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Biological fixed-film
systems
Mark W. Fitch, Natalie Pearson, Gene

Richards, Joel G. Burken

Biological fixed-film systems offer several advantages when

compared to activated-sludge processes, such as handling con-

venience, little residual sludge, and ease of use in small-scale

treatment (Xu, 1997). Another advantage is the capacity to han-

dle shock loads, such as those experienced by a continuous-flow

mode treatment of inhibitory organic compounds in landfills

and hazardous waste sites (Woolard, 1997). These shock loads

caused biofilm stratification and uneven biomass distribution

that limited the system ability to treat shock loads. A change

to periodic operation of the reactor imposed regular variations

in substrate concentrations that resulted in maximum growth
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rates throughout the film and improved response to shock load-

ing. Similarly, Boller et at. (1997) studied the effects of tran-

sient NH; -loading rates, transient oxygenation capacities, and

short- and long-term organic loading on nitrification perfor-

mance in pilot experiments using tertiary trickling filters, rotat-

ing biological contactors CRBCs), aerated biofilters, and other

fixed-bed reactors. It was reported that periodic flow reversal

in trickling filter and RBC series and pure oxygen use in biofil-

ters may increase nitrification in tertiary biofilm reactors,

whereas biodegradable organics may lower or stop nitrification

activity.

Biofilm systems are also used to treat volatile organic chemi-

cals (VOCs), and a brief discussion of pilot studies of VOC

removal in fixed-film systems including trickling filters and

RBCs was offered by Iran pour and Ludwig (1997). Oesterholt

et al. (1997) examined pilot-plant biological and chemical treat-

ment options to find the optimal configuration of treatment steps

for groundwater treatment at a former gas works remediation

site in the Netherlands.

Pilot-plant investigations were performed for five treatment
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options for separate treatment of sludge liquor: the biofilm airlift

suspension (BAS) reactor, the membrane bioreactor (MBR), the

bioreactor without sludge retention, stripping of ammonia, and

the MAP/ACFR-process. It was concluded that the optimal

choice is site specific (Janus and van der Roest 1997). The

production of sludge was the focus of a paper by Kahmark and

Unwin (1997), who minimized sludge production in aerobic

wastewater treatment through variations in the design of bio-

films and suspended-growth reactors in pulp and paper plant

wastewaters.

TRICKLING FILTERS

Detailed evaluation of six full-scale, biological-filtration

wastewater-treatment works was performed over 2 years in

which there were significant changes in wastewater flow rates,

composition, and temperature from summer to winter. Key pa-

rameters to produce a high-quality nitrified effluent were deter-

mined, and detailed design guidelines were developed (Boon et

aI., 1997). At the pilot scale, an ll-month study of potential

pretreatment of industrial wastes with trickling filters was con-

ducted. Of four models tested against the pilot-scale data, a

Monod-like, pseudo-mixed-order model gave slightly superior

results (Randall et aI., 1997). Michalakos et aI., 1997) investi-

gated iron removal from potable water with a pilot-scale trick-

ling filter. Iron removal resulted from both physicochemical

and biological oxidation, with periodic backwash required to

remove the significant quantities of precipitated iron.

Most of the work with trickling filters published in 1997

focused on nitrification and denitrification. Operation and moni-

toring of two full-scale nitrifying trickling filters was conducted

to investigate treatment efficiency and biofilm control strategies.

Backwash and predator control strategies proved effective in

maintaining treatment levels (Parker et at., 1997). Investigation

of full-scale biotowers revealed that upsets in nitrifying effi-

ciency were linked to predatory snails (Palsdottir and Bishop,

1997). A dynamic model describing nitrification and nitratifica-

tion in trickling was developed and tested in a pilot-scale trick-

ling filter by Vayenas et aI., 1997). The model predicted, among

other parameters, the concentration profiles of ammonia, nitrite,

and nitrate along the filter depth and along the biofilm depth.

Wilk (1997) presented models of nitrifying trickling filters

based on data from a pilot-plant study and drew several conclu-

sions from a comparison of experimental data and model simu-

lations. Lee (1997) observed that nitrifiers detached from trick-

ling filters enhanced nitrification in downstream suspended-

growth systems. Microelectrodes and fluorescentIy labeled 16s

rRNA-targeted oligonucleotide probes were used to examine

the stratification of nitrifiers in a trickling filter biofilm. Nitrifiers

were found to form a dense layer of cells in the upper part of

the biofilm, correlating well with activity profiles (Schramm et

aI., 1997). Denitrification in a full-scale tertiary filter was stud-

ied with varying temperature and methanol dose. Optimal back-

washing periods were determined, and denitrification perfor-

mance was favorable throughout the year (Koch and Siegrist,

1997b). Denitrification rates of 1.0 kg-N/m3
• d were observed

at 12-15°C, with denitrification rates reduced by backwashing.

A yield of 0.4 kg CODxlkg CODMeoH resulted, with high-quality

effluent during winter operation. During summer (20-22°C),

nitrite accumulated (Koch and Siegrist, 1997a).

Pilot-plant experiments in Bangkok, Thailand, by Fujii et

at., 1997) point to several criteria that make rock-bed filtration
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techniques applicable to improving polluted canal/klong water.

The biological treatability of assimilable organic carbon in

drinking water was investigated under oligotrophic conditions.

Removal efficiencies with different media were examined and

evaluated (Nitisoravut et at., 1997).

ROTATING BIOLOGICAL CONTACTORS

Martin etat., 1997) improved the operations of a full-scale,

three-stage RBC plant, having parallel trains used to treat do-

mestic and industrial wastewater. The plant had failed to meet

standard secondary effluent limits because of above-normal in-

fluent concentration levels (300 mglL) in the initial stages. Inte-

grating a secondary solids recycling process, the RBC perfor-

mance improved significantly to obtain an approximate 50%

reduction in BODs and 40% reduction in suspended solids ef-

fluent concentration levels at a $5 000 cost to the community.

A pilot rotating biological reactor and a pilot sequencing

batch reactor (SBR) were compared for the ability to nitrify

landfill leachate with an average ammonia nitrogen concentra-

tion of 202 mglL 'and an average biological oxygen demand

(BOD) concentration of 50 mg/L. Rotating biological contactor

ammonia removal proved superior to SBR ammonia removal,

but neither system effectively removed BOD, chemical oxygen

demand (COD), or metal color (Henderson et aI., 1997). Denitri-

fication kinetics of a synthetic substrate in a rotating disk biofilm

reactor (RDBR) were studied. For predicting efficiency of the

RDBR, experimental data reasonably agreed with the model

based on zero-order reaction and diffusion inside the biofilm

(Boaventura and Rodrigues, 1997). Treatment studies were con-

ducted in a RBC by Radwan and Ramanujam (1997a) using

synthetic wastewater prepared with different NH3-N and COD

influent concentrations to develop a single process that simulta-

neously affects organic removal and nitrification.

Su and Ouyang (1997) added RBC biofilms to A2/0 processes

to affect advanced removal efficiency of organic carbon, phos-

phorus, and nitrogen from municipal wastewater while combin-

ing the long solid retention time (SRT) biofilm and the short

SRT-suspended activated sludge to yield many practical bene-

fits. Results of a pilot-plant study on the performance of a hybrid

small municipal wastewater treatment system consisting of an

upgraded RBC and jet mixed separator converted from use

as a primary clarifer to RBC pretreatment were presented by

Watanabe and Iwasaki (1997).

Another modification of a RBC process was to follow the

RBC with a solids contact unit (RBC/SC system). The RBCI

SC system was evaluated and modeled for small community

usage. The SC phase improving overall removal efficiencies

largely due to an average increase in the removal of suspended

matter of 26%. Total and soluble COD removal were also in-

creased by 18 and 17%, respectively (d'Antonio et at., 1997).

A combined treatment process involving RBCs and subsurface

reed beds produced a high-quality effluent in a small treatment

plant, with BODs, total suspended solids, and total Kjeldahl

nitrogen < 10 mglL (Green et at., 1997).

A four-stage, cross-flow. Laboratory-scale reactor was exten-

sively characterized for the removal of phenol from wastewater,

with the effects of temperature, loading, concentration, hydrau-

lic loading, and rotational velocity determined. Phenol was re-

moved with a first-order rate constant of 0.10-0 13 per hour in

the temperature range 20.5-27°C, with a temperature coefficient

(8) of 1.04 (Banerjee, 1997). The removal of salt from wastewa-

Water Environment Research, Volume 70, Number 4
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ter is generally accomplished by a physicochemical process, but

Kargi and Uygur (1997) used an RBC that was seeded with the

halophile Halobacter halobium to remove salt from a synthetic

wastewater. An empirical model was developed from the experi-

mental data.

A program of batch, continuous-flow, and field pilot tests

was conducted to measure the extent and stability of nitrification

in Kraft wastewater. The results during the II-month run were

(a) the RBC demonstrated the capability of consistently and

substantially reducing NH4
+ -N concentration below I mg/L, (b)

about 1 month was needed to establish effective treatment, and

(c) effective treatment was sustained at a maximum hydraulic

loading rate of 0.11 m3/d' m2 (Bryant et aI., 1997).

A modified, laboratory-scale RBC, in which the disks were

modified by attaching porous netlon sheets to enhance biofilm

area and volume, was used for treatability studies of wastewa-

ters containing synthetic 2,4-dichlorophenol (2,4-CP). Radwan

and Ramanujam (1997b) discussed the effect of hydraulic load-

ings and influent concentration on 2,4-CP removal and pre-

sented a mathematical model to describe the effects.

Two types of magnetic RBCs (MRBCs), disk and drum sys-

tems, were implemented to investigate continuous citric acid

fermentation using Aspergillus niger. Citric acid was produced

at a higher rate in the drum system than in the disk system, and

the biofilm maintained its stable activity for about 50 days of

continuous operation (Saba and Takahashi, 1997). Sakurai et

al., 1997) modeled citric acid production in an RBC based on

Monod parameters, diffusion of oxygen in the biofilm, and citric
acid production rate equations. Five adjustable parameters were

fit to experimental data generated in 12 runs.

Experiments to investigate the microfauna of adhered bio-

films treating a simulated petrochemical plant wastewater were

conducted in an RBC in relation to organic loadings and the

toxicity. A resulting correlation between the wastewater and

the distribution and abundance of microfauna can predict the

biofilm's biological quality of the activated sludge (Selivanov-

skaya et a!., 1997). A mkroscopic examination of the micro-

fauna in bacterial samples and sludge from the first and fourth

stages of a RBC was performed, with coccoid bacteria predomi-

nant in both stages (Venkataraman et aI., 1997). In the fourth

stage, there were fewer nematodes, algae, and Chroococcus but

greater numbers of rotifers and Navicula. Supplemental aeration

of an overloaded RBC resulted in favorable performance and

adaptation to differing organic loading rates, with Beggiatoa

growth completely eliminated (SurampalIi and Baumann,

1997). Slime samples from 66 RBCs in 20 U.S. states were

examined to establish an indicator organism. The organisms

differed in abundance along the RBC stages so organisms were

grouped based upon the organism loading preference (Chung

and Strom, 1997b).

Studies on the effects of organic loading rates and tempera-

ture on BOD and COD removal were conducted by Mathys et

a!., 1997) to evaluate mill wastewater treatment using a labora-

tory-scale RBC. Average BOD and COD removals increased

with temperature increase, whereas dissolved oxygen (DO) ap-

peared to have no effect on BOD removal, even though some

DO levels were low. A different laboratory-scale RBC, operated

in Singapore to test the response to equatorial conditions, pro-

duced high removal efficiencies, with some first-stage problems

associated with the high reaction rates because of high tempera-

tures (Wilson and Lee, 1997). High rates of loading to an RBC

treating high-strength, food-processing waste were studied us-
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ing total organic carbon (TOC) rather than BOD or COD. TOC

was found to give excelIent correlation between efficiency and

input parameters (Wilson, 1997).

BIOFILTRA TION AND BIOTRICKLING

FILTERS

The fundamentals, design, operation, and process application

of biofiltration for VOCs were studied by Swanson and Loehr

(1997). Key parameters for design, performance, and operation

were given. They noted that, with proper design and operation,

VOC removal efficiencies of 95-99% could be achieved. In a

commentary on biofilter design, past experiences with full-scale

units and design trends were summarized (van Lith et al., 1997).

Moisture was identified as the critical parameter in biofiltration

design, and cost data were provided. Wani et aI., 1997) pre-

sented an overview of the historical development and present

status of biofiltration, especially as it relates to the removal of

odors, VOCs, and air toxics.

The roles of humidity and microbial heat generation were

investigated (Gostomski et a!., 1997). A moving front of higher

temperature and subsequent increased water evaporation was

observed, eventually impairing degradation in the compost bio-

filter. The start-up of biofilters was investigated at the laboratory

scale by Deshusses (1997). Within 3-5 days of start-up, 82%

of influent methyl ethyl ketone (MEK) was mineralized. Step

inputs of 0.5 - 1 hour of hexane, acetone, I-propoanol, and/or

methyl isobutyl ketone were applied, with apparent sorption to
packing material, followed by degradation within 2-5 hours.

The step inputs did not affect MEK removal, although concen-

tration profiles indicated substantial inhibition occurring during

these inputs.

Zarook, Shaikh, and Ansar (\ 997a) presented a general tran-

sient biofiltration model that incorporates general mixing phe-

nomena, oxygen limitation effects, adsorption phenomena, and

general biodegradation reaction kinetics. Results validated with

experimental transient data of benzene and toluene demon-

strated that transient behavior was predicted well by the model

and that the biofilter withstood conditions such as random varia-

tions in the inlet concentration and gas flow rate. The transient

biofilter model was extended for binary VOC mixtures (Zarook,

Shaikh, Ansar, and Baltzis, 1997b). A quasi-steady-state ap-

proximation was the basis for the approximate model, but results

showed that predictions by the general model were closer to

experimental results. The authors also learned that inlet oxygen

consumption played a vital role, especially at high VOC concen-

trations. Baltzis et al. (1997) used a different mathematical

model to describe treatment of binary VOC contaminated air

streams in biofilters. This model accounted for potential kinetic

interactions, oxygen availability, and biomass diversification.

A steady-state mathematical model was developed by Abu-

maizar et a!. (1997) to describe the kinetics of VOC removal

in biofilters that consist of a mixed compost and granulated

activated carbon (GAC) medium. The presence of GAC im-

proved BTEX removal efficiencies over a biofilter containing

only compost. A mathematical model was defined that describes

physical and biological processes occurring in a trickle-bed air

biofilter for waste gas treatment, and this model was found to

be in agreement with experimental data (Alonso, Suidan, et al.,

1997a). Analysis of specific surface area variation effects with

bacterial growth led to the conclusion that excessive biomass

accumulation has a negative effect on contaminant removal
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efficiency, but this problem was corrected by removing the

excess biomass with full media fluidization and backwashing

of the biofilter.

Experimental results and a mathematical model describing

the effect of nutrient supply on the biodegradation of volatile

organic compounds in a packed-bed biofilter were presented by

Alonso, Zhu, et at. (1997b). Nitrate was rate limiting as a growth

nutrient rather than as an electron acceptor, and resistance to

the transport of nitrate into the biofilm led to nutrient limitations

in the biofilm deeper layers. Zhu et ai., ·1997) utilized diethyl

ether as a VOC substrate in trickle-bed filters with pelletized

media to investigate the effect of phosphorus on VOC removal

in the biofiltration process. The results of this study provided

evidence that limiting phosphorus did not significantly affect

biofilter performance, unlike reducing nutrient nitrogen concen-

trations. Hwang et al., (1997) developed a mathematical model

of the acetone biofiltration process with the following parame-

ters: diffusion and biodegradation of acetone, diffusion of oxy-

gen in the biofilm, mass transfer resistance in the gas film, and

flow pattern of the bulk gas phase. Although the overall acetone-

removal process was limited by the oxygen diffusion rate, the

acetone concentration profile along the biofilter and the elimina-

tion capacity predicted by the model were consistent with exper-

imental results.

Several models of biofiltration of aromatic hydrocarbons

were published in 1997. The interactions among the adsorption,

microkinetics, mass transfer, and gas flow were mathematically

modeled to explain the transient behavior of toluene-degrading

biofilters (Tang and Hwang, 1997). Experimental results and the

proposed model were in good agreement. A phenomenological

model for simulating the removal of toluene, ethylbenzene, and

o-xylene (TEX) from contaminated air streams by a biofilter

was developed and tested by Nguyen et aI.. (1997). The model
produced a suitable approximation with discrepancies within

experimental uncertainties. Toluene was treated during a 93-

day period in a laboratory-scale biofilter system packed with

peat and inoculated with specific flora (Pseudomonas sp.) (Bi-

beau et ai., 1997). The biofilter was intermittently humidified

with a nutrient solution. Under pseudo-steady-state conditions,

a maximum elimination capacity of 70 glm3
• h was obtained

for an inlet load of 190 g/m3
• h, and elimination capacity data

agreed well with predictions of two recognized zero-order ki-

netic models. Research of toluene biofiltration as a model for

less water-soluble gas pollutants was performed by Hwang and

Tang (1997). They verified the applicability of a mathematical

model describing the biodegradation rate along the biofilter as

zero order followed by fractional order to first-order kinetics

as toluene concentration decreased, and they concluded that

biofiltration of low-solubility compounds should not be operated

at low gas residence times. Pedersen and Arvin (l997b) exam-

ined toluene removal from a waste gas using a trickling filter,

with removal increasing linearly with loading to 70% removal

at the maximum loading examined. An analytical model was

developed using gas/liquid mass transfer and biological degra-

dation kinetics, with modeled parameters corresponding to pre-

viously observed values. The same authors studied the overall

liquid mass transfer coefficient (KLa) in a trickling filter for

treatment of waste gas containing toluene (Pedersen and Arvin,

1997a). They concluded that the KLavalue for the biofilm sys-

tem was 25- 140% larger than the for the support material with-

out biofilm, resulting from improved wetting of the filter surface

area and an enlarged mass transfer area. A predictive model to
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describe degradation of toluene in a flat-plate, vapor-phase reac-

tor was developed by Mirpuri, Sharp, et ai. (1997b) and shown

to accurately predict experimental data. The performance evalu-

ation of a biofilter containing Exophiata jeansetmei for the puri-

fication of styrene-containing gas was used to develop a mathe-

matical model for pollutant degradation in a biofilm (Cox et

ai., 1997). Biofilm performance was limited at low styrene con-

centrations (less than 0.06 glm3
) with a maximal styrene degra-

dation rate of 62 g/m3
• h, but, at high styrene concentrations, the

maximal degradation rate improved to 91 glm3
• h by increasing

oxygen concentration in the dry gas from 20 to 40%.

Low rates of mass transfer in gas/water systems by low-

miscibility pollutants such as styrene may be improved by the

addition of dispersed nonpolar organic solvents in the water.

A model of the improvement in mass transfer coefficient was

developed and validated for toluene and oxygen using FC40, a

perflourocarbon, as the dispersent (Cesario et aI., 1997). A

bench-scale technique was developed and implemented to eval-

uate mass transfer rate constants (K) and concentration partition

coefficients (Kh) for four different packing materials using two

vapor-phase contaminants, ethanol and carbon dioxide (Hodge,

1997). Experimental results for these constants were similar to .

both "batch" and "spike test," indicating accuracy. Water

content of the packing material strongly affected Kh values.

A pilot-scale compost biofiltration system, composed of four

identical units operated in an upflow mode, was operated at a

gasoline soil vapor extraction site for 1 year (Wright et at.,
1997). The primary factor affecting performance was bed mois-

ture content, and overall TPHgasremovals and BTEX removals

exceeded 90% once management of the moisture content im-

proved. The gas resulting from bioventing a hydrocarbon-con-

taminated soil was treated using a wood bark media biofilter

by Origgi et ai. (1997). The technical, regulatory, and economic

feasibility of such biofiltration for off-gases from petroleum

processing and soil remediation equipment was investigated by

the Petroleum Environmental Research Forum (Leson and

Smith, 1997). High removals of aromatic hazardous air pollut-

ants and odors were accomplished at residence times of less

than I minute, whereas high-percentage removal, especially of

light aliphatics, rendered biofiltration noncompetitive. Biofil-

tration performance and operational reliability depended on fil-

ter material selection, moisture control system reliability, and

fluctuation level in petroleum hydrocarbon concentrations.

A biological trickling filter for treatment of waste gas was

studied to investigate toluene degradation using Pseudomonas sp.

as the representative degrader (Pedersen et al., 1997). Based on

the rRNA content, the in situ activity was estimated to be reduced

to 20% of the activity of cells grown at maximum conditions in

batch culture. Pilot-scale testing on biofiltration of a gaseous

stream containing benzene and other aromatics was conducted to

investigate operational parameters. First-order rate constants were

determined for all compounds tested (Sorial et ai., 1997). Immobi-

lized on a perlite-packed trickling air biofilter, a stable microbial

consortium grew on nitrobenzene (NB) and released excess nitro-

gen as ammonia (Oh and Bartha, 1997). Salinity and pH controls

were unnecessary because the system operated at pH 8.7 while

the biofilter removed 50 g NB/~.cking' h on a sustained basis.

To overcome the issues associated with excess buildup of

biomass in a trickling biofilter, the bed was moved periodically

to dislodge excess biomass (Wtibker et at., 1997). This moving-

bed trickling biofilter was considered to operate similarly to a

Water Environment Research, Volume70, Number4
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chemostat and gave from 56 to 72% removal of toluene as the

dilution rate was varied.

A genetically engineered strain of Burkholderia cepacia G4,

which constitutively expresses toluene ortho-monooxygenase,

degraded trichloroethylene (TCE) at high rates when grown on

phenol in a biofilter (Sun and Wood, 1997). A kinetic study

on aerobic degradation of phenol in a P. putida biofilter was

conducted to carry out a comparison among diffusion, convec-

tion, and bioreaction mass velocities along the biofilter fed with

air streams contaminated with different levels of phenol (Con-

verti et at., 1997). In contrast to the low residence time result,

biomass grew so abundantly at high resonance time that the

superficial layers of biofilm were enough to nearly completely

transform the phenol.

Dry wastewater sludge (30-40% moisture content) was used

as a packing material by Degorce-Dumas et al. (1997) in a

biofilter treating hydrogen sulfide. Abiotic pilot units showed

significant chemical oxidation occurring. High initial bacterial

numbers of Thiobacillus sp. and neutral pH allowed biotic bio-

filters to achieve high removal efficiencies, although sulfide

concentrations greater than 3 000 mg/m3 had a negative impact

on removal. Peat and BSE biofilters were compared to the

wastewater sludge biofilter, and metal leaching from the sludge

was also studied. A peat-based medium was used in two sets

of biofilters degrading methylamine (Chou and Shiu, 1997).

Methylamine was completely converted to ammonia, nitrate,

and cell nitrogen in equal ratios at a loading of 3.5 g

nitrogen/m~edium'A neutral medium outperformed an acidic me-
dium, with a maximum rate of nitrification of 0.69 g

nitrogen/m~edium. h. The variety of choices available for biofil-

ters was addressed in part by Chou and Cheng (1997), who

evaluated blends of compost and fillers such as fern chips, wheat

bran, or bagasse for suitability as a medium for the biofiltration

of MEK. A removal of 100 g/m~edi.·h was achieved, and a

loading of 50 glm~nedia. h was successfully treated for more than

50 days. Nitrogen was one focus of experiments with two trick-

ling biofilters to degrade diethyl ether with nitrate as the sole

nitrogen source (Rihn et al.. 1997). The rate of nitrate diffusion

into the biofilms was rate limiting and increased oxygen concen-

trations not affecting removal, so that use of nitrate as a nitrogen

source rather than as an electron acceptor was apparently the

source of limitation.

To counter increasing nitrification needs, Tarallo et al. (1997)

conducted extensive pilot-scale testing and evaluation of full-

scale, fixed-bed, attached-growth systems and concluded that

separation of organics removal and nitrification in staged bio-

filter reactors, operating at high hydraulic loading rates, results

in the most efficient and compact facility. Results from a two-

stage upflow biolilter pilot in Northern Virginia for nitrification

and case histories of full-scale facilities using multiple biofilter

stages for nitrification and total nitrogen removal were pre-

sented.

A heterotroph, Arthrobacter oxydans CH8, capable of remov-

ing NH3 from a gas stream, was isolated from livestock farming

wastewater by immobilization with calcium alginate packed

into a filter column. Greater than 97% efficiency was obtained

in removing ammonia, and the high maximum removal rate

enhanced biofilter use in industrial-scale ammonia gas pollution

control (Chung et at., 1997). A biofilter was prepared from

polyacrylamide fibrous and porous ceramic supports, seeded

with the methylotroph Methytobacterium extorquens. During

Literature Review 1998
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optimized continuous flow cultivation, the bacterial metabolism

could be switched from biodegradation of methanol or formal-

dehyde to utilization of methylamine after a certain adaptation

period determined by the induction of enzymes of the N-methyl-

glutamate pathway (Doronina et aI., 1997).

New wastewater treatment plant (WWTP) legislation in New

Zealand, the Resource Management Act, is nonprescriptive in

nature, encouraging narrative rather than numeric standards for

odor control at the boundaries of wastewater facilities. Macdon-

ald et al. (1997) described how odor master plans have been

developed for several WWTPs in New Zealand, including bio-

filter and other odor control methods, odor reduction, or mitiga-

tion both through control technologies and through the adequate

provision of new or expanded "odor buffer zones."

Because of the severely cold climate at a regional WWTP in

Duluth, Minn., all unit process structures are enclosed, causing

an odorous off-gas disposal problem. In response, the Western

Lake Superior Sanitary District used an open-bed biofilter sys-

tem to treat 23.6 m3/s of sulfide-laden exhaust gases, demonstra-

ting the ability of an open-bed biofilter system to effectively

treat odorous wastewater plant emissions in the extreme cold

of Northern Minnesota (Williams, Boyette, Bergstedt, et al.,

1997a; Williams, Boyette, Pomroy, et aI., 1997b).

FLUIDIZED BED AND AIRLIFT

BIOREACTORS

Zhao and Lan (1997) reviewed 14 references on research
progress and trends in fluidized-bed reactors (FBRs) for i.';'mo-

bilized microbial cells, including their attributes and applica-

tions.

Haldane-inhibition kinetics were used in the development of

a model of a fluidized bioparticle, which considers the interac-

tions between intrabiofilm mass transfer and bacterial rate pro-

cesses. The model predicted that, under some circumstances, a

biopartic1e effectiveness factor of greater than unity is possible.

The biopartic1e effectiveness factor was used in conjunction

with fluidization correlations to predict the overall efficiency of

a fluidized-bed bioreactor in the presence of substrate inhibition

(Lai and Shieh, 1997). The complete segregation model, already

successfully tested for binary-solid liquid fluidized beds of smooth

rigid particles, has been shown by Di Felice et at. (1997) to

predict solid mixing and segregation in fluidized-bed bioreactors.

Brosilow et al. (1997) described the NO;- and N02"concentration

profiles within a denitrifying FBR in a unique, simple model.

When compared to experimental data and a more complex model

previously proposed in the literature, this simple model fits the

experimental data as well as the more complex model.

A nitrifying biofilm reactor removed 7.2 mg CI/g biomass

(volatile solids) per day of organic halogens while treating

bleached Kraft pulp mill wastewater. The same wastewater was

treated by a denitrifying FBR with no dechlorination but re-

moval of 35% of the TOC content from the wastewater (Kostyal

et aI., 1997). Lazarova et al. (1997) studied nitrification in a

gas-lift, circulating-bed reactor, observing substantive nitrifica-

tion rates at high CODIN-NH4 ratios. The possibility of nitrify-

ing municipal landfill leachate using suspended-carrier biofilm

technology was studied by Welander et at. (1997) in three labo-

ratory-scale reactors filled with three different types of carrier

media. A maximum nitrification rate of 40 g (NH: _N)/m3 per

reactor hour was obtained at 20°C, a hydraulic retention time

of 14 hours, and a carrier filling degree of 10% of reactor time.
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Treatment Systems

Nitrification in BAS reactors was the subject of several publi-

cations. Converting ammonium and acetate, a BAS was oper-

ated with nitrifying biofilm growth and heterotrophic suspended

growth. Van Benthum, van Loosdrecht, and Heijnen (1997a)

found that, in the presence of the heterotrophic layers, the maxi-

mum specific activity on ammonia of the nitrifying biofilms

increased as well as the mass transfer resistance. Two BAS

reactors were operated with an ammonium load of 5 kg N/m3
• d

to study the influence of biomass and oxygen concentration on

the nitrification process (Garrido, Van Benthum, et al., 1997b).

Nitrite buildup at decreased DO content was associated with

the microbial growth system as verified by a biofilm model. A

nitrifying BAS reactor was operated at an ammonia loading rate

of 5 kg N-NHtlm3
• d, obtaining 99% ammonia conversion. No

nitrous oxide production was detected until a formaldehyde

addition of 55 mglL was introduced (Garrido, Campos, et ai.,

1997a). Ammonium conversion in a BAS reactor was described

using a diffusion reaction model (Picioreanu et al.. 1997). Oper-

ation parameters were varied to check the way to affect the

N02" concentration, and oxygen concentration was determined

to be the controlling factor. Innovative methods of arranging

and operating BAS reactors for nitrification were investigated.

It was found that a two-reactor configuration was best suited

for pretreatment of normal wastewater and that a one-reactor

system could obtain low nitrogen concentrations in the effluent

(van Benthum, van Loosdrecht, and Heijnen,1997b).

The hydraulics of fluidized beds and airlift reactors has been

the subject of much interest. A simple model was developed to

predict the hydrodynamic behavior of a three-phase internal

airlift reactor by Heijnen et ai. (1997) to treat wastewater using

biofilm particles. Gjaltema and coauthors offered a variety of

studies on hydraulics in airlift reactors. A variety of support

materials was studied for the development of P. putida biofilms

in an airlift reactor, in which hydrodynamic conditions and

particle collisions controlled biofilm formation. A model of

growth and detachment was presented, and greater surface

roughness was found to promote biofilm accumulation (Gjal-

tema, van der Marel, et al., 1997a). The effect of particle size

was examined in an airlift reactor (Gjaltema, van Loosdrecht,

et at., 1997b). Larger particles increased the abrasion rate more

than predicted by conventional collision theoty, so an empirical

relationship was developed. Under nongrowth conditions with the

presence of bare carrier particles, the detachment of biomass from

suspended biofilm pellets in three-phase internal loop airlift reac-

tors was dominated by the collisions among the particles and

pellets and leads to pellet flattening/reduction in volume. The

internal structure of the biofilms showed two layers: a cell-dense

outer layer and an interior layer with a low biomass density (Gjal-

tema, Vinke, van Loosdrecht, Heijnen, 1997d). Detachment of

biomass from suspended biofilm pellets was interpreted in terms

of collision frequency and impact for internal loop airlift bioreac-

tors (Gjaltema, Vinke, van Loosdrecht, Heijnen, 1997c).

A predictive model was developed for the hydraulic behavior

such as bed height and overall gas, liquid, and solid holdups of

the three-phase FBRs. The model predictions and experimental

results agree quantitatively for two-phase and three-phase con-

ditions, and the authors proposed a new correlation for the bed

expansion index (Yu and Rittmann, 1997). Schugerl (1997)

reviewed the application of three-phase biofluidization in bio-

technology discussing aerobic and anaerobic wastewater treat-

ment and the properties of biofilms attached to carriers.

500

A new reasonably successful method to estimate biomass

concentration carried out in a FBR was developed and tested

on collected data that combine the Richardson and Zaki law for

fluidized-bed expansion, the overall bed voidage definition, and

available literature data on biofilm dry density. The method

also gave an estimate of the biomass concentration through a

nonlinear minimization routine using experimental data of bed

height versus fluid superficial velocity (Nicolella, Di Felice, et

ai., 1997b). Nicolella, Chiarle, et ai. (1997a) also investigated

biofilm detachment in FBRs to identify the different mecha-

nisms involved. Detachment rate strongly increased with fluid

velocity while it slightly decreased with liquid shear stress.

A low-strength synthetic wastewater, composed of 1.6-12.6

mglL I-naphthalene in tap water and unable to support a viable

biomass in a FBR, was successfully treated by adding accli-

mated cells from an off-line enricher-reactor. This bioaugmen-

tation demonstration offered an alternative for the treatment of

dilute wastewater and contaminated groundwater, which are

generally considered poor candidates for biological treatment

(Ro et ai., 1997). Massol- Deya et al. (1997) compared commu-

nity composition, succession, and performance in three FBRs

operated to test preemptive colonization and the influence of

toluene compared with a mixture of benzene, toluene, and p-

xylene (BTX) as feeds. The experiment led to convergence of

communities from three different starting conditions to the same

composition with constancy over several months (Roessink and

Eikelboom, 1997). Microbial and protozoa populations were

characterized in an airlift bioreactor. Treatment efficiencies and

effluent solids concentrations were studied.

A pure culture of P. putida was grown as a film on carbon

particles in a differential fluidized-bed biofilm reactor (DFBBR).

The ratio of effective diffusion coefficients through the active

biofilm to that of water varied between 17 and 44% and 9 and

24% for phenol and oxygen, respectively, thus showing a fair

agreement with the literature at low biofilm densities (Beyenal

et ai., 1997). Safferman and Bishop (1997) related the opera-

tional mode of an aerobic FBR (AFBR) with the amount of

biomass in the media. Results indicated that using the AFBR

is favorable for maximizing substrate removal, for minimizing

solids production, and for applications that produce only inter-

mittent wastewater flows, such as those found in many indus-

tries and hazardous waste remediation systems.

The effect of heavy metal loading on the degradation of

naphthalene-2-sulfonic acid (2NS) by immobilized bacteria in

biological wastewater treatment in continuously operated airlift-

loop reactors was studied by Pack and Hempel (1997). Shock

loading with mixtures of cadmium and nickel, or cadmium and

zinc, respectively, resulted in increases in inhibition compared

to those observed with the single metal, whereas shock loading

with mixtures of nickel and zinc caused less 2NS degradation

than by the single metal ions. Buchtmann et al. (1997) studied

quinoline degradation by Comamonas acidivorans in FBRs at

various dilution rates. Complete quinoline oxidation was ob-

served, and critical dilution rates were determined.

In batch ozonation of wastewater, 3-methylpyridine (MP)

and 5-ethyl-2-methylpyridine (EMP) were removed using a low

concentration of dissolved ozone in a fluidized-bed biofilm reac-

tor with a mixed culture. Complete mineralization of MP and

extensive mineralization of EMP was observed during the whole

experiment, but during adaptation of biomass, the ozone re-

quirement decreased from 10 moUmol of MP oxidized to 4 moU

mol (Stem et ai., 1997).

Water Environment Research, Volume 70, Number 4
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Wastewaters from three integrated newsprint mills have been

treated by Broch-Due et at. (1997) in a pilot-plant moving bed

biofilm reactor (MBBR) in which the biomass adheres to plastic

elements moving freely in the stream. The amount of chemicals

needed to precipitate the biologically treated wastewater was

one-fourth to one-third of that needed for the chemical treatment

of the untreated wastewater. Johnson et at. (1997) discussed a

MBBR pilot test in a recycle paper mill that showed a reduction

of soluble BOD of 93% with a 3-hour hydraulic retention time.

Rusten et at. (1997) concluded that plants using a MBBR oper-

ate very reliably.

The Algoma fluidized-bed system represented the first full-

scale application of the FBR technology for treatment of coke

plant wastewater in North America and the first large-scale FBR

system to be installed in Canada. During a 6-week performance

assessment, which began approximately 2 weeks after process

start-up, the FBRs achieved over 99% phenolics reduction, from

the initial concentration of I 000 mglL. The biomass concentra-

tion, measured as volatile solids, in the ~BRs was greater than

15 gIL (Sutton et at., 1997). Another study for a specialized

industry was the use and modeling of fluidized bed reactors and

stationary bed reactors in the treatment of dairy wastewater.

Laboratory-scale columns were used to generate adsorption and

biodegradation kinetic coefficients and for model verification

(Ravindran et ai .. 1997).

SUBMERGED BIOFILM REACTORS

Glaser (1997) reviewed the use of slurry reactors to remediate

contaminated soils. Knowledge of the structure, population dy-

namics, nutritional requirements, and metabolic activity of soil

biofilms coupled with soil composition/texture was identified

as necessary for better management of soil treatment. Feedstock,

reactor configurations, and pretreatment and posttreatment

phases were cited as important factors to the cost-effective im-

plementation of slurry treatment. A review of the performance

and configurations of biological aerated filters (BAFs) at a num-

ber of WWTPs was compiled and presented (M'Coy, ]997).

The advantages and disadvantages of BAFs were discussed.

Beg and coauthors contributed three studies on upflow packed

beds: a methanol-fed nitrifying upflow packed-bed bioreactor

suffered fasting conditions of methanol or ammonia, with meth-

anol fasting causing a more pronounced effect (Beg, Hassan,

and Chaudry, ]997b). The performance of an aerobic upflow

packed-bed biofilm reactor fed glucose was modeled numeri-

cally (Beg, Hassan, and Chaudry, ]997a). Finally, the perfor-

mance of an upflow packed-bed biofilm reactor was analyzed

under multisubstrate limitation by considering simultaneous

carbon oxidation and nitrification. The concentration profiles

within the biofilm reactor revealed that O2 was a limiting com-

ponent at the middle of the reactor when methanol and

NHt -N inlet concentrations follow sinusoidal variation (Beg,

Hassan, and Chaudry, 1997c).

Because space available is often a limiting factor as in the

large surface area required for conventional suspended growth

processes in wastewater plants for nutrient removal, treatment

technologies such as the new attached growth processes have

emerged. One of these processes is the Biostyr process, which

uses polystyrene granules that have a high specific surface area,

resulting in a more compact design (Borregaard, 1997). The

influence of substrate concentration on the activity and concen-

tration of nitrifying was tested in upflow aerated filters (Vil-

Literature Review 1998
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laverde, Fernandez, et at., 1997a). Effects of nutrition and inhi-

bition were observed, and threshold concentrations of these ef-

fects were determined.

A continuous-flow, fixed-biofilm reactor was constructed and

operated by Jin and Englande (1997) to optimize carbon tetra-

chloride biodegradation and compare the efficacy of existing

kinetic models describing degradation. An unusal substrate was

examined by Macaskie et al. (1997), who used growth-decou-

pled biomineralization to remove uranyl ions in flow-through

reactors containing Citrobacter cells immobilized as biofilms

on Raschig rings. The Citrobacter system succesfully removed

UO~+ from acid mine water.

An RBC fixed-film media was submerged 30-50%, which

resulted in a more efficient, less expensive system than conven-

tional activated-sludge systems at small WWTPs. When Chev-

ron implemented the submerged biological contactor, results

showed COD removal efficiencies greater than 70%, NHrN

concentrations less than 5 mglL, and negligible benzene, molec-

ular sulfur, oil and grease, and phenol effluent concentrations

(Reynolds et at., 1997). Continuous experiments were carried

out at a pilot-plant biological aerated filter and denitrification

tank over 18 months. The nitrification-denitrification capability

was examined with an emphasis on the cold seasons. Biological

oxygen demand and SS removal rate exceeded 95% and T-

N removal rate was about 75%. Consequently, this particular

denitrification technology is effective in cold climatic regions

(Terayama et at., 1997). The influence of pH over nitrification

in submerged biofilters was presented by Villaverde, Garcia-

Encina, et al. (1997b). The pH effect was characterized in terms

of activation-deactivation, substrate limitation, and free ammo-

nia inhibition.

MEMBRANE BIOREACTORS

Porous-walled hollow fiber membrane reactors allow oxygen

fed on the lumen side to pass directly through the microporous

wall to a biofilm attached to the shell side of the membranes

(Brindle et at., 1997). Such a MBR process significantly reduces

the amount of oxygen vented to the atmosphere, making the

use of pure oxygen economically favorable. An MBR system

using such microporous hydrophobic hollow fiber membranes

for mass transfer of volatile organic compounds (VOCs) from

the gas phase to the liquid phase overcame conventional com-

post biofilter limitations (Ergas and MacGrath, 1997). The reac-

tor design provided a high biomass concentration, a method for

wasting biomass, and a method for pH buffer addition, nutrients,

cometabolites, and/or other amendments. Toluene removal ef-

ficiency was greater than 98% at an inlet concentration of 100

ppm and a gas resistance time of less than 2 seconds. Another

porous, gas-permeable polyether imide membrane with asym-

metric pore structure was used for the study of the biodegrada-

tion in aquatic systems of nonchlorinated dibenzofuran and di-

benzo-p-dioxin by Sphingomonas HH69 and RWl, respectively

(Hellge, 1997). The membrane biofilm reactor operated in both

sequencing batch and flowing-through mode, achieving high

conversion rates into CO by additional feed of acetate and by

the addition of microorganisms isolated from lime marshy soil.

Xanthobacter Py2 seeded on a microporous hydrophobic MBR

removed propene from air but required a 20-day start-up time

for biomass development (Reij et al., 1997).

A study of "counterdiffusional" methanotrophic biofilms

cultivated on gas-permeable membranes and subjected to TCE-
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contaminated feed-streams was performed by Clapp et at.

(1997). A mixed-methanotrophic biofilm cultivated on silicone

tubing achieved a steady-state rate of CH4 utilization per surface

area of approximately 13 mmol/m2. h (in the absence of TCE-

loading)-ten times greater than reported for more conven-

tional methanotrophic biofilm reactors. Membrane biofilm reac-

tors were also used to treat chlorinated aromatics (Peys et at.,

1997). Modeling and optimization were a focus, with biofilm

structure and characteristics found to be important.

Two membrane-attached biofilm systems were characterized

and studied by Freitas dos Santos et at. (1997): X. autotrophicus

GJlO growing on 1,2-dichloroethane and Pseudomonas JS150

growing on monochlorobenzene. Excess biofilm thickness was

found to be a problem in the system, and control measures were

discussed. A steady-state mathematical model was developed

to predict axial concentration profiles of a pollutant in such

extractive MBRs with experimental verification (Pavasant et

at., 1997). The rate-limiting step in the reactor was determined

to be the mass-transfer resistance of the pollutant in the biofilm.

A flat MBR (FMBR) converting metal ions into insoluble

metal carbonate crystals was developed by Van Roy et at.
(1997) to remove greater than 99.95% of heavy metals by use of

an Alcaligenes eutrophus biofilm. An organomineral membrane

with immobilized bacteria induced metal precipitation as crys-

tals, allowing direct metal recovery.

IMMOBILIZED CELL BIOREACTORS

A model of the steady-state performance of an immobilized

enzyme reactor was developed. The model accounted for exter-

nal diffusion limitations, reversible Michaelis-Menten kinetics,

axial dispersion, and equilibrium constants while predicting rel-

ative substrate conversion and yield (Abu-Reesh, 1997).

The model system of a reactor containing immobilized meth-

ylotrophic cells of Candida boidinii was studied to assess the

ability to remove methanol from wastewater. The rate of metha-

nol oxidation to formaldehyde (first stage) was much higher

than the limiting rate of oxidation to formic acid (second stage)

(Artsukevich and Solomon, 1997).

Using Escherichia coli as the basis, heterogeneity in the bio-

mass distribution inside gel-immobilized cell systems was mod-

eled by Lefebvre and Vincent (1997). The study showed that

heterogeneity was greatly enhanced when the initial cell concen-

tration increased, the substrate concentration decreased, or the

membrane thickness increased. Continously stirred tank type

reactors also showed a greater heterogeneity in the immobilized

biomass distribution than discontinuous closed reactors in which

the cell leakage in the external medium controls the system

more. Operational temperature of a biofilm of immobilized

Thiobacillus ferrooxidans revealed a temperature response in

organism activity, indicating the temperature could be used to

control the biomass levels in an immobilized cell reactor (Ne-

manti and Webb, 1997).

The possibility of application of gel-entrapped biomass for

high-rate complete nitrogen removal from municipal wastewa-

ter was verified using a system that consisted of two stages: an

aerobic stage using nitrifying microorganisms immobilized in

gel beads and a conventional anoxic stage. Results show that a

heterotrophic layer of less than 12 f.Lm on 2-mm diameter gel

beads could provide complete nitrogen removal, whereas a

larger layer can cause residual nitrogen concentration in the

effluent (Libman et at., 1997). Nitrifying bacteria in a cellulose
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carrier were studied by Matsumara et at. (1997). An optimal

carrier size of I mm with 500-mm pores gave complete ammo-

nia oxidation at a loading rate of 12 kg-N/~'rricr' d at 25°C.

To further the use of immobilized cells in biofilters, Zhou

and Bishop (1997) summarized studies on oxygen distribution

and diffusivity in k-carrageenan gel beads using oxygen micro-

electrodes to measure oxygen profiles. Diffusivity constants in

k-carrageenan gel beads were estimated at 46.3% of the value

in water when the bead was immersed in water and 53.9%

that of water when the bead was in air with a thin liquid film

surrounding it.

Vogelsang et at. (1997) developed a treatment system using

gel beads of PVA-SBQ cast by entrapment in calcium-alginate

beads before photoinduced cross-linking of the synthetic poly-

mer. The system may be suitable for srecially designed full-

scale reactors with short hydraulic retention times as well as

an additive to existing biofilm or activated-sludge nitrification

plants. Methods for encapsulating pollutant-degrading bacteria

into microbeads of various materials were also presented. Penta-

chlorophenol (PCP) degradation experiments with an encapsu-

lated Sphingomonas sp. showed degradation rates similar to

those for free cells (Hammill and Crawford, 1997).

The methanotroph Methylocystis sp. strain M, immobilized

in alginate gel beads within a fluidized-bed bioreactor, degraded

TCE from groundwater, with 80-90% removal of 0.9-1.6 mg!

L of TCE at a 2.56-hour residence time. However, removal

depended on feeding with methane and air, with activity declin-

ing rapidly after feeding ceased (Shimomura et at., 1997). Vari-

ous immobilized call bioreactors were investigated to maximize

S02 reduction in biodesulfurization processes. The columnar

reactor with mixed SRB cells that had been allowed to grow

into highly stable BIO-SEP polymeric beads exhibited the high-

est sulfite conversion rates (Selvaraj et at., 1997).

Cellulose triacetate cubes of 1- or 2-cm dimensions were

created by Yang et at. (1997) and used to treat a synthetic

wastewater. With a 9-hour hydraulic retention time, a 96% de-

crease in soluble COD and a 76-84% decrease in NH;--N were

observed at 25°C, with a significantly lower removal of nitrogen

at lOoe but similar COD treatment. An economic analysis indi-

cated that this process had a net value comparable to conven-

tional biological processes. Yang (1997) also immobilized nitri-

fying bacteria and zeolite in alginate beads in a sequencing

batch-fluidized bed. The SBR exhibited strong air stripping of

ammonia compared to ion exchange with the zeolite or with

nitrification as ammonia sank.

Saccharomyces cerevisiae and Candida shehatae cells were

coimmobilized in a composite structure consisting of a flat agar

layer in between two microporous membrane filters. Both or-

ganisms displayed growth in the composite structure, and bio-

filmlike gel areas of high cell density appeared behind the mem-

brane filters during immobilized organism incubations (Lebeau

et at., 1997). Martins dos Santos et at. (1997) evaluated fracture

properties of gel materials rather than tensile tests to estimate

mechanical stability. No correlation was found between fracture

properties and abrasion rates, but the observations of abrasion

indicated that abrasion was likely related to fatigue of the immo-

bilization matrix.

Polyurethane foam was used to evaluate immobilization of

the TCE-degrading bacterium Burkholderia cepacia. Domingo

et at. (1997) learned that several parameters such as surfactant

type, surfactant amounts, and biomass concentration in the foam

Water Environment Research, Volume 70, Number 4
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affected cell retention. They concluded that these immobilized

cells were metabolically active and could be used for biodegra-

dation.

Laugero et al. (J 997) focused on the transformation of PCP

by Phanerochaete chrysosporium 1-1512 in relation to pentachl-

oroanisole. Results showed the advantage of an immobilized

culture for mineralization of PCP when compared to static cule

tures. Pentachloroanisole formed only in static cultures, and

it underwent limited mineralization. However, formation was

catalyzed by the biomass in static cultures of P. chrysosporium

when experimentation was performed with mycelium and cul-

ture supernatant.

BIOLOGICAL GRANULAR ACTIVATED

CARBON

Zhao et at. (J 997) treated groundwater containing benzene,

toluene, and p-xylene (BTX) with FBRs using nonactivated

carbon (FBR) and activated carbon (BAC-FBR) as the biofilm

carriers. They found lower effluent BTX and intermediate con-

centrations in the BAC-FBR system under shock loading be-

cause of the metabolic and adsorptive removal mechanisms.

Also, according to research by Rajan et al. (1997), the GAC-

FBR was shown to be a strong candidate for cost-effective
treatment of hydrocarbon constituents in contaminated waters

at manufactured gas plant sites.

Nishijima et al. (1997) found that the bioactivity of attached

bacteria was affected by adsorbed substances on GAC when

the GAC was kept in an equilibrium condition. An equilibrium

model for concurrent biodegradation and adsorption was devel-

oped and verified with existing data. When biodegradable con-

taminants controlled the service life, the service life was 1.2-

7 times that of adsorption alone (Erlanson et at., 1997).

Morin and Camper (1997) captured and released carbon fines

(CFs) of two size ranges (1.2-50 and 1.2-8 mm) in biofilms

and studied their effect using a bench-scale simulated drinking

water system. They conclude from their results that the attach-

ment of.CFs into a biofilm was size dependent, that the CFs

do not protect the biofilm against disinfection, and that the

disinfectants induced the detachment of the CFs.

INNOVATIVE REACTORS

There have been many innovative uses of biofilms for waste-

water treatment. Bench-scale aerobic biofilm reactors were op-

erated at different recirculation rates and with a variety of high

influent waste concentrations. The optimal recirculation rate

was determined to be five reactor volumes per hour (Chua and

Yu, 1997). Gemeinert et al. (1997) investigated open-pore sint-

ered glass ceramics as carrier material for biotechnological use.

Carrier body samples produced through this process were tested

and evaluated quantitatively as carriers for biofilms for pollutant

decomposition in a synthetic model wastewater system.

Guiot (1997) introduced an integrated synchronous aerobic

and anaerobic bioreactor for treating liquid wastes, such as pulp

and paper wastewater. The new reactor was fitted with an exter-

nal aerator for injecting a specific amount of an oxygen-con-

taining gas into the waste liquid as it is cycled through the

reactor. Moebius and Cordes-Tolle (1997) examined a new

approach for treating wastewater from pulp and paper indus-

tries: rather than attempting total oxidation of organic matter,

they applied partial oxidation to improve biodegradability and

Literature Review 1998
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eliminated the persistent organics in a subsequent biological

treatment by low-loaded biofilm reactors.

A large number of innovative applications of biofilms to

achieve nitrification and denitrification have appeared over the

last year, with many new proprietary names appearing. A rela-

tively new moving bed biofilm process was evaluated for use

in replacing the first stage of the wastewater treatment system
at the Exxon Chemicals Baton Rouge Chemicals Plant. The

technology is marketed by a Norwegian company, Kaldnes Mil-

jfteknologi AS, and is referred to as the "Kaldnes" or "KMT"

process. Testing demonstrated that the process was capable of

achieving good organics removal while exhibiting stable opera-

tion at relatively high organic loading rates (Ganze et at., 1997).

One pilot-plant and two full-scale studies have been carried out

seeking the optimal use of the Kaldnes suspended carrier pro-

cess in the treatment of wastewaters from the forest industry.

The wastewater used in all three cases came from secondary

fiber mills. The studies revealed that the Kaldnes process as a

highly loaded stage (typically 15-25 kg COD/m' d) in series

with an activated-sludge stage forms an efficient, stable, and

competitive combination process, regarding both investment

and operating costs (Dalentoft and Thulin, 1997).

For the first time, a pilot-plant "BIOFOR" fixed-film aerobic

biofilm treatment system operates on the principle of an upflow
concurrent flow of process. Water and air was utilized for cen-

trate treatment at New York City plants to assuage effluent high

nitrogen concerns (Jiye Zhang, 1997). Results of these efforts,

together with nitrification rates, chemical usage, air, backwash,

and other operational requirements, and problems encountered

were thoroughly reported. Koyoama et at., 1997) related an

aerobic biofilm method, the Biofiner, as a measure for nitrogen

removal enhancement and for treatment capacity enhancement.

Le TaIlec et at. (1997) assessed the effect of influent quality

variability on biofilm operation for the Biostyr process used in

nitrification/denitrification design at very low ammonia residu-

als. The nitrification performance of an integrated fixed film

activated-sludge (IFAS) process using the Ringlace and Bioma-

trix looped cord media products was compared to a parallel

control system at full scale. The results indicated that proper

aeration design and the prevention and treatment of worm

blooms were two important issues in the application of the IFAS

process (Jones, Sen, et at., 1997a).

Takai et al. (1997) found recirculation to be indispensable in

promoting nitrification-denitrification activity and volatile fatty

acid biodegradation in small-scale anaerobic-aerobic biofilm

processes. To nitrify at low ammonia concentrations, rotating

membrane disks were used and modeled by Watanabe et al.

(1997). Continuously fed fixed-film reactors were used to study

microbial denitrification to treat highly contaminated aquifers

with efficiencies reaching 90-99% nitrate removal when exter-

nal donor addition was sufficient. Results also revealed a sig-

nificant relationship between denitrification rates and phospho-

rus supply (Chevron et aI., 1997).

Pilot-scale moving-bed biofilm reactors (MBBRs) were suc-

cessfully operated in sequencing batch mode for denitrification

and in continuous-flow mode for nitrification of primary settled

wastewater. The process proved reliable, easy-to-operate, and

suitable for application to small WWTPs, either in designing

new plants or in upgrading existing overloaded activated-sludge

systems (pastorelli, Andreottola, Canziani, Darriulta, et aI.,

1997a; Pastorelli, Andreottola, Cahziani, Frangipane, et at.,

1997b). To reduce land area requirements for waste stabilization
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lagoons, baffles were added to promote both plug flow and to

generate biofilms, with impressive improvements in perfor-

mance in terms of removal of COD, NHrN, and total nitrogen

(Muttamara and Puetpaiboon, 1997). Otterpohl et at. (1997)

proposed an alternative to wastewater system and centralized

aerobic WWTPs in the form of source control systems of re-

source management that return agricultural material to the soil

as fertilizer and treat stormwater at decentralized biofilm sys-

tems.

Janssen et al. (1997) described the performance of a new

sulfide-oxidizing, expanded-bed bioreactor in which the Iiquid-

phase aeration and the sulfide oxidation to elemental sulfur were

spatially separated to stimulate well-settleable sulfur sludge,

thus avoiding turbulence due to aeration in the bioreactor. Under

autotrophic conditions, almost all biomass was immobilized

within the sulfur sludge, and, as a result, the maximum sulfide-

loading rate more than doubled the conventional "free-cell"

suspension. Hyvik et at. (1997) created an effective bioreactor

having a large density of denitrifying bacteria and a large con-

tact area for removing sulfide from oil-containing water. Sakaki-

bara et ai. (1997) grew and modeled a denitrifying biofilm in

an electrochemical cell to denitrify groundwater also containing
sulfate.

Biofilm innovations have also been made in the treatment of

organic pollutants. Segar et at. (1997) developed a complex

kinetic model for the operation of sequencing batch and biofilm

reactors that were capable of cometabolizing TCE. The model

included terms for multiple-Monod, Haldane, and competitive

inhibition kinetics. Biomass kinetic equations accounted for

growth, endogenous decay, toxicity, cometabolic activity decay,

and reactivation or rejuvenation. Masak et at. (1997) isolated

acetone and/or ethylene glycol-utilizing bacteria as well as bio-

film-forming strains of bacteria with packed columns of zeolite

A-calcium particles. High yield strain isolations and long-term

physiological adaptations resulted from phased procedure and

outlined schemes of column operations.

Kaballo (1997) presented one performance of SBBRs treating

wastewater containing the priority organic pollutant para-chlo-

rophenol (P-CP). The operation mode of a sequencing batch

biofilm reactor was optimized when shock loading appeared. A

two-layer system was developed by Kao and Borden (1997) to

remediate gasoline-contaminated groundwater. Toluene, ethyl-

benzene, and xylene biodegradation rates were presented, but

benzene was not degraded in the system. Chen et ai. (1997)

investigated and modeled removal of organic substances with

varying biodegradability in a hybrid reactor, with both sus-

pended and attached growth. Results indicate that the hybrid

reactor system increased efficiency, with the biofilm increasing

the degradation of compounds resistant to degradation.

De heyder et at. (1997) found that biological ethene removal

from waste gases was largely affected by the water film thick-

ness covering the biofilm, limiting the ability of the continuous

conventional operation of a packed biobed. An alternative reac-

tor concept, the Bio-swing reactor, realized ethene removal by

a combination process of adsorption/desorption and biodegrada-

tion. Carlson and Silverstein (1997) investigated the effect of

ozonation on sorption of aquatic natural organic matter onto

biofilms using bench-scale packed-bed reactors. Ozonation si-

multaneously decreased the molecular size and increased the

acidity of natural organic matter (NOM) compounds. The ef-

fects counterbalanced each other at an ozone dose of I: I.

504

BIOFILMS ON SAND, SOIL, AND SEDIMENTS

Rothfuss et at. (1997) determined viable counts and potential

activities as a function of depth in the sediment of Lake Con-

stance, Germany. They learned that below 25 cm all viable

heterotrophic bacteria were present as spores, and they de-

creased exponentially with sediment depth and reached below

the detection limit (5-55 cells/mL) at 4-6 m in 8 900-year-

old sediment, indicating from this observation and other data

that bacteria become nonviable in aged sediments.

Soil column experiments studied bacterial growth and trans-

port in porous media under denitrifying conditions, and the

results showed that first-order attachment and detachment mod-

els described interphase exchange processes between suspended

and attached biofilms. Comparison of detachment coefficient

values with those calculated from published data suggested that

detachment in porous media may increase with microbial

growth rate (Clement et ai., 1997). Brough et ai. (1997) created

biofilm barriers in laboratory sand columns by introducing acti-

vated sludge. Permeability of the sand columns decreased by

28% during batch feed and by 79% in continuous feeding. The

permeability decreases were associated with increases in COD

removal and colony forming units. The sand columns did not

completely clog, and treatment with I% sodium hypochlorite

restored original permeabilities.

An experimental investigation conducted by Essa et at.

(1997) found a good correlation between decreasing porosity

and increasing biofilm thickness in local sands for a range of low

film thickness (0.066-0.099 mm). Deleo and Baveye (1997)

investigated factors affecting protozoan predation of bacteria

clogging laboratory aquifer microcosms. They found that bacte-

ria growing among sand particles as aggregates, large barren

surfaces, and the lack of biofilms contributed to evidence that

a key mechanism of microbial clogging is pore blockage by

these aggregates.

A systematic protocol was developed to determine bioavail-

ability and biokinetics for organic pollutants in soil to enhance

in situ and on-site bioremediation. Detailed mathematical mod-

els were developed for each type of soil reactor (slurry, wafer,

and porous tube), and the models were fitted to the cumulative

oxygen uptake rates (Govind et ai., 1997). Column studies were

used to investigate the fate of a representative NAPL, hexade-

cane, with specific regard to the effect of attached bacteria on

the formation of residual saturation and the role of biodegrada-

tion and biosurfactants on the removal of residual NAPL. The

results revealed that a combination of biodegradation and rham-

nolipid treatment could be used to maximize the removal of

residual NAPL from porous media (Herman et ai., 1997). The

biodegradation of a mixture of several creosote-related com-

pounds, p-cresol, phenanthrene, f1uoriene, and carbazole, was

examined in columns containing aquifer sands. The biodegrada-

tion of all the compounds was greatly enhanced by the inclusion

of p-cresol in the substrate mixture (Hosein et ai., 1997).

The half-time of biodegradation of the surfactant sodium do-

decylsulfate (SDS) by Pseudomonas species Cl2B was reduced

twofold by the presence of a riverine sediment that alone gave

comparatively negligible SDS biodegradation. The enhance-

ment of surfactant biodegradation by sediment was discussed

in the context of the design of biodegradability tests and envi-

ronmental acceptability (Marchesi et at., 1997). Rates of c-4-

bromophenol respiration and assimilation nearly matched in

samples taken from a site inhabited by bromophenol-producing

Water Environment Research, Volume70, Number4
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polychaete and from a similar site with very low levels of

bromophenol. Respiration showed strong seasonal (tempera-

ture) variation, whereas assimilation was more stable. The mea-

sured rates indicated that sediment bacteria play an important

role in bromophenol degradation (Steward and Lovell, 1997).

Material was collected over a month on plates attached to

the bed of a stream highly contaminated by acid mine drainage,

and the authors determined that the sediment-water interface

is best described as a highly contaminated biofilm. Evidence

from previous work suggested that the stream bed was active
in iron removal, and the authors also related that the iron flux

prediction required biofilm ecology and physiology knowledge

as well as physical and chemical data (Boult et at., 1997).

Bioaccumulation of pollutants on biofilms and short-term

variations in river sediment compounds were investigated, re-

sulting in the conclusion that sorption processes on biofilms

played a vital role during spring and summer months for trans-

port and accumulation for various pollutants. The amount of

pollutants sorbed on sediment particles depended on both the

particulate bound or dissolved pollutants in the river water and

was altered by the changing biofilm conditions (Schorer and

Eisele, 1997). A methodology to describe the bacterially facili-

tated contaminant transport in a subsurface environment using

the biofilm theory was developed based on mass balance equa-

tions for bacteria and contaminant (Kim and Corapcioglu,

1997). In the experiment, biofilm grew rapidly near the top of

the column where the bacteria and contaminant were injected,

was detached by increasing fluid shear stress, and reattached
downstream. Optimization of physicochemical conditions for

biofilm formation on a porous medium in groundwater was

performed by Ross et at. (1997) to further research the area

of plume containment by microbial barriers in fractured rock

aquifers.

For the first time, exoenzymes of white rot fungi were demon-

strated to be active in nonsterile soil. Also, a method for ex-
tracting laccase from soil samples was developed (Lang et at.,

1997). Sack and Fritsche (1997) investigated the mineralization

of pyrene in sterile and nonsterile soil using the wood-decaying

fungi Kuehneromyces mutabilis and Agrocybe aegerita over

3 months. In comparison with indigenous soil microflora, K.

mutabilis enhanced pyrene elimination up to 42%.

Methanol-fed postdenitrification was investigated in a suc-

ceeding sand filter system originally designed for the retention

of suspended solids in the secondary effluent of a municipal

two-stage biological WWTP. Biological parameters were deter-

mined, and, by avoiding detrimental effects on denitrification

efficiency such as accumulation of biomass, support operations

were optimized (Lemmer, Zaglauer, and Metzner, 1997a).

Bench-scale investigations of particle-removal mechanisms in

slow sand filters identified bacterivory as the only significant

biologically mediated particle removal mechanism (Weber-

Shirk and Dick, 1997).

The toxic effects of bioconcentrated tributyl tin (TBT) com-

pared to those of dissolved TBT inhibited the natural attachment

and growth of oyster larvae on bottom surfaces because of the

biofilm's bioconcentration of that heavy metal (Labare et at.,
1997).

BIOFILM MEASUREMENTS AND

CHARACTERIZATION

A multi-imaging procedure using a computer-assisted laser

scanning microscope equipped for confocal laser scanning and

Literature Review 1998
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color video microscopy was used to examine Crytosporidium

parvum oocysts in agriculture soils, a barnyard sediment, and

calf fecal samples (Anguish and Ghiorse, 1997). These en-

hanced counting, sensitivity, and imagery techniques allowed

for efficient location and interpretation of acridine orange-

stained, immunostained, and fluorescently stained oocysts in

the soil matrix and barnyard sediment, respectively. Confocal

scanning laser microscopy (CLSM) was used to observe a com-

post particle (Chalmers et al.. 1997). Significant heterogeneity

was observed in the biofilm, contrary to previous reports that
assumed homogeneity.

The development of stream biofilms using raw river water

as innoculum and a sole nutrient source was studied using a

rotating annular biofilm reactor system for cultivation and

CLSM for structural examination. The rotating annular biofilm

reactor may be a useful tool for morphological studies of com-

plex microbial films, particularly those developing under turbu-

lent flow regimes that are typical from aqueous environmental

ecosystems (Neu and Lawrence, 1997).

Stoodley, Yang, et at. (1997b) investigated the relationship

between local mass transfer coefficients and fluid velocity in

heterogeneous biofilms using microelectrodes and CSLM. They

correlated local flow velocities with local mass transfer coeffi-

cients and found that the Sherwood numbers, Reynolds num-

bers, and Schmitt numbers were similar to literature values for

mass transfer in porous media. Sich and Rijn (1997) studied

biofilm formation in denitrifying FBRs (FBD) by scanning elec-

tron microscopy (SEM). They discovered a distinct growth pat-
tern of Pseudomonas- and Zoogloea-like cells and compared

these colonizations on sand in a laboratory-scale FDR and on

sand grains in a pilot-plant FBR, raising the question that this

coexistence might be essential for denitrifying biofilm forma-

tion.

Morris et at. (1997) used epifluorescence microscopy, SEM,

and CLSM to observe biofilms and to rapidly determine the

abundance and localization of biotilms on leaves. Nagarkar and

Williams (1997) described procedures to quantify tropical, cy-

anobacteria-rich biofilms in an effort to standardize worldwide

comparative studies. They recommended using a combination

of SEM techniques for initial species identification and chloro-

phyll a extraction of rock chips using cold methanol for an

indirect estimate of biomass.

A new technique to determine local diffusion coefficients

based on microinjection of fluorescent dyes and quantitative

analysis of subsequent plume formation using confocal laser

microscopy was described by De Beer, Stoodley, Lewandowski,

et at. (1997b). Diffusion coefficients of fluorescein, TRITC-

IgG, and phycoerythrin through intestinal voids were close to

theoretical values in water. However, TRlTC-IgG did not dif-

fuse in the cell clusters, and the diffusivity of phycoerythrin

was impeded by 41% in cell clusters when compared to voids.

A new microscopic array that provides simultaneous mea-

surement with eight oxygen microoptodes is designed for in-

vestigating the oxygen distribution in biofilms and aquatic sedi-

ments (Holst et at., 1997). The herbicide Me 2-4-(2,4-dichloro-

phenoxy) phenoxy propionate (diclofop-methyl) and three of

its degradation products were identified in a biofilm using tan-

dem mass spectrometry (MS/MS) on samples introduced di-

rectly into the ion sources with no further sample preparation.

The results indicated that data comparable to those obtained

using the hybrid instrument could be achieved using ion traps,

despite the complex nature of the biofilm. This was true of mass

505

 15547531, 1998, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.2175/106143098X

134226 by M
issouri U

niversity O
f Science, W

iley O
nline L

ibrary on [11/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Treatment Systems

spectra and of production MS/MS spectra, which were essential

for identification of the individual compounds in these complex

mixtures (Kopf et at., 1997).

Biofilms were also analyzed with an epifluorescence micro-

scopephotometer incorporating a new in vivo fluorimetric

method. This in vivo analysis allowed biofilms on artificial sub-

strate to be removed, analyzed, and returned in field or labora-

tory conditions (Becker et at., 1997).

Battin (1997) applied the fluorescein diacetate hydrolysis

technique to estimate esterase activity in stream sediment bio-

films in which he investigated the effects of temperature, pH,

incubation time, and optimized the assay for low blanks and

high fluorescein extraction. Results showed that spatial patterns

of esterase activity within stream sediment biofilms correlated

with electron transport system activity, bacterial thymidine in-

corporation, glucosidase activity, and chlorophyll A.

A highly selective liquid membrane nitrite microsensor based

on a hydrophobic ion carrier was described that has a hydro-

philic coating and increased diameter on the tip. This improved

tip protected the sensor membrane from detrimental direct con-

tact with biomass and could be used for profiling biofilms in

complex environmental samples and in situ (De Beer, Schramm,

Santegoeds, and Kuhl, 1997a).

A fiber-optical microsensor recently measured physical and
chemical parameters of biofilms and other microbial communi-

ties as an alternative to electrochemical rIDcrosensors. A mi-

crooptode array as well as a method for high-resolution oxygen

imaging are related as two ways to investigate the two-dimen-

sional oxygen distribution in heterogeneous living systems (KIi-

mant et at., 1997). The oxygen concentration profile in a P.

putida biofilm in a flat plate vapor-phase bioreactor treating

toluene was determined by microsensor. The outer 87% of the

biofilm was apparently inert, with the remainder following zero-

order kinetics (Villaverde, Mirpuri, Lewandowski, and Jones,

1997c).

The effect of biofilms on transport within porous media was

monitored using a transparent media replica of a sandstone

aquifer and image analysis software combined with automated

pressure drop measurements (Paulsen et at., 1997).

In a review of wastewater treatment bioreactors, emphasis

was placed on recent insights into the population dynamics of

biofilms as a result of conventional and molecular techniques

(Starns and Oude Elferink, 1997).

Kalmbach, Manz, and Szewzyk (1997a) described the devel-

opment of bacterial density, phylogentic diversity, and bacterial

metabolic activity during the formation of drinking water bio-

films through the application of fluorescence-labeled oligonu-

cleotide probes combined with in situ reduction of the fluoro-

chrome 5-cyano-2,3-ditolyl tetrazolium chloride (CTC).

A review of methods for in situ identification of microorgan-

isms by rRNA probes was offered by Amann et al. (1997), who

noted that spatial distributions of organisms in biofilms may be

determined on a micrometer scale.

Coughlin et at. (1997) isolated an azo dye-degrading strain,

TBX65, from the mixed liquor of the Mill Creek WWTP in

Cincinnati, Ohio. Based on l6S r-RNA probing, they developed

a strain-specific fluorescent antibody for the two TBX65 strains,

MCI and MI2. This probe was used to determine the survival

and azo dye-degrading ability of these strains in biofilms gener-

ated in a rotating drum reactor. Kalmbach, Manz, and Szewzyk

(1997b) isolated and characterized new bacteria species affili-

ated with the in situ dominating beta subclass of Proteobacteria
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in a municipal drinking water distribution system using l6S r-

RNA probes. They found that two of eight strains, B6 and B8,

were dominant bacteria strains in groundwater and distribution

system biofilms, and the other strains were found within various

parts of the distribution system.

Taylor et al. (1997) simulated a municipal wastewater envi-

ronment to examine the distribution of total bacterial organisms

and phenol-degrading organisms in the biofilm using ethidium

bromide dot tests on extracted DNA and radioactively labeled

DNA probes, respectively. Except under conditions of stress,

concentrations of total bacterial DNA and of DNA from phenol

degraders followed a direct relationship with biofilm depth.

Using DNA extracted from a fuel oil-contaminated field site,

the enrichment of several genes that encode enzymes responsi-

ble for key steps in the degradation of hydrocarbons and one

gene specific to rRNA group I of the genus Pseudomonas were

studied. When toluene, ethylbenzene, xylene, and naphthalene

concentrations were related to the extent of hybridization of

some of the genes, significant differences were observed be-

tween contaminated and noncontaminated sites (Guo et at.,

1997).

The tfdA gene that encodes an a-ketoglutarate-dependent di-

oxygenase that catalyzes the initial step in the degradation of

2,4-dichlorophenoxyacetic acid (2,4-D) has been found on plas-

mids or on the chromosomes of phylogenetically diverse 2,4-D-

degrading microorganisms. However, highly similar sequences

were found in 76 soil bacteria grown in isolation on nonselective

medium (Hogan et at., 1997).

Restriction fragment length profiles of 16S rRNA genes de-

rived from bulk community DNA or bacterial isolates were

compared to determine the efficacy of polymerase chain reac-

tion (PCR)-based methods for studying microbial diversity and

phylogeny in a deep (l88-m) subsurface environment. This

study showed that a majority of the cultivated aerobic heterotro-

phic bacteria in a subsurface sediment could be described by

16S rONA clones obtained from directly extracted DNA, but

that PCR-based methods caimot account for all organisms from

a given sample (Chandler et aI., 1997). Wintzingerode et at.

(1997) summarized pitfalls of PCR-based analysis of prokary-

otic small-subunit ribosomal RNAs for ecological studies that

could lead to an erroneous description on the microbial diversity

of a given habitat. The authors covered aspects of this approach

such as sample collection, cell lysis, nucleic acid extraction,
peR amplification, separation of amplified DNA, application

of nucleic probes, and data analysis.

An inexpensive chemostat apparatus was designed for contin-

uous culture experiments such as biofilm assays. This apparatus

enabled the development of highly reproducible biofilm popula-

tions at various growth rates (Whiteley et at., 1997). McLean

et al. (1997) used a cross-feeding assay to determine if N-acyl

homoserine lactone (AHL) molecules are naturally produced in

aquatic biofilms growing on submerged stones. N-Acyl homo-

serine lactone was detected in living biofilms and biofilm ex-

tracts, but AHL was not present on rocks lacking a biofilm.

Because they are critical variables in the overall performance

of any biofilm system, the concentration boundary layer (CBL)

and the hydrodynamic boundary layer (HBL) thicknesses above

a biofilm were studied by Bishop et ai. (1997), and they related

these two variables through the use of the Schmidt number

relationship. They also found that CBL thickness varied with

the bulk liquid flow velocity but the roughness had little effect,

Water Environment Research, Volume 70. Number 4
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and they also learned that there was minimal relationship be-

tween HBL thickness and bulk flow velocity.

Electric fields and pH demonstrating the "bioelectric effect"
affected mixed species biofilm structure. The biofilm thickness

grown in a how cell was reduced by 74% when the cell was

anodic and by 69% when the cell flushed with media of pH 3,

respectively (Stoodley, de Beer, et al., 1997a).

The evaluation of a biocide's ability to penetrate varying

thicknesses was disclosed by Chen and Swei (1997) using a

modular method and device.

Thiothrix sp., sulfide-oxidizing filamentous bacteria, were a

principal component of aquatic biofilms causing biofouling in

municipal water storage tanks, private wells, and drip irrigation

systems in Florida. Brigmon et al. (1997) confirmed that specific

biological and chemical interactions may induce physical

changes, leading to significant biofouling.

Respiratory activity in freshwater biofilms was measured by

the dimethylsulfoxide reduction method. Because of its high

sensitivity, short experimental duration, and small sediment

sample requirements, this method resulted in expedient and ex-

tensive measurement under field or laboratory conditions

(Grieber, 1997). Specific rates of adenosine triphosphate and

oxygen uptake were measured for biofilms and suspensions of

Beneckea natriegens in an airlift bioreactor, with biofilm rates

three to four times lower than those measured in suspension

(Gikas and Livingston, 1997).

Hu et al. (1997) studied the acclimation of a biofilm in an

aerobic submerged biofilter to N,N-dimethylformamide (DMF).
Easily biodegradable substances prevented this acclimation,

with appreciable changes in the quinone profile associated with

a change to DMF utilization.

Friese et al. (1997) compared the elemental mass fractions of

potassium, calcium, chromium, manganese, iron, nickel, copper,

zinc, and lead in biofilms taken from stones and from the bulk

water phase in the River Elbe and determined that the bulk water

phase biofilms had two to three times higher mass fractions for

the determined elements.

Results from studying the effect of nutrient composition on

a degradative biofilm showed that it has both a significant effect

on both architecture and the physicochemistry. When the sale

carbon and energy source was changed from 2,4,6-trichloroben-

zoic acid to a labile, nonchlorinated carbon source, the biofilms

lost their mound structures, and the neutrally charged fluores-

cent dextrans (cationic when hydrated) bounded to these

mounds and to the basal cell layer in 14-day biofilms (Moller

et al., 1997). Gisi et al. (1997) used biofilms immobilized on

glass to degrade the pesticide 4,6-dinitro-ortho-cresol (DNOC).

Maximal degradation rates were 30 mmolJd (1 reactor volume),

were inhibited at DNOC concentrations above 30 mM, and

ceased at 340 mM.

Studies by Tan and Qian (1997) confirmed that Bacillus subti-

lis killed by short exposure to high temperatures still retained

sufficient enzymatic viability and activity for biooxidation of

organisms and can be used for sensing BOD in water and waste-

water.

Gschoessl et al. (1997) compared observations of ciliated

protozoa and metazoa in biofilms with enzymatic analyses and

performance data.

The density and structure of the denitrifying bacteria commu-

nity in a methanol-fed system were investigated (Lemmer, Zag-

lauer, Neef, et al., 1997b). The authors revealed that distinct

taxonomic groups were involved, and some species such as

Literature Review 1998
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paracocci and hyphomicrobia of the genus Hyphomicrobium

were sensitive to pH drops in the filter bed, favoring accumula-

tion of nitrous oxide.
The effect of humic acids on mucilage development in peri-

phyton communities was studied using a variety of techniques.

Humic acid-treated communities contained 10-57% less muci-

lage than untreated controls (Wetzel et al., 1997).

GROWTH AND MODELING

Many freshwater organisms that secrete acid polysaccharides

of high molecular mass that combat specific environmental

stresses and aggregate to form colloids could participate in bio-

film formation and natural decontamination of water. A review

by Leppard (1997) presented a strategy to combine separation

technology, biochemical concepts, and the tools of analytical

chemistry. A review by Gagnon et al. (1997) assessed the avail-

able models describing the utilization of biodegradable organic

matter and biofilm growth in distribution systems.

Using nonlinear ordinary differential equations (ODEs)

solved by a fourth-order Runge-Kutta algorithm, Wang and

Bryers (1997) proposed a dynamic mathematical model to de-

scribe bacterial cell adhesion in viscous shear flow that is medi-

ated by ligand bonding, a specific receptor. Various stages of

bacterial attachment were pertinent at different stages of biofilm

development, and, based on model solutions, a recommendation

for a proper time duration for experimental adhesion research

is possible.
In a one-dimensional, mixed-culture biofilm model volume

expansion caused by microbial growth led to a displacement of

biomass toward the biofilm surface. The processes of "transport

of solids in biofilm pore volume," and "attachment to and

detachment from the solid matrix" were added to a biofilm

model that can be used to investigate the transport of solids in

the biofilm and the biofilm-solid matrix (Reichert and Wanner,

1997).

Coexistence of Klebsiella pneumonie and P. aeruginosa was

stable in laboratory grown biofilms, although the growth rates

were not equal. The authors hypothesized that structural hetero-

geneity and differing rates of attachment and detachment were

responsible for the coexistence (Stewart et al., 1997).

The effects of mercaptoethanol and dithiothreitol on growth

of free and attached Saccharomyces paradoxus were compared.

The resistance of attached cells to mercaptoethanol and dithio-

threitol was accompanied by changes in metabolic and biosyn-

thetic activity as well as by changed starvation response. Use

of ethylene glycol by the bacterial biofilm indicated that the

cell attachment to insoluble supports could allow modulation

of the technologically significant properties of microbial cell

populations (Jirku et al., 1997).

The nitrifying performance of biofilms formed on polymeric

supports was correlated with the hydrophobicity and the surface

charge of both bacteria and media. The adhesion of nitrifying

bacteria was primarily governed by hydrophobic interactions

(Sousa et at., 1997).

To illustrate that bacteria surfaces are highly interactive with

their environments, a P. aeruginosa model system was used to

determine that lipopolysaccharide is vital in the initial attach-

ment of this gram-negative bacteria to interfaces and that its

surface changes during biofilm formation. In this model system,

gram-negative bacteria also tended to concentrate and package

periplasmic components into membrane vesicles that could be
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predatory and lyse neighboring bacteria, releasing additional

nutrients in the microbial environment (Beveridge et aI., 1997).

Using a laboratory-scale system, Biedermann et ai. (1997)

concluded the suitability of polymers for applications as the

matrix substance for denitrification in a bioreactor. To assist in

the design and evaluation of characterization experiments, a

conceptual model of exopolymer production was developed

(Nielsen et aI., 1997).

A kinetic model was designed for a biofilm reactor fed tolu-

ene to degrade TCE by Arcangeli and Arvin (1997b). Toluene

above I mglL inhibited TCE degradation, whereas TCE above

50 mglL inhibited toluene removal. The model showed fair

agreement with experimental data, except for when cells were

resting, giving a maximal TCE degradation rate, kx(TCE), of

0.38 ::!: 0.11 gTCE/gx' d and a half-saturation constant for TCE,

Ks (TCE), of 0.17 ::!: 0.1 mglL.

Using modeling and experimentation, the biodegradation of

toluene by P. putida biofilms in unsaturated systems was de-

scribed by Holden et at. (1997). Their studies showed that the

diffusion of toluene to biodegrading bacteria could limit the

overall rate of toluene depletion in unsaturated systems.

The effects of prolonged toluene exposure and degradation

in bacterial cultures of P. putida 54G were investigated in batch

suspension cultures, bench-scale, flat-plate biofilm reactors, and

bench-scale, packed-column reactors. Results confirm that de-

creased culturability on toluene media correlated with decreased

toluene degradation rate (Jones, Mirpuri, et ai., 1997b).

Mirpuri, Jones, et ai. (1997a) compared '4C-toluene degrada-

tion kinetics by biofilm and by planktonic cells of P. putida

54G, and they found that specific activities measured for both

of these cells were similar based on toluene-degrading cells

and total biomass. Although planktonic cell kinetics worked for

modeling substrate degradation and bacteria growth in biofilms,

the authors suggested that, for superior bioreactor design, cellu-

lar activity during biofilm development should be investigated

under relevant reactor operation conditions before predictive

models for bioreactor systems are developed.

A flat plate biofilm reactor was used to grow a P. putida 54G

biofilm on toluene vapor, resulting in several trends of long-

term exposure to high toluene levels. Data also indicated that

more respiring cells and a higher respirator rate occurred at the

base of the film, demonstrating physiological deterioration witJ:1

continued toluene exposure (Villaverde, Mirpuri, Lewandowski,
and Jones, 1997d). Villaverde and Fernandez (1997) also evalu-

ated nontoluene-associated respiration (NTAR) within a P. put-

ida 54G biofilm growing on toluene as sole external carbon

source. The NTAR rate was positively correlated with the frac-

tion of viable stressed and nonrespiring cells within the biofilm,

suggesting that some cells grew at the expense of leakage and

lysis products coming from injured and dead cells.

Lapaglia and Hartzell (1997) studied Archaebacterisfuigidus,

an anaerobic marine hyperthermophile, and learned that this

organism forms a biofilm in response to environmental stresses

such as pH and temperature extremes, high concentrations of

metals, and the addition of oxygen, antibiotics, or xenophobics.

Their data suggested that cells may produce biofilms as a mech-

anism for concentrating cells and attaching to surfaces, as a

protective barrier, and as a reserve nutrient.

The metal selectivity of in situ microcolonies in biofilms

of the Elbe River was evaluated using transmission electron

microscopy and energy-dispersive x-ray (EDX) analysis (Lund-

sdorf et aI., 1997). Unlike the aluminum ions studied, EDX
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analysis indicated that electron-dense microcolony surface con-

tained manganese and iron in significant amounts, whereas these

two elements were not detected in the intercellular space and

cytoplasm.

Biofilm biomass and activity affected by surface channel wa-

ter or inflowing lateral source water were investigated in the

Rhone River during the growing and dormant seasons as well

as in hydrodynamic and trophic situations. Source biofilms con-

sumed total organic matter of sediments in each season, and

channel biofilms preferably used dissolved organic matter from

overlying water, which fluctuates seasonally (Claret and Font-

vielle, 1997). In another seasonal stream study, it was found

that Mediterranean stream biofilms exposed to summer periods

of dry conditions recovered enzymatic activities immediately

upon rewetting and increased those activities above predrought

levels (Romani and Sabater, 1997). Batchelor et al. (1997) in-

vestigated recovery speed of cell suspensions and biofilm popu-

lations of the ammonia-oxidized Nitrosomonas europaea fol-

lowing starvation. For these starved biofilm populations colo-

nizing sand or soil particles in continuous flow, fixed-column

reactors, the organisms exhibited no lag phase before nitrite

production after 43.2 days of starvation following ammonium

resupply. When there was an intermittent substrate supply, the

biofilm formation offered an ecological advantage.

Confer and Logan (J997b) wanted to determine if hydrolytic

fragments would accumulate in solution during degradation of

the model protein bovine serum albumin (BSA; 65 000 amu).

They concluded that the involvement of numerous microbial

species during protein degradation limits the accumulation of

hydrolytic fragments under conditions of typical wastewater

treatment systems, thus resulting in little effect on the overall

macromolecule degradation kinetics. They also desired to deter-

mine whether small « 1000 amu) and/or intermediate (1 000-
10 000 amu) size fragments are released during bacterial degra-

dation of soluble large-molecular-weight (> I0000 amu) model

polysaccharides (Confer and Logan, 1997a). They conclude that

a large-molecular-weight polysaccharide must undergo perhaps

hundreds of hydrolytic reactions before fragments were small

enough « 1 000 amu) to be assimilated by bacterial cells.

Daly et al., (1997) examined the mechanisms underlying the

protection of pathogens by biofilms. Escherichia coli-seeded

biofilms were grown at bench scale and studied for the ability

of organisms to reproduce under conditions of increasing free

chlorine concentrations.

Removal of MS2 virus from primary effluent in a laboratory-

scale sintered glass filters both with and without a biological

layer was studied. At the constant hydraulic application rate,

increasing the dosing frequency from 1 to 48 times per day

resulted in an increase in the viral log removal from 0.29-2.3

in the absence of bacteria, and from 0.80-4.6 in the presence

of bacteria (Emerick et aI., 1997).

Jeppsson (1997) described and exemplified some of the work

that has been carried out within the STAMP project at lEA at

Lund Institute of Technology within the field of mathematical

modeling of wastewater treatment processes, particularly in

three main areas: reduced-order models of the activated-sludge

process, modeling of biofilm processes including some effects

of higher-order organisms, and one-dimensional settler models

based on recent new mathematical developments.

Hom and Hempel (I 997a) discovered experimentally and by

modeling that for autotrophic bacteria a first-order reaction

could describe loss of bacteria activity for death and endogenous

Water Environment Research, Volume 70, Number 4
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respiration processes. The starvation and decay of heterotrophic

bacteria were modeled by maintenance, lysis, and death. In

another experiment, Hom and Hempel (1997b) investigated au-

totrophic biofilms to verify and improve a biofilm model. Simu-

lation of the experimental results yielded relationship informa-

tion on biofilm depth, density of inert volume fraction, growth

and decay, and mass transfers coefficients.

The effect of temperature and salinity on colonization by the

predatory prokaryote Bdellovibrio bacteriovirus was studied by

Kelley et at. (1997). Natural material (oyster shell) was found

to cultivate larger numbers of B. bacteriovirus than did glass or

polystyrene, and higher temperatures and salinity also promoted

colonization.

In laboratory experiments on combined sewer wastewater in

Bayreuth, Germany, samples of wastewater and a wastewater/

biofilm mixture were incubated with and without NaC!. If NaCI

was added before incubation, the wastewater/biofilm mixture

emitted 4.8 times more N20 than did wastewater samples

(Clemens and Haas, 1997).

Tanyolic and Beyenal (1997) experimentally verified a theory

that predicts the optimal density of a biofilm to yield a maximum

substrate consumption rate within the bioti]m. Results showed a

good correlation between the model prediction and experimental

results for biofilm density and substrate consumption rates.

Inert fluorescent microparticles were used as tracers to inves-

tigate the dynamics of spatial distribution of particulate compo-

nents in mixed population biofilms. The dynamics of the inert

microbeads in the biofilm was strongly influenced by not only

microbial growth but also by the bioti]m structure and growth

(Okabe et ai., 1997).

Acetate removal in a gravity sewer was simulated by continu-

ous-flow biofilm reactor using extreme load situations. Low-

loaded biofilms showed very high acetate removal in short-term

experiments at high acetate concentrations, whereas high-loaded

biofilms revealed lower-rate acetate removal. Results also

showed that acetate removal rate leve] was related to biofilm

structure (Raunkjaar et at., 1997). Research on biofilm struc-

tures and implications for substrate and nutrient transport into

biofilm were reviewed. Biodegradation kinetics in the various

growth models were discussed (Bishop, 1997).

When the basic structure of microbial biofilms was reviewed,

at least three conceptual models existed. To synthesize the mod-

els, Wimpenny and Colasanti (1997b) presented a "unifying"

hypothesis, asserting that cellular automata used to model bio-

film growth strongly suggested that biofilm structure was deter-

mined by substrate concentration. In response, a "more unify-

ing" hypothesis for biofilm structures, an improvement to the

proposed Wimpenny and Colasanti (l997a) model, held that

the interaction between the substrate gradient (rather than con-

centration) at the biofilm interface and detachment forces influ-

ence the biofilm structure (van Loosdrecht et at., 1997). Wim-

penny and Colasanti (l997a) replied, concurring to a degree but

remaining convinced that substrate concentration is the most

important factor influencing the structure of a biofilm.

Under various flow rates, freshwater Pseudomonas biofilms

were grown on glass plates in a biofilm, and the microcolony

studied exhibited unique interbacterial separation distance dis-

tribution. As the flow rates increased, the local orientation order

gradually developed into a general order, which eventually dis-

rupted and showed local alignment of cells (Rao et al., 1997).

A new model for rapidly calculating the removal of multiple

substrates by different bacterial species growing in a biofilm

Literature Review 1998
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reactor was presented and verified for a dynamic change in

organic loading on a heterotrophic-autotrophic biofilm. The

model was an extension to the well-known half-order reaction

concept that combines a zero-order kinetic dependency on sub-

strate concentration with diffusion limitation (Rauch and Van-

rolleghem, 1997).
Nagaoka (1997) studied mass transfer mechanisms in bio-

films under oscillatory conditions and found that substrate up-

take rate decreased with the decrease of the Reynolds number

of the wave motion according to a power law with a coefficient

of 0.6.
For a laboratory-scale, continuous flow fixed-film growth sys-

tem, the aeration effects on Beggiatoa and sulfate removal were

understandable in the context of the Beggiatoa-Desulfovibrio

interaction, diffusion, and uptake rate of substrate. Glucose dif-

fusion and uptake rate may be more rapid; thus, air could not

penetrate as efficiently into the sulfide-emitting anaerobic layer

inhabited by sulfate-reducing bacteria such as Desulfovibrio

(Chung and Strom, 1997a).

By exploiting the inherent linearity of the biofilm process

under certain conditions, operational criteria for regulating the

performance of the bioti]m reactors were obtained and their

applicability and utility numerically demonstrated (Ojha and

Shrivastava, 1997).

Biofilm growth and water quality changes were studied in

two pilot-scale sewers. The biofilm thickness, sulfide fomlation,

denitrification, organic matter removal, and phosphorus removal

were monitored in relation to wastewater treatment (Aesoy et

al., ]997).

A comparison of a methanotrophic biofilm model to experi-

mental data showed that biofilm growth, methane removal, oxy-

gen consumption, product formation, and biofilm detachment

were fitted well with the model (Arcangeli and Arvin, ]997a).

ANAEROBIC BIOFILM SYSTEMS

A number of papers were published on anaerobic biofilms.

Although not reviewed here, they are listed under a separate

heading at the end of the References. Additional citations, re-

view, and comments are contained in the Anaerobic Processes

section of this issue.

Natalie Pearson and Gene Richards are graduate students

and Mark W. Fitch and Joel G. Burken are assistant professors

of civil engineering at the University of Missouri-Rolla. Corre-

spondence should be addressed to Dr. Mark. W. Fitch, Depart-

ment of Civil Engineering, University of Missouri-Rolla, Rolla,

MO 65409-0030.
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Strain Isolation. A hydrogen-producing anaerobic bacte-

rium, Clostridium butyricum strain SC-E I, was isolated from

soybean meal and studied under vacuum and nonvacuum sys-

tems. The maximal hydrogen production potential by the bacte-

ria ranged from 1.3 to 2.2 mol Hz/mol glucose, which was less

than 50% of theoretical values (Kataoka et aI., 1997). The abil-

ity of a sulfate-reducing bacterium, Desulfovibrio desulfuricans,

to reduce molybdenum(VI) and molybdenum(IV) in anaerobic

environments was investigated (Tucker et aI., 1997). The organ-

ism was observed to be useful for removing soluble molybde-

num from water. The anaerobic bacterial strain Desulfomonile

tiedjei was introduced in soil slurry microcosms supplemented

with acetate and formate as cosubstrates and was able to achieve

dechlorination of 2.5 mM of 3-chlorobenzoate within 12 days

(EI Fantroussi et aI., 1997). A DNA extraction and purification

method was also presented. Godon et al. (1997) analyzed the

bacterial community structure of a fluidized bed reactor fed by

vinasses and established three 16S rDNA clone libraries of

Bacteria, Archaea, and Procarya.

The enzymes from anaerobic fungi, that is, Piromyces sp.

strain E2 and Neocallimastix patricia rum strain N2, effectively

converted up to 2% (w/v) microcrystalline cellulose (Avicel) to

glucose and surpassed their commercial counterparts (Celluclast

and Novozym) in batch degradation of 2% (w/v) Avicel (Dijker-

man et aI., ]997). The anaerobic bacterium Dehalospirillum

multivorans was applied to a biofilm reactor at 20°C for reduc-
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tive dechlorination of tetrachloroethylene (PCE) via trichloro-

- ethylene (TCE) to cis-I,2-dichloroethene (DCE) (Eisenbeis et

at., 1997). Tetrachloroethylene was converted to TeE at a rate
of 55 nmol/min per mg protein and TCE to DCE at 90 nmol/

min per mg protein. Two facultative anaerobic bacterial cultures

isolated from yeast extract (inoculated with textile dye discharge

effluent) were capable of growth and decolorization at elevat.ed

temperatures up to 60°C (Ban at et al., 1997). Both cultures have

potential industrial applications in treating textile dye effluent

discharged at elevated temperatures. Fumarate was formed as

an intermediate before benzylsuccinate when toluene was min-

eralized under anaerobic conditions by strain PRTOLl, a tolu-

ene-mineralizing and sulfate-reducing bacterium (Beller and

Spormann, 1997). A critical analysis was presented of the appli-

cability of modified strains of indigenous microorganisms and

the adaptation of mixed cultures in the degradation of toxic

and recalcitrant xenobiotics under anaerobic, anoxic, or aerobic

conditions (Torres-Bustillos et al., 1997).

Two thermophilic anaerobic bacterial consortia, ALK-I and

LLNL-I, were developed from the water of ARCO'S Kuparuk

oil field of Alaska and the subsurface water at the Lawrence

Livermore National Laboratory gasoline spill site, at 60°C

(Chen and Taylor, 1997). Both consortia were able to degrade

and grow on benzene, toluene, ethylbenzene, and xylene

(BTEX) compounds at 45-75°C. Oil recovery efficiencies from

9.3 to 22. I% of the water flood residual oi I saturation were

achieved from both lime-free and lime-containing, oil-bearing

sandstone cores with strain BNP29 isolated from northern Ger-

man oil reservoirs at depths of 866-1520 m (Yakimov et at ..
1997). To determine the molecular basis for anaerobic degrada-

tion of benzoate and related compounds, genes were cloned and

analyzed from the phototrophic bacterium Rhodopseudomonas

palustris (Egland et al., 1997). A cluster of 24 genes was identi-

fied. Anaerobic conversion of furfural to furfuryl alcohol was
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