methods involving culture can detect one viable cell in the sample if the incubation period is
long enough (days or weeks). On the practical side, rapid detection methods are usually limited to a threshold of
104- IO'cells ml'1 When a sample has 106-107organisms m1·t, detection can he achieved in about 4-6h with many
simple methods.
A TP luminometry All living things utilize ATP. In the presence of the firefly enzyme system, luciferase,
luciferin, oxygen and magnesium ions, ATP generates light. The amount of light generated by this reaction is
proportional to the amount of ATP in the sample and the assay can be automated for handling of large numbers
of samples. Some instruments can detect as little as 10'-!0'fg. The amount of ATP in one colony-forroing unit
has been reported as 0·47fg, with a range of0·22-1·03fg and thus the light units can he used to estimate the
biomass of cells in a sample.
Many researchers have tested the efficacy of using ATP to estimate microbial cells in foods and beverages.
Lumac (Landgraf, The Netherlands) markets several models of ATP instruments and provides customers with
test kits with all necessary reagents, such as a fruit juice kit, hygiene monitoring kit, etc. The reagents are injected
into the instrument automatically and readout is reported as relative light units (RLUs). By knowing the number
of microorganisms responsible for generating known RLUs, one can estimate the number of microorganisms in
the food swnple. In some systems, such as wine, the occurrence of any living matter is undesirable; thus
monitoring of ATP can be a useful tool for quality assurance in the winery. ATP estimation, not for total viable
numbers, but as a sanitation check, is marketed by companies such as BioTrace (Plainsboro, NJ) and Lumac,
Hy-Lite (Cornwell, Canada).
Conductivity As microorganisms grow and metabolize nutrients, large molecules change to smaller molecules in
a liquid system and cause a change in electrical conductivity. By measuring the changes in electrical impedance
(capacitance and conductance}, the number of microorganisms in the liquid can be assayed, because the larger the
number of cells, the faster the change in these parwneters. A detailed analysis on the subject of conductivity
measurement in relation to food microbiology has been made by Eden & Eden (1984).
The Bactometer (bioMerieux Vitec, Inc., Hazelwood, MO) is designed to measure impedance changes in
foods. Samples are placed in the wells of a 16-well module. Afler the module is completely or partially filled, it is
plugged into the incubator unit to start the monitoring sequence. At first, there is a stabilization period for the
instrument to adjust to the module; then a base line is established. As the microorganisms metabolize the
substrates and reach a critical number (I O'- I O'cells 1'1) impedance changes rapidly and the monitor screen shows
a slope similar to the log phase of a growth curve. The point at which the change in iutpedance hegins is the
"detection time" and is measured in hours from the start of the experiment. The detection time is inversely
proportional to the number of microorganisms in the swnple. Knowing the number of microorganisms per ml in a
series of liquid samples and the detection time of each sample, one can establish a standard curve. From the curve
one can decide the cutoff points for monitoring certain specifications of the food products.
The Malthus system (Crawley, UK) works by measuring the conductance of the fluid as the organisms grow in
the system. It generates a conductance curve similar to the impedance curve of the Bactometer, and it also uses
detection time in monitoring the density of the microorganisms in the food. The major difference between these
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two systems, besides the scientific principle (impedance versus conductance), is the inc.ubation units. In the
Bactometer system, the size of the well (about 2ml) in the 16-well module is fixed. No modification is possible as
the mndule is designed to fit into the incubator chamber, but (with 2 separate chambers) two different
temperatures can be monitored at the same time. The Malthus system, however, allows analysts to choose three
sizes ranging from 2 to lOOm! and the temperature of each unit is controllable by heating water. Bactometer only
produces disposable modules, whereas for the Malthus system both autoclavable and disposable units are
available. In terms of performance, the systems are equivalent in sensitivity and detection time. Practical use of
impedance and conductance methods are reported by Gibson & Hobbs (1987).
Colorimetry The Ornnispec Bioactivity Monitor System (Wescor, Inc., Logan, UT) is a tri-stimulus reflectance
colorimeter that monitors dye pigmentation changes mediated by microbial activity. Dyes can be used that
produce color changes as a result of pH changes, changes in the redox potential of the medium, or the presence
of compounds with free amino groups. Samples are placed in microliter wells or other types of containers and are
scanned by an automated light source with computer interface during the growth stages (0-24h). The change of
color or hue can be monitored with time. Manningen & Fung (1992) evaluated this system in a study of pure
cultures of L. monocytogenes and food samples, and found moderate to excellent correlation (r = 0·90-0·99) for
pure bacterial cultures and r = 0·82 for minced beef, between the colony counts predicted by the colorimetric
technique and plate counts. They also showed that detection. times for bacteria such as Enterobacler aerogenes,
E. coli, Haffnia alvei and several strains of L monocytogenes were substantially (2-24h) shorter using the
instrument than using the traditional method, and concluded that the colorimetric detection technique employed
by the "Ornnispec" system simplifies the analyses, saves labor and materials and provides a high sampling
capacity. Tuitemwong (1993) recently completed an extensive study using Ornnispec 4000 to monitor growth
responses of food pathogens in the presence or absence of membrane-bound enzymes. This instrument is highly
efficient in large-scale studies of microbial interaction with different compounds in liquid and food.
Catalase The catalase test is a rapid method for detection of microbial populations in certain foods.
Microorganisms can be divided into catalase positive and catalase negative. Both groups are important in food
microbiology; however, under certain food storage conditions, a certain group predominates. Most perishable
foods (commercial as well as domestic) are cold-stored under aerobic conditions. The predominant food-spoilage
organisms are psychrotrophic bacteria, of which, Pseudomonas spp. are strongly catalase positive. Other
important psychrotrophs such as Micrococcus, Staphylococcus and a variety of enterics are also catalase positive.
Thus, one can make use of the presence of catalase to qualitatively estimate the bacterial population, using a
simple capillary tube method (Fung, 1985).
A preliminary study using a simple catalase swab test as an index of cleanliness of industrial meat-processing
areas was made. A moist swab was applied to a 2 x 2in. area and then placed in 2m! of 3% IJ.O, in a test tube and
the amount of bubbles generated in the tube scaled as 0, 1+, 2+, 3+, 4+, or 5+ to indicate sample activity. A
bacterial count of the immediate adjacent area was also taken. The results showed that prior to slaughter, the
room had very low catalase activity, which indicated that bacteria, as well as blood or other particles that may
carry catalase activity, were present in low numbers. During the slaughter operation, the catalase activity was
high because of meat particles, blood and bacteria in the environment. After proper clean-up, the catalase activity
in the area fell to the original level. Bacterial counts did not correlate with the catalase activity. This is to be
expected because the swab picks up material other than bacteria that can generate bubbles in the presence of
H,O,. Ang et al. (1993) recently showed that heating poultry meat to 71"C (a legal requirement for these
products) will destroy both bacterial and animal catalase. The test is 99% accurate and is simple and inexpensive
to perform.
MINIATURIZED MICROBIAL IDENTIFICATION TECHNIQUES The basic components of the
miniaturized systems are microliter plates for test cultures, a multiple inoculation device and solid and liquid
media. The development of fast, reliable and accurate manual and automatic pipettes made the use of
micromethods possible. Pure cultures are inoculated into liquid medium in a microliter plate to form a master
plate. Each microliter plate holds up to 96 different cultures, 48 duplicate cultures, or various combinations as
desired. The cultures are then transferred by a sterile muitipoint inoculator (96 needles protruding from a
template) to solid or liquid media. Each transfer represents 96 separate inoculations in the conventional method.
After incubation at an appropriate temperature, growth of cultures can be recorded. These miniaturized
procedures save a considerable amount of operator time, effort in manipulation, materials, labor and space. They
are ideal for large number of isolates or for research involving challenging large numbers of microbes against a
host of test compounds.
The senior author has developed many miniaturized methods to reduce the volume of reagents and media
(from 5-10ml to about 0·2ml) for microbiological testing using microliter plates. The miniaturized methods have
been used to study large numbers of isolates from foods (Fung & Hartman, 1975) and to develop bacteriological
media and procedures (Chein & Fung, 1991). Miniaturized methods for studying food yeast were also developed
in the authors' laboratory (Fung & Liang, 1989; Lin & Fung, 1985, 1987). Currently, these methods are being
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used to study food mycology (Hart et al., 1991). An aniline blue dye-containing medium was developed in the
authors' laboratory which can effectively isolate Candida albicans. The medium was extensively evaluated by
Goldschmidt et a!. ( 1991) who reported 99·1% predictive value. Only C. albicans can grow and fluoresce on this
medium. Currently DIFCO is marketing the medium using the name Candida Isolation Medium .
On the commercial side, many diagnostic kits for identification of microorganisms have been developed and
marketed since the 1970s. Currently, API, Enterotube, RIB, Minitek, MicroiD and IDS are available. Most of
these systems were first developed for the identification of enterics (E. coli, Salmonella, Shigella, Proteus,
Enterobacter spp., etc.). Later many of the companies expanded the capacity to identifY non-fermenters,
anaerobes, Gram-positive organisms, yeasts and molds. Most of the early comparative analyses centered around
evaluation of these kits for clinical specimens. Cox et al. (1977) and Fung & Cox (1981) studied the systems from
the standpoint of food microbiology and concluded that they generally provide 90-95% accuracy when compared
with conventional methods. Comparative analyses of diagnostic kits and miniaturized systems were made by Fung
et a!. (1984). They concluded that these miniaturized systems are accurate, efficient, labor saving, space saving
and cheaper than the conventional methods. Their usefulness in clinical and food microbiological laboratories will
continue to be important.
OTHER TECHNIQUES Techniques involving immunologic and molecular biology techniques are described in
a separate paper by Phebus & Fung in these proceedings.
Motility enrichment is a useful method of rapid isolation and identification. Fung & Kraft (1970) described a
motility flask system for Salmonella spp. in mixed cultures and poultry products. The system involves a flask with
a side arm that contains several agar layers. Lactose broth is placed in the flask and then a sample is inoculated.
The first layer of agar, which contains selenite, cysteine and sodium Iaury! sulfite prevents organisms other than
salmonellae from passing through. Once salmonellae have passed the first layer, they can grow and metabolize
compounds causing color changes in the second and third layers indicating their presence. Serological tests can
then be performed for confirmation.
The Salmonella 1-2 test (BioControl, Bothell, Washington) also utilizes motility as a form of selection. The
test is performed in an L-shaped chamber. One arm contains a selective enrichment liquid medium and the other
arm, connected by a small hole, contains a soft agar through which salmonellae can migrate. Polyvalent anti-H
antibody is introduced through an opening on the top of the second arm. The sample is first pre-enriched for 24h
in lactose broth and then 0·1ml is inoculated into the liquid medium. If the sample contains salmonellae, they will
migrate through the hole and up the agar column. Simultaneously, the antibody against flagella of salmonellae will
diffuse into the agar. When Salmonella spp. are present, a visible "immunoband" is formed. The system is easy to
use and has gained popularity because of its simplicity. Yu & Fung (1993) reviewed the use of selective motility
enrichments to isolate foodbome pathogens.
"Oxyrase" (Mansfield, OH), a membrane fraction of E. coli, was found in the authors' laboratory to stimulate
the growth of a large number of important facultatively anaerobic food pathogens. In the presence of a hydrogen
donor such as lactate, "Oxyrase" reduces 0 2 to H,O, thereby lowering oxygen tension and creating anaerobic
conditions favoring the growth of facultative anaerobic organisms. In a medium containing 0·1unit m1·' of the
enzyme, the growth of L monocytogenes, E. coli 0157:H7, Salmonella typhimurium, Streptococcus jaecalis and
Proteus vulgaris was greatly enhanced; colony counts were greater by 1-2 log units, depending on the initial
count and the strain studied, after incubation in the presence of the enzyme for 5-8h at 35-42°C compared to
control without Oxyrase.
By combining the Oxyrase enzyme and a unique U-shaped tube, Yu and Fung (1991a, b) developed a method
for detection of L monocytogenes and Listeria spp. from laboratory cultures and meat systems. Currently much
work is being done in the authors' laboratory to stimulate the growth of Campylobacter from foods.
CONCLUSIONS This article describes a variety of methods that are designed to improve current methods,
explore new ideas and develop new concepts and technologies for the improvement of applied microbiology.
Many of these methods were first developed for clinical microbiology and are now being used for food
microbiology. A new joumal, Joumal of Rapid Methods and Automation, was started in 1992 by the senior
author to encourage rapid dissemination of information concerning current developments in rapid methods and
automation. This field will certainly grow and microbiologists will add these new methods to those described here
already used by applied microbiologists.
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ABSTRACT Formation of biofilms in food processing equipment (to be Cleaned in Place) and bacterial
attachment to the stainless steel surfuces of other re-circulating systems has become a concern, since it is thought
that cleaning and sterilization procedures currently applied may be unable to cope with such biofouling. Inability
to remove bacteria may have serious consequences to the surface and to the materials passing over it. Rapid
monitoring of the microbial status Of food processing equipment and similar systems is inherent to food safety
and the prevention of contamination. The use of ATP-bioluminescence to assess hygiene on cleaned surfaces is
well documented and a range of products are available which utilize this technique. This paper describes the
development of a recirculating system which may be used to study biofilm formation and control, using the rapid
technique of ATP-bioluminescence.
INTRODUCTION Since the 1950s the cleaning of plants processing liquids, such as milk, has been done by the
circulation of water and chemical solutions (Jayas et al., 1992). This saves both time and labor compared to the
outdated method of dismantling, manual cleaning and reassembly. Manual brushing has been totally eliminated by
the well-established technique known as Cleaning-in-Place (CIP). The technique uses higher temperatures and
stronger chemicals and allows more freedom in plant design and new process ideas. The CIP system is designed
as an integral part of the processing plant so that all product contact surfaces are accessible to the series of
solutions in the cleaning sequence (Jayas et al., 1992).
Cleaning and sterilization is carried out in the food industry to remove both the organic soil remaining as a
result of food processing and any microorganisms that may also be present in the system, so a clean surface is left
for further food processing. Recently, the formation of biofilms in food processing equipment, especially stainless
steel surfaces, has become a concern (Matilla-Sandholm & Wirtanen, 1992). It is now recognized that cleaning
and sterilization procedures currently applied may be unable to cope with such biofouling (Wirtanen &
Mattila-Sandholm, 1992). The inability to remove bacterial contamination may have serious consequences to the
surface and to the materials passing over it.
Monitoring biofilm formation and microbial contamination are essential as the effective cleaning of product
contact surfaces is a critical control point in the process industry (Kyriakides, 1992). Hygiene assessment through
microbial monitoring can be done by direct microbiological methods or by measuring a number of physical or
chemical parameters. In recent years, the assay of adenosine triphosphate (ATP) by bioluminescence produced by
the luciferin-luciferase system has proved useful in this area (Challinor, 1991).
BIOFOULING IN THE FOOD INDUSTRY The microbial fouling of inert surfaces such as stainless steel has
three general consequences: reduction in function due to biofilm presence, creation of a haven for pathogenic
bacteria within the biofilm and physical damage to the surfuce resulting from microbial growth and metabolite
production (Lappin-Scott & Costerton, 1989). The latter two consequences are of particular relevance to the
biofouling of food industry surfaces. The attachment of bacteria to food processing surfaces creates a potential
risk of contamination to the food processed. Such contamination may lead to food spoilage or human infection .
Microbial resistance towards a number of chemicalslbiocides used for cleaning purposes contributes to the risk of
contamination (Carpentier & Cerf, 1993).
This work aims to assess the problems of biofilm formation on the surfaces of food industry equipment.
However, studies on the frequency ofbiofilm formation on food processing equipment and the efficacy ofCIP on
such biofilms are scarce. For tbe study of biofouling and binfilm removal a recirculating test rig has been
designed. This consists of a main circuit constructed from uPVC pipe of 31·75mm diameter leading on to a
manifold which distributes the flow through 12 removable stainless steel test sections (22mm diameter). The
formation of biofilm within these sections can be monitored using a variety of techniques. Biofilm formation is
established by circulating a test bacterial medium and subsequently cleaning materials are used to investigate the
effectiveness of various CIP techniques in removing biofilm from stainless steel in the rig. Standard cleaning will
be compared with novel agents (e.g., peracetic acid) to evaluate their effectiveness at the removal ofbiofilm. This
work is earned out bearing in mind previous laboratory studies showing the poor performance of cleaning agents
against blofilms. The ability of ATP bioluminescence to follow biofilm removal in the rig by the sampling of the
CIP rinse waters and the surfaces before and after cleaning will be tested. This will help to establish the use of
this technique in monitoring this important phenomenon during CIP procedures .
ATP-BIOLUMINESCENCE HYGIENE MONITORING The technique utilizes the light-generating
luciferase enzyme system of the firefly (Mcllroy & DeLuca, 1978). The reaction catalyzed by luciferase in the
presence ofMg" ions and ATP proceeds as follows:
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E + ATP + LH, => ELH,-AMP + PP
E.LH,-AMP + 0 2 => Oxyluciferin + CO, + AMP + Light
Where: E =Firefly luciferase
LH, = Luciferin (Cofactor)

LH,-AMP = Lucifezyl adenylate
AMP = Adenosine mooophoophate

ATP is present in evecy type of cell and is thus present in bacteria. Food and biological residues which occur in
food processing usually contain ATP (Tebutt & Midwood, 1990). The amount of ATP present in a sample taken
from a process line can be related to the amount of contamination present, which may be used as an indication of
hygiene. ATP may be selectively extracted from microorganisms to provide an estimate of bacterial
contamination. Light generated on addition of the extracted ATP to a reagent mixture is detected and quantified
using a luminometer (photometer) and the amount of light related to the amount of ATP in the original sample.
ATP-bioluminescence is one of the most powerful analytical techniques in terms of sensitivity. ATP
measurements directly after cleaning have been used to monitor the effectiveness of the cleaning program (Poulis
et al., 1993). There are currently several companies who produce kits to assess hygiene usiog this technique.
Monitors are portable and can be operated in situ from a rechargeable battery.
Most methods fur the estimation of the number of bacterial cells attached to a surface have been based on
microscopic examination, microbiological plating methods or the use of spectrophotometcy. Several techniques
have been used io recent years to assess bacterial adhesion: light microscopy, epifluorescence, fluorescent
antibody labeling, radio-labeling and agar overlay (Blackburn et al., 1989). These techniques are all time
consuming, labor intensive, show analytical limitations and cannot be applied to certain materials (Ludwicka et
al., 1985). The use of the ATP assay has been described as a rapid, simple and convenient alternative to direct
microscopic counting (Kyriakides, 1992). It has higher reproducibility, provides a more objective result, can be
applied to rounded or irregular surfaces and is sensitive over a wide dynamic range.
Current systems usiog ATP-induced luminescence do not fully take into account quenching effects (caused by
surfactants, salt, sequestrants and metal ions), the effect of pH, temperature, light absorbed by colored
disinfectants and chemiluminescence, especially from light emitting proteins (Rigarlsford, 1992). Food processing
industries require absolute cleanliness and it has been claimed that ATP hygiene monitoring provides a good rapid
indication of contamination. Current work is therefore directed to those parameters which may give false positive
or negative results io these systems with a view to improving their reliability. One area of especial concern is the
effect of residual cleaning chemicals on these enzyme-based hygiene-monitoring systems. The assay is usually
performed after the final rinse to assess cleaning efficacy. Inadequate rinsing may lead to false negative findings if
inhibition of luciferase has taken place. In conjunction with Celsis International PLC, an investigation into the
effects of cleaning compounds on the luciferase reagent used in the hygiene monitoring system is currently being
undertaken.
Acknowledgments This project is part funded by the EPSRC and the DTI under the Postgraduate Training
Partnership. Our thanks to Celsis International PLC for their support and advice.
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ABSTRACT Rapid and automated methods in applied microbiology use many strategies for the isolation,
enumeration and identification of microorganisms and/or their metabolic products from various materials. Some
of the most useful of these procedures are immunological and nucleic acid based technologies. Immunological
approaches are based on antigen and antibody reactions and offer speed, sensitivity and specificity. Many
commercially available kits and laboratory supplies are available. Enzyme linked immunosorbent assays are
perhaps the most popular. Nucleic acid based protocols include DNA or RNA probes, polymerase chain reaction
and ribotyping, and these can prove extremely useful in the specific isolation and characterization of
microorganisms. Both immunological and nucleic acid based assays lend themselves to automation in the
laboratory with several instruments available commercially. This article discusses some of the most popular of
these assays and instrUments, along with fundamental explanations of the science behind them.
INTRODUCTION Improving the speed of obtaining results and increasing the efficiency of laboratories and
technicians are important issues in commercial analytical situations. Rapid methods in applied microbiology can
be used to screen agricultural commodities, water, foods, clinical specimens and environmental samples for
chemicals and microorganisms (Fung, 1991; Fung, 1994). Many of the new technologies are greatly superior to
traditional methods in economy, sensitivity and specificity.
Great improvements in laboratory efficiency have been realized by the use of automated sample preparation,
the development of alternatives to standard viable cell counts and the availability of biochemical microbial
identification kits. Reviews of these methods, along with other rapid methodologies, are provided by Fung &
Phebus in this Proceedings and by Swaminathan & Feng (1994). These techniques, in combination with
immunological and nucleic acid based assays, provide a comprehensive array of strategies that can be used to
detect, identity, enumerate and specifically characterize microorganisms in any type of sample.
IMMuNOLOGICALLY BASED ASSAYS In addition to rapidity, immunologically based assays provide
sensitivity and specificity and can be used to subtype microbial specimens below the species level (Swaminathan
& Feng, 1994). These assays are based on the inherent specificity of antigen-antibody reactions. Antibodies are
glycoproteins, secreted by lymphocytes of animals, which specifically bind to foreign molecules called antigens
forming an antigen-antibody complex. The structure of the antibody binding site allows binding of a highly
specific nature. This binding site recognizes and interacts with a small defined region on the surface of the
antigen, termed the epitope. Small changes to the structure of the epitope can result in non-recognition by the
antibody. When different antigens possess similar epitopes, the antibody may cross-reaCt, causing problems in
certain analyses. Epitopes can be carbohydrates, lipids, nucleic acids, amino acids, or other components of the
antigen. Affinity is a measure of the complex binding strength and can be affected by temperature, pH and solvent
(Harlow & Lane, 1988). These antigen-antibody complexes can be detected by methods such as colorimetric,
radio- and fluorescence tagging (Chart, 1994a).
Monoclonal antibodies are widely used in immunological assays because of their epitope-binding specificity,
their homogeneity and their production capabilities (Harlow & Lane, 1988). Whereas animals secrete a wide
variety of antibodies towards numerous antigens simultaneously, monoclonal antibodies, produced by a
hybridoma cell line, provide a homogeneous antibody product. This hybridoma cell line can be maintained
continuously, producing large quantities of the monoclonal antibody (Kohler & Milstein, 1975). Monoclonals are
not always demanded and polyclonal antibodies (recognizing different epitopes) often can be used more
economically and advantageously.
Several immunological assay designs can be used, but generally they are based on antibody capture (antigen is
coatedonto solid support), or antigen capture (antibody is coated onto solid support). Antibodies must be labeled
in some way to facilitate detection and/or quantification of antigens. This becomes a crucial step in all
immunologically based assays. Numerous detection strategies can be utilized depending on the specific design and
objectives of the procedure and are discussed by Harlow & Lane (1988).
Enzyme-linked immunosorbant assays (ELISAs) are the most prevalent form of immunological testing
(Swaminathan & Feng, 1994). These assays are more rapid and eliminate the use of radioactive labeling materials.
The development of monoclonal antibodies to improve bacterial and toxin specificity was a major influence on the
popularity of these assays (Swaminathan & Feng, 1994) and numerous kits/reagents are available commercially
for specific pathogens and toxins. The sandwich ELISA is the most popular form of the procedure (Swaminathan
& Feng, 1994), in which the capture antibody is coated onto a solid support. The sample solution to be analyzed
is then added. Any target antigen present will be captured and the complex will remain fixed during a subsequent
washing step. The final step is to add a secondary detection antibody solution labeled with an enzyme to the
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system, which elicits a colorimetric response when a substrate is added. This response can be monitored
instrumentally or visually, with quantitative or qualitative results. This assay requires two antibodies that bind to
non-overlapping epitopes of the antigen, if this is a smali molecule. Many solid phase supports can be utilized,
including nitrocellulose paper, microliter plates, polystyrene beads (Harlow & Lane, 1988) and magnetic beads
(Meng et al., 1994).
. Immunoblotting provides a means of detecting specific antigens and can be used to identify antigen-antibody
reactions in complex mixtures (Chart, 1994b). A specific form of immunoblotting is the Western blot. This
qualitative procedure is used in conjunction with SDS-PAGE with electrophoretic transfer of bacterial
components to nitrocellulose sheets. Antibodies then are added to the separated components for detection. Other
forms ofimmunoblots are available including a disc blot ELISA for Escherichia coli 0!57:H7 (3M Petrifilm, St.
Paui,MN).
Several other inununologically based technologies are available. Immunofluorescence assays have been
developed for detection of several pathogens (Swaminathan et al., 1978; Meng et al., !994). The direct
epifluorescent filter technique can be utilized to detect antigens rapidly using fluorescein labeled antibodies (Meng
et al., 1994). Commercially available latex agglutination kits provide rapid, specific and reliable means of
identifying and confirming pure cultures of certain pathogens. These assays use latex beads coated with
polyclonal or monoclonal antibodies which rapidly agglutinate in the presence of target antigen (Feng, 1992). A
popular form of inununoassay is the dipstick or wick format, in which the sample solution absorbs upward on a
solid support. A specific region of the support is antibody coated. Target antigen in the sample sohrtion is bound
as the solution wicks upward and a color reaction (inununoband) indicates positive samples. Finally,
inununodiffusion techniques can be used which incorporate a small region of antibody within a semisolid culture
medium. A sample is placed into the system and allowed to migrate across the antibody region. Target antigens
will be captured and a precipitate band will develop to indicate a positive reaction. All of these various forms of
immunological methods, and others, allow the researcher to tailor experimental approaches to best serve a
particular purpose. Instruments such as the Vidas (bioMerieux Vitek, Inc., Hazelwood, MO) provide automation
to ELISA technology.
NUCLEIC ACID BASED TECHNIQUES These techniques are based on the genetic individuality of
microbial strains and offer the microbiologist minute characterization of organisms. The major types of these
microbiological assays are DNA/RNA probes, polymerase chain reaction (PCR) and ribotyping. These assays can
be made extremely sensitive and their specificity can be controlled and adjusted by probe design and hybridization
conditions, as desired (Swaminathan & Feng, 1994). In many instances, assays are directed towards virulence
genes of pathogens. A review of nucleic acid hybridization applications was provided by Cox et a!. (1987).
DNA probes are some of the first tools developed in this category. These probes are directed at specific
sequences of a microorganism's DNA. Probes must be highly specific for the pathogen of interest, detecting
unique nucleic acid sequences in the bacterium. Probe~ are short, single stranded sequences of nucleotide bases
that are synthesized in the laboratory to bind to complementary regions of target DNA or RNA. This binding is
called hybridization. Probes can be synthesized by individual investigators, or some are commercially available
(e.g. Genetrak, Framingham, MA). The first systems utilized radioactive compounds as probe labels. A second
generation of probes is based on enzyme labels and colorimetric detection. DNA probes detect !0'-10' cells;
enrichment protocols must be used in situations where target cell populations are below this limit. In most cases,
only one copy of the DNA target is present in each bacterial cell; amplification may be achieved by increasing the
cell population or by PCR. RNA is present in abundance (approximately 10,000 copies per cell), which increases
assay sensitivity by up to S,OOIJ..fold (Hogan, 1989). Therefore, RNA probes are becoming popular laboratory
tools. An added benefit to RNA probes is that target RNA is naturally present as single strands, unlike
double-stranded DNA, and no denaturation step is required. Other formats of nucleic acid probing are reviewed
by Swaminathan & Feng (1994).
One of the newest and most exciting developments in rapid methods is the polymerase chain reaction (PCR),
which can amplify one piece of target DNA to millions in a few hours (McNamara, 1993). An added advantage to
PCR is the fact that some organisms are very difficult to culture, or are unculturable to date, and can be detected
by PCR amplification. To use this technique, the researcher must know the sequence of two regions of the target
DNA and must use two oligonucleotides to serve as "primers". The sample DNA is denatured at 96°C (30sec to
several minutes), primer annealing is performed at 55°C (30sec) and primer extension occurs at 72°C (J·Smin).
Components necessary for the reaction include target DNA, bases, DNA polymerase {Taq) and primers. These
steps are repeated several times using thermocyclers. Perkin Elmer Cetus (Norwalk, CT) and others market
sophisticated equipment for automated sample analyses. Products of the PCR reactions are detected by gel
electrophoresis, Southero blot, dot blot, DNA probes and ELISA (Swaminathan & Feng, 1994).
Ribotyping is a very useful procedure in characterizing bacteria at suhspecie levels. All organisms contain
ribosomal RNA (rRNA), which slowly changes in character over time (Kaufinann et al., 1994). This rRNA
characterization can be extremely valuable in phylogenetic grouping of microorganisms and in epidemiological
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studies. With this technique, chromosomal DNA is eXtracted from cells and' cut at speeific locations using
restriction endonucleases. DNA fragments are separated by agarose gel electrophoresis and then transferred to a
membrane. A detection system for ribosomal genes is then used. Ribotype patterns on the membrane are
compared visually (fingerprinting), or by reference to a standard type patterns (Kaufinann et al., !994). Band
patterns, called "riboprints" or "fingerprints", indicate similarities among strains being analyzed. The new Dupont
(Wihnington, DE) ribotyping system (RiboprintTM) is an automated system that uses a computer data base of
ribotype patterns from over 10,000 organisms to identifY bacterial isolates in less than 8 hours.
CONCLUSIONS AND FUTURE OUTLOOK Many rapid and automated microbial testing procedures are
currently available. New tecimiques are being developed and old technologies are being continually refined.
Automation continues to be a key element in the theory and design of a majority of these protocols, particularly
those techniques that will be applied at the commercial or industrial level. Many of the highly technical
procedures, such as PCR, are being simplified and will be in everyday use.
Acknowledgment This material is based on work supported by the Cooperative State Research Service, U.S.
Dept. of Agriculture, under agreement No. 8890341874511 .
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USE OF IMMUNOFLUORESCENCE TO DETECT THE FUNGUS Hormoconis
resinae IN AVIATION KEROSENE
Lopes, P.T.C. & Gaylarde, C.C.
Dept. of Soils, UFRGS, Porto Alegre, 90001-970, RS, Brazil.
ABSTRACT A polyclonal antiserum specific to the fungus Hormoconis resinae was produced in rabbits. It had
little or no reaction with other fungi isolated from ground fuel storage tanks. An inununofluorescence test was

developed using this antiserum. The test readily detected lO'propagules ml"' of the fungus within 5h, using 2m!
samples of aviation fuel.
INTRODUCTION Hormoconis resinae is the major contaminant of jet aircraft fuel (Cabral, 1980; Smith &
Crook, ·1982; Hill & Hill, 1993), able to utilize the hydrocarbons as a carbon source for growth and to survive the
extremely low temperatures associated with high altitude flight (Allsopp & Seal, 1986). The consequences of
microbial growth in storage tanks and fuel systems include sludge formation, which can block pipes, valves and
filters (Hill, 1987}, and corrosion associated with adhesion of the mycelium to the metal surface and organic acid
production (Videla, 1986).
The techniques currently used to detect the fungus in aircraft storage tanks and systems include filtration of
fuel samples, microscopic inspection and mycological culture methods. A kit, which requires inoculation itrto
liquid medium, is also available. The kit is non-specific and the microscopic and culture techniques require a
certain level of expertise. Both methods are slow, at least 3 days incubation generally being necessary before a
result is obtained.
Serological techniques can give much greater speed and specificity. Various fungi have been detected
(Banetjee et al., 1994; Banks et al., 1994; Burge et al., 1994) and these methods are, additionally, much more
sensitive than conventional tests. However, no such methods for the detection of H. resinae are to be found in
the literature. The present paper reports the production of a polyclonal antiserum specific for H. resinae and its
use in an inununofluorescence test for this organism in aviation kerosene.
MATERIALS AND METHODS

Antigen preparation The following fungi, all recently isolated from various hydrocarbon fuels in Brazi~ were
used: Alternaria altemata (IMI 353615}, Aspergillus niger (IMI 353618}, Aspergillus.fumigatus (IMI 353621},
Aspergillus flavus (IMI 353622), Paecilomyces variolii (IMI 353624) and Hormoconis resinae (IMI 358574}.
Cultures were incubated on malt extract agar at 28°C for 7 days and the growth suspended in sterile physiological
saline (0·85% NaCl). The suspensions were filtered through sterile glass wool to remove large hypha! fragments
and diluted in saline to give a final concentration of 10' cells (spores plus small hypha! fragments) m1·'.
Suspensions were heated at l00°C for I Omin to release some of tbe internal antigens prior to use.
Antiserum production and assay Five female New Zealand white rabbits, 2 months in age, were injected
subcutaneously with 0·5ml of the H. resinae antigen plus 0·5ml of either Freund's complete (FCA) or Incomplete
(FIA) Adjuvant on days I (FCA), 18 (FIA} and 25 (FIA). Seven days after the last injection, blood was collected
by cardiac puncture and the serum separated, heated to 56°C for lh and stored at -20°C for future use. The
antisera were titrated against the fungal suspensions using agglutination in tubes and in microliter plates.
Doubling dilutions of sera in physiological saline (for tube agglutinstion) or phosphate-buffered saline pH7·2 (for
microagglutinstion) were incubated with equal volumes of antigen at 40°C in the case of the tube test and at
room temperature (approximately 25°C) in microliter plates. Incubation times were 30min for tube agglutinstion
and 15min for microagglutinstion. The reaction was read by eye. The antiserum was also assayed by the indirect
ELISA technique adapted from Gaylarde & Cook (1987}, using antigen at a dilution of I :20 and conjugate
(sheep anti-rabbit IgG conjugated with peroxidase; Ikro-Biotec, Porto Alegre, RS) oftiter 1:1000. The color
reagent used was o-phenyldiamine.
Immunofluorescence assay The indirect immunofluorescence test was carried out on filtered jet fuel samples
from refinery fuel tanks, using a method adapted from that described by Stead (1987). The sample (2m!) was
filtered through a 37mm 0·45).1m pore size filter (Gelman Metricel GN-6). The filter was then blocked for I5min
in "blotto" (5% dried milk powder in PBS pH7·2 plus 0·1% Tween 80}, dried at 50°C for 30min and fixed in
1·75% formaldehyde for 30min. After washing 3 times with PBS-Tween, the filter was incubated for lh at 40°C
with specific antibody (1 :250 in PBS-Tween) and washed again 3 times. The antibody-conjugate (goat anti-rabbit
IgG conjugated with FITC; Sigma) was added at a dilution of1:250 in PBS-Tween and the filter incubated for lh
at room temperature. After a further 3 washings, it was dried at 50°C for 15min and observed using a Leitz
fluorescence microscope at X400. To determine whether aU of the propagules present on the filter had been
stained by the immunofluorescence technique, acridine orange (0·01 %; Difco, !min) was used as a non-specific
counterstain. At least 300 fungal propagules (spores and hypha! filaments) were counted for each sample, using a
calibrated x40 objective.
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Since it was shown that the distribution of the fungal ·counts on the filters was approximately binomial, the
results of the counts were expressed as the mediao values. The non-parametric tests, Mann-Whitney aod
chi-squared, were used to test the statistical significaoce of the differences between the results.
RESULTS AND DISCUSSION All the 5 aotisera gave ao agglutination titer of 1:512 against the homologous
aotigen, H. resinae, irrespective of the test method. This shows that the micro- aod tube agglutination techniques
are equally sensitive, although the microagglutination method has obvious advaotages, being more rapid aod
economical of reagents. AlthoughMcLaodsborough & Tatini (1991) demonstrated a decrease in reaction time of
Staphylococcus aureus enterotoxin aod its aotibody with increased temperature; in our results, the agglutination
was complete after 15min at 25°C aod therefore the use of a higher incubation temperature is unnecessary. The
shallow wells of the microliter plates allowed the detection of agglutination more rapidly thao in test tubes.
The titers of the aotisera with the various fungal species used are shown in Table 1. A. jlavus gave the highest
cross-reactivity, suggesting that it shares more surface aotigens with H. resinae thao do the other fungi.
Table 1 Microagglutination titers of 5 undiluted aoti-Hormoconis resinae sera against fungi isolated from fuels.
Fungus
Antiserum Number
H. resinae

Aspergillus niger
A.fumigatus
A.jlavus
Altemariaalternata
Paecilomycesvariotii

:.
!

1

2

3

4

5

1:512
I :64
1:256
1:512
1:16
1:64

1:512
I :32
1:256
1:512
1:32
1:64

1:512
I :32
1:128
1:256
1:64
1:64

1:512
I :32
1:128
1:256
1:256
1:128

1:512
I :32
1:128
1:256
1:256
1:128

Pooled aotiserum, diluted I :16 in physiological saline, gave a much lower level of cross reaction with the
heterologous aotigens (Table 2). This result agrees with that of Smith et al. (1991), who eliminated cross
reactivity from ao aoti-Pseudomonas pseudomal/ei exotoxin serum by simple dilution.
Table 2 Microagglutination titers of pooled, diluted aoti-Hormoconis res/nae serum (I: 16) against fungi isolated
from fuels.
Fungus
Titer
H. resinae
1:512
A. niger
A. fumigatus
1:32
A.jlavus
A. alternata
P. variotii
Control
- = no reaction

•

The final product, in this present case, was a serum with high specificity to H. resinae as tested against other
filamentous fungi commonly encountered in fuels. Such specificity seems to be rare in fungal aotisera. Most
previous workers have used disrupted mycelium or soluble fungal aotigens as the immunogen aod this has not
resulted in specific antisera (Notennaos & Soentoro, 1986; Palfreymao et al., 1988; Notennaos & Kamphuis,
1990; Toft, 1993). Similarly, monoclonal aotibodies prepared against fungal aotigens are often not specific to a
single species (Styney et al., 1991; Baoks et al., 1994). Our results seem to suggest that the use of whole spores
aod mycelial fragments as imrnunogens may be a preferred way of producing species-specific aoti-fungal sera.
Baoks et al. (1994) report that whole mycelial immunogens of Penicillium aurantiogrlseum gave poor immune
responses, but in our case the resultant serum had high activity, giving titers of1:512 by agglutination aod above
I: 12,800 by ELISA
ImmunoOuorescence test H. resinae was detected in all 4 samples of jet fuel tested (Table 3). Samples AI aod
A2, taken from the same storage tank, both showed levels of1·6 X 103 propagules/ml of H. resinae. SamplesBI
aod B2, also from the same tank, although different from that of samples AI aod A2, gave values of 3·2 X 10'
aod 4·8 X 10' propagules mJ·', respectively. The concentrations in the samples from the same tank were not
significaotly different from one aoother as tested by the statistical methods used. However, the concentrations of
H. resinae in samples AI aod A2 were significaotly different from those in samples B I aod B2. Staining with the
non-specific acridine oraoge reagent revealed the presence of other fungal propagules in all samples. Once again,
there were no significant differences between the counts in samples from the same tank, but counts from tanks A
aod B were different. The concentrations of total fungi detected in the samples were 3·2 X 10' propagules ml'1 for
AI aod A2 aod 6·4 X 10' propagules ml"1 forB! aod B2, showing that the major contan3inaot in each case was H.
resinae.
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Table 3 Fungal propagules detected in samples of aviation kerosene using the immunofluorescence technique
(IF) and this method followed by acridine orange (AO) staining. Figures represent number of propagules per ml.
Fuel sample Median IF Median (IF+ AO)
AI
Jo6 X 103
3-2 X 10'
A2
Jo6 X 10'
3·2 X 10'
Bl
3-2 X !0'
6·4 X 10'
B2
4-8 X 103
6·4 X 10'
There is no published record of the use of inuuunological techniques with H. resinae. Our results suggest that
such techniques make possible the spet:ific detection of this fungus in jet fuel, giving results within hours, rather
than the days required by standard tests. Although such methods require relatively sophisticated equipment and
trained personnel, these disadvantages are outweighed by the rapidity and specificity of the technique. Since it is,
in theory, possible to detect one propagule per filter, the sensitivity of the method is high (O·Spropagules ml'1) and
can be increased still further by the use of a larger volume of sample. The use of an image analyzer would
eliminate any operator error in counting and render the technique even faster and more accurate.
Acknowledgment This work was supported in part by FAPERGS.
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USE OF IMMUNOFLUORESCENCE TO ASSESS THE EFFICACY OF BIOCIDES
ON BIOFIT..MS CONTAINING Hormoconis resinae
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Secci6n Bioelectroquimica, INIFTA, Sue. 4, C. C. 16, 1900 La Plata, Argentina.
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ABSTRACT Immunofluorescence microscopy was used to study the action of two biocides, an isothiazolone
mixture and a bisthincyanate, on sessile organisms on stainless steel. Biofilrns containing single or mixed cultures
of tbe fungus Hormoconis resinae and tbe anaerobic sulfate reducing bacteria (SRB) were produced by
incubation of stainless steel coupons in suitable media. Mature (7 day) biofilrns were transferred to biocide
solutions and incubated at 28°C for 24 hours, after which time H. resinae within the biofilm was enumerated
using anti-fungal serum as the specific agent in an immunofluorescence microscopy method. The presence of
SRB significantly reduced the fungal population in the biofilm. Although effective against H. resinae in single
species biofilms, the isothiazolone biocide was only effective against the fungus in mixed biofilms at I OOppm, and
not at 50ppm. On tbe other hand, tbe bisthincyanate reduced the fungal population in mixed biofilms significantly
at 50ppm.
INTRODUCTION Microorganisms present in biofilrns are protected from the action ofbiocides (Keevil et al.,
1990; Gaylarde & Johnston, 1983), either by lack of penetration of the chemicals through the polysaccharide
matrix (Gaylarde & Gaylarde, 1992; Costerton et al., 1987) and/or because of altered cell sensitivity (Gilbert et
al., 1990). However, most of the research on microbial biofilrns has been carried out on bacterial species and little
work has been done on fungi. The fungus Hormoconis resinae is recognized as being the most important
contaminant of jet aircraft fuel and a frequent contaminant of marine diesel (Haggett & Morchat, 1992; Hill &
Hill, 1993). Cell metabolism produces corrosive metabolites which attack fuel tanks and mycelial adhesion to the
surfilce of the metal composing the tanks leads to intense localized corrosion (Salvarezza & Vide! a, !986).
The anaerobic bacteria belonging to the sulfute-reducing bacterial group (SRB) constitute another type of
microorganism closely related to corrosion (Postgate, 1984). These organisms are important contaminants of
marine fuels and can be found in association with various fungi, including H. resinae. The relationship between
SRB and tbe aggressive fungus H. resinae within a biofihn has not been previously investigated.
The objective of the present study was to use the recently developed technique of immunofluorescence to
determine the activity of two biocides, which can be used in fuel gystems, on sessile H. resinae and to observe the
effect of the additional presence of SRB within tbe biofilm. Previous studies on biocide action in biofilrns have
used culture methods, after removal and suspension of tbe biofilm organisms, or non-specific staining techniques
in situ which do not allow the detection of a specific type of organism (Menezes, Band & Gaylarde, !995).
MATERIALS & METHODS Stainless steel coupons (AISI304), 2·2cm x !·!em or 8mm in diameter, were
washed in sterile distilled water and suspended in vessels containing I OOml of sterile Bushnell-Haas brotb
(Bushnell & Haas, 1941) inoculated with !Om! of a suspension of !06 - 107 spores·mi·' of H. resinae prepared
from a one week old malt agar slope culture. Vessels, each containing 2 coupons, were incubated at 28°C for 7
days. In tbe case of mixed biofihns, coupons were suspended in 1Om! of a 7 day culture of mixed sulfilte-reducing
bacteria (SRB) in Postgate's Medium B for one week before being transferred to the H. resinae culture.
After incubation witb H. resinae, one replicate coupon from each incubation flask was transferred to a flask
containing 100 ml of saline with 50 or !OOppm ofisothiazolone or bisthincyanate biocide. The other coupon was
used as a contro~ being transferred to pure saline solution. After 24h at 28°C, coupons were removed and
submitted to the immunochemical staining technique described by Lopes & Gaylarde (these proceedings). At
least 300 immunofluorescent propagules in a minimum of 12 fields of view were counted for each sample. The
concentration of cells in one square em was calculated from tbe medium value by multiplying by 980.
Results were analyzed statistically by tbe non-parametric Mann-Whituey test.
Mixed biofilm coupons were also analyzed for tbe presence of SRB, using the scraping technique for removal
of the biofilm and dilution to extinction in Postgate's Medium B (Postgate, 1984) for cell enumeration.
RESULTS AND DISCUSSION The immunofluorescence technique was shown to work well both for
untreated and treated biofilrns. In untreated biofilms, brightly fluorescing filaments of H. resinae were seen in an
obvious state of growth, showing initial stages of branching in addition to long hyphae. Few isolated spores were
visible. In treated biofilrns, fewer propagules were found on tbe metal surface.
Table I shows the median number ofpropagules of H. resinae per square millimeter of coupon for the various
treatments. Prior incubation of the metal with SRB reduced the numbers of H. resinae in the biofilm substantially
(p<O·OOO I). This inhibitory effect has not been previously reported, but is readily understood; it is likely that tbe
aerobic fungus will be inhibited by H,S. The results confirm, however, tbat tbe two organisms can coexist in the
same biofilm.
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The isothiazolone biocide at concentrations of 50 and I OOppm was able to remove H. resinae from the pure
culture biofilm fairly effectively, the levels being reduced by 50"/o and 60"/o, respectively (p<O·OOOl). However,
only the higher concentration had an effect on the fungus in mixed biofilms (p<O·OOO I for I OOppm; p = 0·47 for
50ppm). This higher concentration also reduced sessile SRB by 99%, from 2·5x!O' to 2·5x!O'cells ml" 1•

J

I

Table 1 Concentration ofHonnoconis resinae on the stainless steel surface after various
treatments. (Controls are paired with the subsequent test values in each case.)
Biordm +treatment
H. resiftlll! (em·')
H. resinae; control
1·76xl04
H. resinae; I-50
0·88xl04
H.
H.
H.
H.
H.

resinae; control
resinae; I-100
reslnae+ SRB; control
resinae + SRB; I-50
resinae + SRB; I-100
H. resinae + SRB; B-50

1

2·45xl 04
0·98xl04
1·08x!O''
I-18xl04
0·39x!04
0·78xl04

•I

1-50 = 50ppm!sothiazolone mixture 1-100 = lOOppm lsothiazolooe mixture
B-50 = 50ppm Bistbiocyanate biocide

As was expected from work with planktonic bacterial cultures (Gaylarde & Johnston, 1983), the biocide was
less effective on mixed than pure culture biofilms, even though the initial numbers of H. resinae were much
reduced in the mixed biofilm. Possible explanations for this effect are the adsorption of biocide by the bacterial
cells and the inactivation of the chemical by biogenic H,S. Isothiazolones are known to react with sulfhydryl
groups and if the chemical reacts with inorganic Hs· ions, it will be rendered useless as a biocide.
The bisthiocyanate biocide was effective against H. resinae in these mixed biofilms at a concentration of
SOppm, reducing the sessile numbers by about 50"/a in comparison with the matched control (p = 0·003). In
situations where the two types of organisms may be expected, such as diesel fuel gystems, this type of biocide is
to be preferred.
CONCLUSIONS
- The immunofluorescence technique can be applied to the study of biocide action in biofilms on metal surfaces.
- The use of anti-H. resinae serum allows this fungus to be enumerated in mixed or pure biofilms.
- The presence of SRB reduces the population of H. resinae in the biofilm compared with pure fungal biofilms.
- The isothiazolone biocide is less effective in mixed than pure biofilms against the fungus H. resinae.
- The bisthiocyanate is effective at 50ppm against H. resinae in mixed biofilms, unlike the isothiazolone mixture.
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THE FUTURE OF APPLIED MICROBIOWGY IN BRAZIL
1

Freire, J.RJ. 1, Gambale, W.2, Gaylarde, C.C. 1
Dept. Soils, UFRGS, Porto Alegre, RS. 2 Dept. Microbiology, USP, Sao Paulo, Brazil.

ABSTRACT The development of Applied Microbiology in Brazil is hampered by the lack of trained applied
microbiologists. This review recommends:- Undergraduate Biological Science teaching as laid down by the Federal Education Council for Brazil
should include basic microbiology as a fundamental part of the National Curriculum.
-Post-graduate education in Applied Microbiology should be expanded to supply the increasing needs of
Industry and Education.

•

The teaching of Microbiology in most countries began within Medical Schools. In recent decades, its
importance in other areas has been recognized and in Europe and N. America teaching is now primarily aimed at
students who will find employment outside the area of Medical Microbiology, chiefly in the industrial sector.
Clearly, the study of Biodegradation & Biodeterioration requires a knowledge and understanding of the
physiology and biochemistry of microorganisms, in addition to the classical techniques of identification basic to
Medical Microbiology. Industrial microbiology now extends into areas as far apart as agriculture, metallurgy and
energy production (Table 1). It is fundamental to the new and rapidly expanding biotechnology industry and to
modern basic research, such as the Human Genome Project.
Table 1 Industrial applications of microbiology
Industry

II•

Microbiological applications
Agriculture
Plant inoculants; biological pest control; plant pathology;
composting; animal health and production; soil bioremediation
Bioleaching; microbially-induced corrosion
~etallurgy
Wood
Food-borne disease; food spoilage; food production
~edicine
Infectious disease diagnosis and control
!Energy conservation
Industrial fermentations; recycling
Waste treatment
Biodegradation; bioremediation
Varlo us (e.g., petrochemical, Biodeterioration diagnosis and control
leather construction)
There is an increasing demand for trained microbiologists in these new areas throughout the world. In Brazil,
there are few centers of expertise, and very few in non-medical microbiology. Graduate training in Brazil is
supported by the National Research Council (CNPq) and by the Ministry of Education's Coordinating Agency for
Advanced Training ofHigh Level Personnel (CAPES), which recognizes only 10 institutions offering masters and
doctoral courses in areas of microbiology (Table 2).
Table 2 Recognized institutions offering post- aduate courses in microbiolo

•
!I

in Brazil

Course level

Specializations

Masters

Soil & Food Microbiology; Phytopathology; Biological Control;
Biodegradation; Biodeterioration; Fermentation Processes
Food & Environmental Microbiology; Microbial Genetics;
Molecular Biology; Bacteriology; Mycology; Virology
General & Medical Microbiology; hnmunology; Virology
Microbiology; hnmunology; Parasitology; Genetics; Gnotobiology
Microbiology; hnmunology
Applied Microbiology
Microbiology
Applied Microbiology; Microbial Genetics; Conversion ofBiomass
Soil & Food Microbiology; Fermentation Processes
·cultural Microbiolo

I

Masters & doctors
Masters & doctors
Masters
Masters & doctors
Masters & doctors
Masters
Masters
Masters
Masters

•

UFRJ -Federal Univmity ofRio de Janeiro
EPM- S!o Paulo School ofMedicine
UFMO- Federal Uniwrsity ofMinas Gerais
UEL- State UniVl:!llity ofLondrina
UFV ·Federal University ofVi900a

USP- University of Sao Paulo
UFROS- Federal Uniwrsity ofRio Grande do Sui
UPJMF- State University ofSfto Paulo
FEQL -Chemical Engineering Faculty of Lorena
USPIEALQ- Sao Paulo University School of Agricullllrc
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Between 1981 and 1986, four of these institutions produced 31 masters and 16 doctoral1eve1 graduates. It has
only recently become possible to specialize in Biodegradation and Biodeterioration. The contributions to these
Proceedings indicate the current Brazilian research activities in these areas. Although there is a reasonable level
of productive research, few of the contributing investigators are linked to institutions which offer relevant
post-graduate training. If Brazil is to catch up with the developed world, both in biodegradation &
biodeterioration and in basic microbiology, a big increase in the number of students is required. More training
centers are indicated.
,
The recruitment to post-graduate training programs in Applied and Industrial Microbiology is restricted by the
shortage of suitable undergraduate courses. In undergraduate Biological Science courses in Brazil, it is at present
rare to find microbiology included as an optional subject, much less as an obligatory discipline. The minimum
curriculum laid down by the Federal Education Council for Brazil, for these courses, includes biophysics and
geology, but not microbiology! Without an introduction to the subject in their first undergraduate year, and the
option to specialize later in the course, students will not experience the excitement of microbiology, nor
recognize its relevance to the modern world and the economics of business.
This relevance is much more wide-ranging than merely in the field of biotechnology. There are few industries
which will not meet microbiological problems at some stage, be it in product or process contamination, ·blockages
in pipelines and filters, mold growth on equipment, or aesthetic considerations of microbial growth. The desire to
reduce toxic chemicals in the environment means that microbiological alternatives to chemical treatments, and the
detoxification of wastes by microbial activity, are increasing areas of development.
In 1982, the Brazilian Society for Microbiology produced a document aiming to raise the level of microbiology
teaching and research in the country. The recommendations were not acted upon. Microbiology now occupies a
much more central role in industrial and commercial applications. Action should be taken at the highest level to
stimulate the production of more well-qualified microbiologists in Brazil.

.
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cometabolism, 120,, 132
concrete- see stone
acridine orange, 91, 163
cooling water, 38,. 57, 87
adenosine triphosphate - see ATP
copper, 31, 44, 82, 86, 98, 106,
aircraft fuel - see fuel
154, 156
algae, 31, 48, 63, 65, 88, 101
copper-nickel, 39
aluminum, 43, 68
corrosion inhibitors, 57, 86
animal feed, 79
corrosion, 41, 51, 57, 86,
antagonistic microorganisms, 2
94, 98, 101, 106, Ill, 114
APL 165
concrete, 63, 65, 68
ATP, 163, 167
cyanides, 82, !54, 156
automation, in microbiology, 161
copper, 82, 154, 156
Bactometer, 163
iron, 82, 156
bagasse, 13 8
silver, 82, !54
barium sulfate
zinc, 82, !54, !56
bioaugmentation, 144, 145
cyanobacteria, 63, I 07
biocides, 25, 28, 31, 33, 35, 38, 44,
cytochrome P450, 119
47, 87, 175
DEFT - see epifluorescence
anti-algals, 29
microscopy
benzothiazoles, 28
diatoms, 60, 102, I 07
bisphenoxyarsine, 25
diesel - see fuel
bisthiocyanate, 175
Dilullo, 161
chlorine, 40, 57
distillery yeast, 73
copper-based, 31
DNA/RNA probes, 170
dithiocarbamates, 28
enzyme-linked immunosorbant
formaldehyde,28, 33
assay - see ELISA
fungicides, 25, 29
EOX, 123
glutaraldehyde, 28, 33
epifluorescence microscopy,
isothiazolinones, 28, 33, 35, 57,
91, 99, 163, 172
175
EPS,39,44,85,92,94,98, 115
leaching, 25
esterases, 87
nitrostyrenes, 28
ettringite, 69
ozone, 38
extracellular polymeric substances phenoxyethano~ 28
seeEPS
quaternary ammonium salts, 28,
feather meal, 80
33
filters, 60, 172
sporocides, 33
fishm~ 71
sulfamides, 28
fish scales, 79
sulfones, 28
food processing, 167
biocontrol, I
fouling, 41, 57, 60, 85,
bioelectrocatalysis, 41
98, 106, Ill, 167
bioemulsifiers, 88
fuel, 33, 35, 88, 104
biofilmS, 32, 38, 44, 51, 63, 69, 85,
aircraft fue~ 44, 88, 172, 175
91, 94, 98, 101, 106, 112, 114,
destabilization, 35
167, 175,
diesel, 33, 35, 57, 86, !59, 175
biofuel cells, 41
storage, 145, 172
bioluminescence, 163, 167
glycocalyx, 86
bioreactor, 71, 127, 146
gold, 82, !54
bioremediation, 121, 138, 159
herbicides,
biosensors, 41
atrazine, 10
BOD, 20, 21, 149
clomazone, 13
brass, 39, 106
prop ani!, I 5
calcium leaching, 68
historic monuments, 63, 65, 88
CAM plasmid, 120
hydrogenase, 86, 115
catalase, 164
immobilized cells, 141, 159
cathodic protection, 44, 101, 114
immunological methods
cellulose, 7, 47
ELISA, 169, 172
chelating agent, 31
immunoband, 170
COD, 20, 21, 36, 57, 123, 127, 149
immunoblotting, 170
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immunofluorescence, 170,172,175
latex agglutination, 170
impedance, 163
implants, 41
inorganic scale - see scale
insecticide, production, 71
iron bacteria, 107
iron, 82, 106, !56
ISOGRID, 161
jet fuel - see fuel
keratin, 79, 80
keratinases, 80
kerosene - see fuel
laccase, 7, 74, 77
lactic acid, 106
lactic acid bacteria, 73
lactic acid production, 73
landfarming, 144
larvicides, 71
lichen, 48, 64, 65
lignin, 7, 47, 74, 77, 123, 136, 138;
140
lipopolysaccharides, 86
luciferin-luciferase, !63, 167
Malthus system, 163
metal working fluids, 88
methane, 51
methanogenesis, 128
molasses, 140
nitrifYing bacteria, I 07
nitrites, 153
Omnispec, 164
organobromines, 121
organochlorines, 119, 123, 131,
134, 138
carbon tetrachloride, 134
chlorophenols, 121
hexachlorobenzene, 134
PCBs, 121
trichloroguaiacol, 131
organolluorines, 121
Oxyrase, 165
paint & varnish, 47, 88
antifouling, 98
PCR, 170
peroxidases, 8, 134, 138, 140
Petrifibn, 162
petroleum industry, 33, 112,
144, 145, 149, 159
phenol degradation, 4
photosynthetic bacteria, I 07
plankton, 60
plasticizers, 25, 55, 87
plastics, 25, 55, 86
polyamides, 87
polyesters, 87
polyurethane, 86, 142, !59
PVC,25, 55
stabilizers, 25
LABS2

polymerase chain reaction- see PCR
post-hmvest decay, 1
psychrotrophic bacteria, 164
pulp mill eftluents, 123, 131
radiorespirometry, 4, 16
Redigel, 162
ribotyping, 170
rice straw, 74
rubbers, 87
sacrificial anodes, 101
scale, inorganic, 104, 111, 114
scanning vibrating electrode
microscopy, 99
seawater, 44, 60, 98, 101, 106, 159
semi-solid fennentation, 76, 80
ship ballast tanks, 101
silver, 43, 82, 154
sludge, oil, 5, 33, 35, 101,145
soil, 4, 7, 10, 15, 79, 134, 144, 145
soya protein, 71
spiral plating, 13, 33, 161
SRB, 33, 36, 39, 52, 57, 86, 94,
101, 107, 111, 114, 120, 175
steel, 38, 44, 51, 91, 94,
98, 106, 114, 167, 175
Stomacher, 161
stone & concrete, 65, 88
concrete, 65, 68, 86
quartzite, 63, 65
sandstone, 63
soapstone, 63, 65
sulfate, 36, 57, 11 I
sulfate-reducing bacteria - see SRB
sulfide, 43, 51, 57, 86, 11 I, 127
sulfite, 36
sulfur bacteria, 86
sulfuric acid, I 06
surface coatings - see paint+varnish
surfactant, 34, 35, 123
swinuning pools, 29
teaching, 177
timber, 47
titanium, 39, 44, 106
toxicity, 19, 31, 127, 149
Daphnia assay, 19, 149
uronic acids, 94, 98
waste treatment, 19, 21,
51, 123, 127, 131, 149, 154, 156
anaerobic digestion, 20, 124,127
heavy metals, 82, 101, 156
whey, 71, 73, 77
wood,47
xylan, 7, 76
xylanase, 76
yeasts, 152, 154, 161
zinc, 57, 101
anodes, 101

Organism index
Absidia, 66
Acinetobacter, 4, 35, 144, 154, 156
Acremonium, 66
Alcaligenes, 156
Alternaria, 50, 66, 112

Amorphotheca resinae see Hormoconis resinae
Amphora coffeaeformis, 60
Antrodiella, 136
Aspergillus, 9, 15, 21, 33, 66, 68, 82,
88,121,144,172

Aureobasidium, 50, 66, 88
Bacillus, 3, 33, 35, 71, 80, 131, 144,
156,162
Botrytis, 1

Burkholtkria, 3
Campylobacter, 165
~i~,35,152, 154,165

Chrysosporium, 66
Cladosporium, 50, 66, 88, 134
Chlorophyceae, 88
Climacodon, 136
Colletotrichum, 1
Coriolopsis, 136
Corynebacterium, 35
Cryptococcus, 1
Cryptosporldia, 87
Curvularia, 66
Cyanophyceae, 88
Cyathus, 76
Cylindrocarpon, 66
Deholospirillum, 120
Desulfttobacterium, 120
Desuljomonile, 120
Desulfovibrio, 86, 95, 114
Enterobacter, 3, 35, 131, 161
Epicoccum, 134
Erwinia, 1
Escherichia coli, 52,156,161,170
Exophiala, 66
Fayodia, 136
Flavobacterium, 144
Fusarium, 15, 66
Geotrichum, 15, 154
Giardia, 87
Hqffnia, 164
Haplosporangium, 66
Hormoconis resinae, 33, 86,172, 175
Hypholoma,137
Inonotus, 136
Lactobacillus, 73
Legionella, 39, 87
Lentinus, 76, 138
Lenzites, 139
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taken from the article by Salvago et al.
For explanation of the key, see page 109.
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