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Abstract: Mixed-microbial assemblages enriched from a septic tank, coastal sediment samples, the digester sludge of a brewery

wastewater treatment plant and acidic sulfate soil samples were compared on the basis of growth rate, waste and sulfate reduction rate

under sulfate reducing conditions at 30oC.  The specific growth rate of various cultures was in the range 0.0013-0.0022 hr-1. Estimates of

waste and sulfate reduction rate were obtained by fitting substrate depletion and sulfate reduction data with the Michaelis-Menten equation.

The waste reduction rates were in the range 4x10-8-1x10-7 l  mg-1hr-1 and generally increased in the presence of copper, likely by copper

sulfide precipitation that reduced sulfide and copper toxicity and thus protected the anaerobic microbes.  Anaerobic microorganisms from

a brewery digester sludge were found to be the most appropriate culture for the treatment of wastewater with high sulfate and heavy metal

content due to their growth rate, and waste and sulfate reduction rate.
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Introduction

The current approach to biological treatment of complex

toxic wastewater relies primarily on the use of microbial cultures.

Many industrial waste treatment system favor anaerobic processes

because they usually require fewer resources. The use of

appropriate microbial consortia that provide opportunities for close

interaction between sulfate reducing bacteria (SRB) and methane

producing archaea (MPA) for the biological treatment of wastewater

with high levels of both sulfate and heavy metals can be a cost-

effective process for treating such waste streams; the microbes can

decrease chemical oxygen demand (COD), sulfate (SO
4

2-) and

metal concentrations and can generate methane as a valuable

resource. The main contributions of anaerobic bacteria to such an

integrated treatment process are the structural transformation of

organic waste and the reduction of sulfate in wastewater to sulfide,

while the archaea transform organic byproducts such as acetate or

carbon dioxide to methane.

Major environmental problems are encountered with both

organic wastewaters with high sulfate content, such as those from

beverage industries, edible oil and potato starch processing as well

as pulp and paper manufacturers (Yoda et al., 1987; Rinzema and

Lettinga, 1988; Singh, 2007; Rajesh Banu et al., 2007; Neena et

al., 2007), and heavy metal-containing wastewaters.  Heavy metal

in wastewater adversely affects anaerobic biological treatment

because MPA are inhibited by the metal, as frequently measured by

changes in gas production.  SRB use sulfate as the terminal electron

acceptor during oxidation of organic matter, resulting in the production

of hydrogen sulfide (H
2
S) (Postgate, 1984).  The presence of either

high levels of metals (Lawrence and McCarty, 1965; Lin, 1992) or

of free H
2
S (Rinzema and Lettinga, 1988; Yoda et al., 1987; Okabe

et al., 1995) is generally regarded as toxic for anaerobic digestion.

However, when both are present in the same solution, metals may

precipitate as metal sulfides, eliminating the toxic effects of the

individual components.  The precipitation would immobilize heavy

metals as well as reduce sulfide and, indirectly, sulfate and organic

levels in the effluent.  In addition, metal sulfides are more compact,

have faster settling velocities, and exhibit better thickening and

dewatering characteristics than corresponding hydroxide sludges

(DeLima et al., 2001).

In order to achieve these wastewater management

advantages, selection of appropriate microbial consortia able to

reduce SO
4

2- and consume organic substrate effectively is a

prerequisite.  Therefore, the goal of this project was to identify an

effective anaerobic mixed culture by comparing the rates of microbial

growth, COD and sulfate reduction of several mixed cultures obtained

from different anaerobic systems under sulfate reducing conditions.
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Rate observations were made under sulfate reducing conditions

when the system contained sulfate alone and both sulfate and copper

as a model heavy metal.

 Materials and Methods

Enrichment cultures: Microbial assemblages were collected for

study from four different locations in Thailand; these microbial

consortia were expected to have a high ability to tolerate heavy

metals because of the presence of such metals in their aqueous

environment. Samples were gathered from the mixed liquor in a

septic tank, the digester sludge of a brewery wastewater treatment

plant, sediment samples from a coastal area and from acidic sulfate

soil.  The ocean sediment was collected at Pattaya about 500 meters

out from the shore at low tide. The sediment type is fine silt. The

acidic (pH 2) sulfate soil samples were collected from sites in

Ongkarak district (Nakornayok province) where there was no

indication of any anthropogenic effect. Coastal sediments and soil

samples were collected from a depth of 0.4-0.5 meter below water

surface or ground surface, respectively, and brought back to the

laboratory in bags. The bagged soil or sediment was stored at

4oC. For experiments, sufficient water was added to produce a

slurry of 50% w/w (1 g soil in 1 g water).

Parent cultures: The inocula for all test bioreactors were first

developed in 2-liter plastic bottles maintained at ambient temperature

(around 30±1oC). These parent cultures were shaken from time to

time. The synthetic glucose-based substrate was gradually

increased in concentration from 2,000 to 10,000 mg COD l-1 over 2

months.  Microbial growth was monitored by measuring biogas

production.  Biomass (mixed liquor volatile suspended solids

(MLVSS)) was also measured in order to start each test bioreactor

with the same cell mass.  The conditions were: initial COD (20,000

mg l-1), MLVSS (670 mg l-1), initial pH (7), temperature (30±1oC),

and working volume (5.5 l).

Test bioreactors: For the studies of the specific growth rate, waste

reduction rate and sulfate reduction rate, eight reactors were

constructed from 6-liter capacity plastic bottles. Each was equipped

with an outlet port for liquid sample withdrawal.  Gases were vented

through a tube in the rubber cap that was connected to a tube

containing water.  The experiments were conducted in batch mode

after inoculation with the parent acclimated culture described above.

The ambient temperature of all reactors was in the range 29-31oC

and the initial pH was 7.  A synthetic waste (Leighton and Forster

(1998)) with 20,000 mg COD l-1 (provided by glucose) was used

as the growth medium. During the bioreaction time, the biomass

(MLVSS),
 
COD, and SO

4
2- concentrations were monitored. The

parameters were measured according to the procedure of APHA

(2005).

In order to achieve the objectives of the project, COD and

sulfate reduction in the system were evaluated to gain sufficient data

to develop a predictive model.  Kinetics among four microbial cultures

under sulfate reducing conditions were compared using eight

reactors divided into two groups (A and B).  All reactors were fed

with the glucose-based solution.  Sulfate in the form of ammonium

salt at an initial concentration of 2,000 mg SO
4
2- l-1 was added to all

reactors.  The COD:SO
4
2- mass ratio was 10:1 to assure that glucose

did not limit the SO
4
2- reduction process.  The effect of the presence

of a heavy metal was determined by adding Cu at an initial

concentration of 10 mg l-1 to four reactors of Group B.  The batches

were operated for 1,320 hr. Liquid samples (5 ml) were withdrawn

periodically and analyzed for MLVSS, COD and SO
4

2-. All

experiments were conducted in duplicate and the results were

calculated using the mean of the experimental values.

Evaluation of rate: The specific growth rate was determined from

cell mass changes during the logarithmic growth phase assuming

standard exponential growth kinetics. First-order kinetics were used

to determine the specific rate of organic waste (COD) reduction

because the COD concentration was relatively high; the rate of

SO
4
2- reduction was similarly described by a pseudo-first-order

reaction expression.  A time-averaged cell mass (Reynolds and

Richards, 1996) was used for both COD and sulfate rate

determinations.

Results and Discussion

Growth rate: Successful treatment of wastewater requires not

merely survival of the inoculant culture but also its proliferation, thus

the specific growth rate was compared among the four types of

mixed cultures in order to identify the best performer. Plots of ln X

versus time (t) are shown in Fig. 1. Because the substrate

concentrations are high (20,000 mg COD l-1), the specific growth

rate (µ) is the maximum growth rate (µ
max

). Estimates of specific

growth rate (hr-1) were 0.0013 (septage), 0.0019 (coastal sediment),

0.0022 (brewery wastewater treatment plant) and 0.0021 (acidic

sulfate soil).

y = 0.0021x + 7.0985

R2 = 0.7143

y = 0.0022x + 7.3831

R2 = 0.999

y = 0.0019x + 7.5957

R2 = 0.968

y = 0.0013x + 7.6182

R2 = 0.7387

7.0

7.2

7.4

7.6

7.8

8.0

0 48 96 144 192 240

time (hr)

L
n

 X
  
  
   

   
 �  

   
   

  
  

Septage Coastal sediment Brewery WWTP Acidic sulfate soil

Fig. 1: Graphical determination of the specific growth rate µ
max

 of mixed

cultures from various sources
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With Cu present in the system, the growth rate of all

cultures was estimated in the same manner.  Results of kinetic

value are summarized in Table 1. Except for the microbial

assemblage from acidic sulfate soil, the specific growth rates

increased when the system contained both sulfate and heavy

metal, suggesting that metal sulfide precipitated and individual

toxicity was reduced.

COD reduction rate: COD data for the reactors that contained

only SO
4
2- (Group A) and both SO

4
2- and Cu (Group B) are

shown in Figs. 2(A)-(D). Data points lie satisfactorily around a

straight line, confirming the pseudo-first order kinetics.  The specific

COD reduction rates of all cultures without and with Cu are

summarized in Table 1.

To compare the data differences, an ANOVA test (95%

confidence) was used. Group A reactors showed significant

differences among all cultures except between the consortia from

brewery wastewater treatment plant and from acidic sulfate soil,

which both exhibited the highest rates of COD reduction.  Among

Group B reactors, the brewery culture reduced COD significantly

faster than the other three cultures (Fig. 2(C) and Table 1). All
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Fig. 2: Graphical determination of the waste reduction rate of mixed cultures from various sources. Dashed lines obtained the data from Group A reactors

(with sulfate) and black lines obtained the data from Group B reactors (with both sulfate and Cu)

Table - 1: The kinetic values within 1,320 hr of acclimated seed sludge from various sources

          µ
max  

(hr-1)     Specific COD reduction Specific SO
4

2- reduction

Microbial source          rate (l mg-1hr-1)  rate (l mg-1hr-1)

Group A Group B Group A Group B Group B

(SO
4

2-) (SO
4

2-+ Cu) (SO
4

2-) (SO
4

2-+ Cu) (SO
4

2-+ Cu)

Septic liquor (Septage) 0.0013 0.0022 4x10-8 1x10-7 7x10-7

Coastal sediment 0.0019 0.0024 8x10-8 1x10-7 1x10-6

Brewery wastewater treatment plant (BWWTP) 0.0022 0.0028 1x10-7 2x10-7 9x10-7

Acidic sulfate soil 0.0021 0.0018 1x10-7 1x10-7 9x10-7
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cultures except from acidic soil showed significant differences

between groups A and B; the specific COD reduction rates increased

markedly with the addition of Cu.

The data show that with both sulfate and heavy metal, the

waste reduction rate of mixed cultures from a septic tank, coastal

sediment, and sludge from the brewery wastewater treatment plant

increased over that of systems that contained only sulfate; cultures

from acidic sulfate soil showed comparable rates. The rate increase

suggests a system recovery by CuS precipitation.  At the pH of the

test, part of added Cu may have precipitated in the form of copper

hydroxide while the remainder was in the soluble form that is directly

toxic to microorganisms. The soluble Cu may have precipitated as

metal sulfide in Group B reactors, reducing Cu toxicity and increasing

the rate of waste reduction.  During experiments, visual observation

indicated formation of a very fine black suspended precipitate that

had dense packing and good settling in all Group B reactors.  In

addition, the solids from Group A and B reactors were examined by

SEM-EDX; comparison of spectra showed greater sulfide in Group

B reactors (data not shown).

The results indicate that for all of the cultures, Cu played a

role in the increase of the waste reduction rate except for the culture

from acidic sulfate soil. In an anaerobic process, the reduced COD

is used in the processes of SO
4
2- reduction (by SRB) and CH

4

production (by MPA). Cu could protect the anaerobic cultures by

removing sulfide by CuS precipitation thereby reducing individual

toxicity.

Sulfate reduction rate: Fig. 3(A)-(D) show the SO
4

2- data for

Group A and Group B reactors. Cultures from different sources

showed different sulfate reduction rates. Group A data in Fig. 3

indicate that SO
4

2- was reduced continuously at the beginning but

that the reduction was disrupted.  This decrease in sulfate reduction

rate may have been caused by H
2
S that accumulated in the system

and inhibited the sulfate reducing bacteria. Group B data in Fig. 3

demonstrate the positive effect of Cu on the reduction of SO
4

2- under

Fig. 3: Graphical determination of the specific sulfate reduction rate of mixed cultures from various sources. Dashed lines obtained the data from Group A

reactors (with sulfate) and black lines obtained the data from Group B reactors (with both sulfate and Cu)

(C) Brewery WWTP (D) Acidic sulfate soil
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similar circumstances. Cu promoted detoxification so that SO
4

2- was

reduced continuously. The amount of SO
4

2-
 
reduced in the Group B

reactors was higher than that of Group A.  The specific SO
4
2- reduction

rate was determined for each of the experimental reactors (Group

B reactors).  The results are summarized in Table 1; reduction rates

for Group A reactors are not included because of the inhibition

kinetics.

Girguis et al. (2005) found that the growth rate of

Desulfosarcina-like sulfate-reducing bacteria was approximately

0.0018 hr-1, which is near the values observed in this study.

Sulfate reduction by SRB in a consortium depends on initial

concentration, initial cell mass and operational conditions (Spear

et al., 2000).  A few reports have described the kinetics for sulfate

reduction under various conditions (Lovley and Phillips, 1992;

Okabe and Characklis, 1992; Marschall et al., 1993). Spear et al.

(2000) found that for SRB mixed cultures at 21oC and sulfate

concentrations up to 10 mM, sulfate reduction was best fit by a

zero order model; however, limited sulfate reduction occurred at

100 mM initial sulfate. The rates observed in our study are slower

than those reported by Spear et al. (2000) at 0.1 to 10 mM

sulfate, but the sulfate concentration in our study was between 10

and 100 mM so these studies are consistent. Further comparisons

with other published rates of sulfate reduction are difficult, due to

the different experimental conditions and units used to report rates

(e.g. no biomass reported, or experiments conducted with pure

cultures).

Of all the mixed cultures under sulfate reducing condition,

the culture from a brewery wastewater treatment plant had the

highest growth rate (0.0022 hr-1 and 0.0028 hr-1 in the system without

and with Cu, respectively) and waste reduction rate (1x10-7 and

2x10-7 l mg-1hr-1 in the system without and with Cu, respectively).

Furthermore, the consortium from a brewery wastewater treatment

plant showed a specific sulfate reduction rate comparable to that of

microorganisms from acidic sulfate soil and coastal sediment and

higher than that of the septic tank enrichment (7x10-7 l mg-1hr-1)

when there was a high level of sulfate (2,000 mg l-1) in the culture

medium.  These rates indicate that this microbial community is well

tolerant of H
2
S and Cu.

The brewery wastewater treatment plant enrichment was

found to be the most appropriate bacterial assemblage of this set due

to its ability to anaerobically treat wastewater with both high sulfate

and heavy metal contents. The kinetic properties make this culture

an excellent candidate for more widespread technical applications.

This mixed culture showed the highest potential to avoid system

inhibition by precipitation of metal sulfides while simultaneously

lowering COD and sulfate. This investigation confirms the importance

of selection of the best populations in order to efficiently degrade

environmental pollutants containing high levels of potential toxicants.
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