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ABSTRACT

Heavy metal inhibition of anaerobic digestion of municipal sewage studge has been
investigated over the past 50 years. Many assays began with steady-state conditions and
observed the rate at which total gas or methane production decreased due to toxicant inhibition.
These methods required considerable time and labor. Modified Warburg respirometers and serum
bottle assays reduced much of the effort, but each method has limitations in terms of complexity,
cost, and accuracy.

This series of experiments had two objectives: 1) develop a quick, inexpensive, and easy
method to measure methanogenic activity in anaerobic digesters, and 2) determine median
inhibitory concentrations (IC,, ) of selenium, copper, chromium, zinc, mercury, lead, and cobalt to
total gas and methane production in batch anaerobic digesters. Preliminary experiments indicated
a linear increase in gas production during community recovery from oxygen inhibition. The rate
of increase was relatively independent of substrate quality during the first 6 hr as long as no
nutrients were limiting. Toxicants introduced immediately after reestablishment of anaerobic
conditions reduced the rate of gas production recovery as a linear function of toxicant
concentration.

Anaerobic sludge samples taken from the primary digester of the local wastewater
treatment plant were supplemented with cow manure, dry dogfood, and ammonium acetate prior
to immediate use. Five liter portions in 10 x 70 cm (4 x 28 in) PVC sewer pipe segments were
agitated on a rotary shaker and toxicants were added immediately after reestablishment of
anaerobic conditions. Total gas production rates (determined through displacement of 10% NaCl
solution in 50 mL burets) and percent methane in headspace gases (determined by gas
chromatography) were measured 6 hr later. IC,, values for total gas and methane production
were determined from linear least squares line equations derived from inhibition as a percent of the
control.
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Results indicated that chromium, selenium, copper, and zinc were relatively equal in terms
of toxicity to total gas production and methanogenesis. Calculated IC,, values for reduction of
total gas production were 123, 133, 115, and 122 mgL", respectively. IC,, values for reduction of
methane in headspace gas were 102, 118, 114, and 170 mgL" , respectively. Correlation
coefficients (r) for the line equations of these four toxicants ranged between 0.9733 and 0.9980.
Mercury was slightly less toxic with IC,, values of 286 and 254 mgL" for reduction of total gas
and methane production, respectively. Line equation correlation coefficients were 0.9677 and
0.9919 for these values. Lead and cobalt were the least inhibitory elements examined and median
inhibitory concentrations were greater than the maximum concentration tested (400 mgL™).
Extrapolated IC,, values for lead were 410 and 405 mgL" for total gas and methane production,
respectively. Cobalt showed very little inhibition with IC,, values estimated at 551 and
1106 mgL" for total gas and methane production, respectively. Correlation coefficients for lead
and cobalt line equations used to calculate IC,, values ranged between 0.8331 and 0.9609.
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INTRODUCTION

Methane produced during anaerobic digestion of municipal sludge is used by many
treatment facilities as an energy source and can result in net energy savings of about 20 million
Btu/ton of biochemical oxygen demand (BOD) removed (51) . Unfortunately, anaerobic
digestion is vulnerable to heavy metal inhibition and considerable research in heavy metal toxicity
has been performed over the past 50 years (6, 52). Toxicity assays normally were performed as
batch experiments, varying in size from 3 to 350 L (3, S, 7, 25, 56) . They were time and labor
intensive, and many required several months to complete. Steady-state environmental conditions
and microbial populations had to be established prior to experimentation; digesters had to be fed
constantly to maintain consistent substrates; and gas production was measured on a daily basis. At
times, toxicants were step-fed over extended periods. Digesters generally were monitored until
failure occurred.

Several methods have been developed to reduce time and labor factors in determination
of methanogenic activity in anaerobic digesters. These methods include modified Warburg
respirometers (30, 38, 64) and serum bottle assays that require only 50-250 mL portions of
substrate (13, 23, 27, 49, 64, 68). The modified Warburg respirometer has several limitations
(49). 1t is expensive and requires some skill to operate, limited sample size makes gas and liquid
analyses difficult, and extended incubation times produce inconsistent results. Respirometer and
serum bottle samples are generally too small to produce sufficient gas for analysis of short-term
(e.g. 5-30 minute) gas production rates.

This series of experiments had two objectives: 1) develop a quick, inexpensive, and easy
method to measure methanogenic activity in anaerobic digesters; and 2) determine median
inhibitory concentrations (IC,, ) of chromium, cobalt, copper, lead, mercury, selenium, and zinc to
total gas production and methanogenesis in batch anaerobic digesters.
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LITERATURE REVIEW

Anaerobic digestion of municipal wastewater treatment plant sludge has been practiced
since the turn of the century. Advantages (14, S0) of the anaerobic process over aerobic
digestion include 1) low nutritional requirements, 2) no oxygen demands, thus eliminating energy
intensive aeration equipment, 3) solids weight and volume reduction by >30%, 4) faster drying
sludge, 5) destruction of pathogenic and parasitic organisms, and 6) production of fertilizer and
methane as end products. Anaerobic digesters generate more energy in the form of methane gas
than is required for their operation , producing approximately 11.2 x 10° Btu of energy per ton of
BOD treated waste compared to approximately 8.5 x 10° Btu of energy per ton consumed by
aeration equipment (49, 50). In a batch system, substrate utilization begins almost immediately
and the rate remains constant until the substrate is exhausted and activity quickly declines (30).
Gas production in a typical 3 L digester is shown in Figure 1. Average sludge retention intervals
vary. Retention periods of 14, 21, 28, and 35 days are representative of those used in the United
Kingdom for mesophilic digestion (3).

Efficient methanogenesis requires certain environmental conditions in anaerobic digesters.
These include anaerobic conditions, the absence of light and nitrates, a pH range between 6 and 8,
and methanogenic precursors (43) such as formate, acetate, hydrogen, and carbon dioxide which
generally occur as metabolic byproducts from non-methanogenic organisms. Therefore,
performance of anaerobic digestion depends on the coordinated actions of several populations of
microorganisms as shown in Figure 2.

The overall microbiology of anaerobic digestion was extensively reviewed (65, 66) with
isolation and characterization of 92 important bacteria from the non-methanogenic phase.
Acid-forming bacteria convert complex organic compounds into acids that methanogens use to
produce methane with acetic acid as the most prevalent volatile acid intermediate (15). About
70% of the methane produced in an anaerobic digester results from degradation of acetic acid
(32). Methanogenic bacteria are morphologically diverse and exhibit varying biochemical natures
(59). Methanothrix spp. are major acetate utilizing methanogens in anaerobic digesters (68).
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Gas production curve for a typical 3 L digester (42).
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Methanosarcina spp. can utilize both acetate and H,-CO, substrates. Methanobacterium,
Methanospirillum and Methanobrevibacter species are the most frequently isolated formate and
H,-CO, utilizing methanogens and usually grow much faster (double every 6-12 hr) than
acetotrophic methanogens (double every 1.5 to 7 d). Methanosarcinae usually predominate in
digesters operated at short retention times due to their faster growth rates while Methanothrix
soehngenii is usually more abundant in digesters operated for more than 30 days (43).
Methanogen autotrophy is a newly recognized physiological type (34). Many of these organisms
are capable of autotrophic growth on hydrogen and carbon dioxide, and all of them conduct the
total synthesis of acetate from carbon dioxide.

The ecology of methanogens has been thoroughly reviewed (34) and many authors
consider methane production to be the rate limiting step in anaerobic digestion (1). Methanogens
seem to be more sensitive than acid-forming bacteria to changes in pH, temperature, and toxicants
(2). Movement out of a pH tolerance range of approximately 6.5 to 7.6 (15) or a sudden drop of
2-5°C arrests methane production without affecting acid production (8, 9). Quality of methane
produced generally ranges from 65-75% (15) with a 2:1 CH,:CO, ratio considered normal (20).
Gas composition and the rate of gas production have been used as indicators of digester
performance for many years. Factors used to indicate onset of digester upset include decreasing
gas production and/or percent methane, or an increase in hydrogen, carbon monoxide and/or
volatile acids (9, 27).

Among other factors which can affect methanogenesis are heavy metals, an important
class of anthropogenic pollutants derived from both point and non-point sources (13). Metals of
most concem include Cr, Mn, Fe, Co, Ni, Zn, Cd, Hg, and Pb (17). For example, a study of trace
metals in the influent to the Muncie Wastewater Treatment Plant found 0.27 ppm Cr, 0.25 ppm
Cu, 0.79 ppm Zn, and 0.92 ppm Pb (16). Point sources such as paper, chemical, pesticide,
petroleum, and metal plating industries contribute the greatest amount of heavy metals to sewage
treatment systems, but residential contributions may be significant in large cities without industrial
districts. Copper is added regularly to the New York City water supply to control algal growth
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(35), and zinc is used to retard corrosion. As a result, the water supply contributes 67% more
copper and 50% more zinc to sewage than all electroplating industries combined.

Soluble metals concentrate in sludge during clarification and aerobic digestion. Metals in
secondary sludge concentrate to a greater extent than in primary sludge and can have more impact
on anaerobic digestion than primary sludge alone (6). Anaerobic digester feed solids take up more
than 99% of copper and lead, 90% of chromium, and 96% of mercury and zinc (6, 42, 53).
Biological activity accounts for about 18% of copper and 8% of lead sedimentation during
clarification, but does not apparently account for chromium and zinc in sediments (60, 61, 62, 63).
Heavy metals present in sewage sludges are strongly associated with the solids fraction. More
than 90% of solids in studge are particulate in size (>1.1 mm). Supracolloidal fractions (5-8%),
colloidal fractions (0.1-0.3%), and dissolved fractions (1-3%) make up the remainder of total
solids (24). Particulate fractions hold more than 90% of metals in anaerobic digesters, while supra
colloidal fractions contain 8-9%. The remainder are in colloidal and dissolved fractions (24).

These heavy metals can be toxic to microorganisms by altering cell morphology or
metabolism, by bacteriostasis, or by cell death (19), but the mere presence of heavy metals in
sludge does not mean toxic effects will occur. Several serve essential roles in life processes
(e.g. cobalt, copper, and zinc) while others are considered to be poisons (e.g. mercury and lead).
Cobalt and zinc serve as activators in some enzymes, but can substitute for magnesium in other
enzymes, rendering them inactive. Many heavy metals physically denature enzymatic and
structural proteins, making them non-functional (22). However, most adsorb onto microbial
cells through nonspecific binding to cell surfaces, slime layers and extracellular matrices (22).
Metabolism-dependent intracellular uptake is also important to the adsorption and absorption of
some heavy metals. In this way, biological methylation of metals (e.g. mercury) to a volatile state
or reduction to the elemental state may remove certain toxicants from the system (22). Biomass
can take up a considerable amount of heavy metals without seriously hampering metabolism (10).
In one study (25), 30-60% of the heavy metals were found in the intracellular fraction of sludge.
Another study (55) determined the "optimal" contact time for removal of chromium and lead from
the supernatant through biosorption was 2 to 4 hr.
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In an anaerobic digester, total concentration of heavy metals is more important than
concentration of each individual metal (41). Concentrations must reach a threshold level and be
"available" to affect microorganisms (24). Bioavailability is determined by the total concentration
of metals in the substrate (11) as well as various environmental factors (19). The presence of
hydrous metal oxides, anions (e.g. sulfides, carbonates, and phosphates), competing cations,
organic chelators, and clay materials modify metal availability. Factors such as pH, Eh, and
temperature also can affect availability. Unfortunately, lack of data regarding the influence of
environmental factors on the toxicity of heavy metals has hindered development of criteria for
evaluating metal toxicity in various environments (21).

Dissolved heavy metals are considered inhibitory at concentrations in the 0.1 to 10 mgL™
range (52). Precipitated metals are considered to be of little consequence to microorganisms in
terms of toxicity (25), and conditions in an anaerobic digester efficiently convert more than 99%
of metals to an insoluble form (6). Certain chemical reactions may reduce "available" heavy metal
concentrations by a factor of over 1000. Thus, the ability of an anaerobic digester to tolerate
heavy metals depends on the ability of sludge to precipitate or chelate metals, and is directly
proportional to the dry solids concentration of digesting sludge (46). Substrate composition is
therefore one of the major factors that determines digester ecosystem properties (36), and highly
variable chemical and physical characteristics of sludges produce a wide variety of ecosystems.

Several methods exist to reduce metal availability in sludge. Hydrogen sulfide/sulfide and
carbon dioxide/carbonate systems remove most heavy metal ions from solution (48). Sulfides play
the most important role in preventing heavy metal toxicity in anaerobic digesters because metal
sulfides are more insoluble than metal carbonates. All heavy metals (except chromium which
precipitates as a hydroxide) can be removed from solution as insoluble sulfides (28). Relative
concentrations of sulfides, carbonates, basic carbonates and hydroxides depend on pH,
temperature, and soluble sulfide concentration. The major portion of sulfides in sewage sludge
digestion occurs naturally through reduction of sulfates or other sulfur-containing inorganic
compounds, or from the degradation of sulfur-containing proteins and amino acids (41). Metals
continue to precipitate as sulfides as long at the total metal concentration does not exceed total
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soluble sulfide (H,S + HS + S%) levels. After soluble sulfides have been exhausted, metals will
precipitate as carbonates and to a small degree as phosphates (12). Therefore, higher
concentrations of heavy metals also can be tolerated if sufficient sulfide is present to act as a
precipitant (39). However, concentrations of soluble sulfide above 200 mgL" as sulfur produce
severe toxic effects and arrest gas production (40).

Soluble metals also adsorb onto hydrous metal oxides or negatively charged clay particles,
and chelate or complex with inorganic species (ion pairs) . For example, nonalkali metals such as
calcium and magnesium form soluble ion pairs with Se* (12). Heavy metals chelate, covalently
bond, or cation exchange with organic matter due to their affinity for certain functional groups and
locations within the compound (12). Chelating agents such as citrate, cysteine, glutamate, and
EDTA result in large reductions in free metal ion concentrations (22). Humic and fulvic acids as
well as proteins found in sewage sludge also bind strongly with metals (22). Cations such as
magnesium and calcium compete with metals for binding sites on chelating agents and can
increase toxicity in "hard" water.

Considerable effort has been devoted over the past 30 years to assessment of heavy metal
toxicity in anaerobic digesters. Unfortunately, comparison of results is difficult due to variations in
experimental methodologies. Investigators rarely used similar experimental procedures regarding
batch reactor conditions, bacterial inocula, or substrates. Most metals investigated were less toxic
at higher concentrations of biomass and substrate (26). Toxicants generally were introduced as a
single pulse dose or step-fed over a time interval until digester failure occurred. In general,
anaerobic digesters seemed to be more tolerant when step-fed than when pulse-fed (25). Most
research in heavy metal toxicity in anaerobic digesters apparently has focused on chromium,
copper, and zinc, and reported toxicities varied considerably between studies. Very few studies on
methanogenic inhibition by lead, mercury, selenium, and cobalt have been conducted.

Toxicity varies with microbial species. Some may be stimulated by a heavy metal, while
others may tolerate or be inhibited completely by the same metal concentration. For example,
trace amounts of cobalt and selenium stimulated methanogenesis in some organisms. Addition of
cobalt in trace amounts stimulated gas production by 20-133% in 17 of 60 digester samples tested
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(57) and addition of 0.079 mgL" of selenium to synthetic medium stimulated growth of
Methanococcus vanmielii (33). Sodium selenate halted methane formation by Methanobacterium
strain M.o.H. by serving as a methyl trap. It inhibited reductive demethylation of methylcobalamin
to methane with an IC,, of approximately 2.8 mgL" of selenium (44). Copper at low
concentrations increased the lag phase and at 300 mgL" was almost completely inhibitory to
Methanobacterium formicum (28). Methanobacterium formicicum, Methanosarcina barkeri
MS, Methanospirillum hungatei JF1, and Methanobacterium thermoautotrophicum strain
Marburg in artificial substrates were exposed to copper chloride and zinc chloride. Very small
metal concentrations were required for 50% reduction in methanogenesis (Table 1). Addition of
sludge increased IC,, levels for M. hungatei to 65-275 mgL" for copper and 36 mgL" for zinc
(31). Chromium, copper, lead, and zinc inhibition of gas production in anaerobic digesters has
been demonstrated in many studies (Table 2). Chromium is reduced rapidly to the trivalent state
under anaerobic conditions, and inhibition is a function of total concentration of chromium in the
sludge regardless of the form in which it arrives (46). Anions also may play a role in reducing gas
production. Highly oxygenated compounds (e.g. nitrates) interfere with methane and hydrogen
sulfide production (29). Addition of metals as acids, sulfates, and nitrates may produce results
different than those produced by chlorides. For example, dichromate caused digester failure at
450mgL"' while chromium chloride caused failure at 530 mgL"' (47), and copper nitrate produced
an 80% reduction in gas production at less than 50 mgL" (25) while copper cloride reduced gas
production by only 50% at 75-90 mgL" (27). Digesters also tolerated greater concentrations of
chromium when introduced step-wise over a time interval than when added as a single pulse dose.
This response is shown by a reduction in gas production of 80% with a pulse addition of
180mgL" of chromium nitrate, while 420 mgL" produced the same reduction when step-fed (25).

Retention time also is important to inhibitor tolerance (3), since methanogens have
considerable potential for acclimation to toxicants. With continuous exposure, acclimation is
possible if toxicants are added slowly to the system in a daily feed schedule. Methane bacteria can
operate with no loss in efficiency at influent toxicant concentrations more than 12 times those
causing inhibition to unacclimated systems (51). For example, shorter retention times (14 days)
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Table 1. Concentrations (mgL™") of copper and zinc required to achieve a 50 percent
reduction in methanogenesis by pure cultures of 4 methanogens (31).

Methanogen CuCl, ZnCl,
Methanobacterium formicicum 35 82
Methanosarcina barkeri MS 4.1 89
Methanospirillum hungatei JF1 23 1.3

Methanobacterium thermoautotrophicum 4.8 3.0
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Table 2. Representative examples of chromium, copper, lead, and zinc concentrations
required to inhibit digesters to varying degrees.

Metal Anion Dose [C] Reduction in gas production Ref.
(mgL") (%)

Cr sulfate pulse 200 80@ 3
Cr sulfate pulse 300 95.6® 3
Cr nitrate pulse <180 80 25
Cr nitrate step 420 80 25
Cr dichromate step 450 Digester failure 47
Cr chloride step 530 Digester failure 47
Cu nitrate pulse <50 80 25
Cu nitrate step 70 80 25
Cu chloride pulse 75 50® 27
Cu chloride pulse 90 50@ 27
Cu acetate step 190 Digester failure 47
Cu unknown step 200 Digester failure 56
Cu unknown pulse 250 Digester failure 56
Pb acetate pulse 106 33 48
Pb acetate pulse 212 71 48
Zn acetate pulse 65 36 48
Zn acetate pulse 130 92 48
Zn acetate step 163 50@ 47

® 21 day solids retention time

® 20 day hydraulic retention time
© 10 day hydraulic retention time
@ Digester failure
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were impacted significantly by 50 mgL" of chromium while longer intervals (20 days) were
unaffected by 300 mgL". Older cells may be able to tolerate exposure to certain inhibitory
materials better than younger cells, while younger cells may be more tolerant to others (50).

Though heavy metals are inhibitory, most toxicants exhibit reversible inhibition at
concentrations normally encountered in municipal wastewater. One researcher found that
methane production recovered over a 24 hr period at copper and zinc concentrations < 100 mgL”!
(27). Total recovery was observed at 25 mgL", but no recovery was evident after 5 days at
300 mgL". Another study found that introduction of 60 mgL" of copper caused methane
production to cease for 22 days, but only 10 additional days were required to recover full methane
production (58). Maximum continuous influent doses that allow satisfactory anaerobic digestion
of sludge were determined to be 50 mgL" Cr, 5-10 mgL" Cu, and 10 mgL" Zn (6, 54). Safe
limits for chromium in another study were determined to be 3-25 mgL" (4). Safe and toxic limits
for heavy metals in anaerobic digesters must be determined for individual treatment facilities due
to significant variability in sludge composition and retention time, environmental factors, and
bacterial populations. Tolerance levels determined for one facility may not be suitable for all other
facilities, therefore, each facility should determine its own thresholds through experimentation.
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METHODS AND MATERIALS

Twelve 6.0 L digesters were made from 10 x 70 cm (4 x 28 in) thin-wall Genova-1 MS
PVC sewer pipe (ASTM D2729) and installed on a plywood cradle on a New Brunswick
Scientific Company Model S-3 Gyrotory shaker (Figure 3). The digesters were enclosed within a
bag constructed from 3.5 mil black plastic sheet. Seven 75W incandescent lamps controlled by a
Powerstat variable autotransformer were used to heat the digesters. Aluminum reflectors
protected the bag from heat damage from the lamps. Air within the bag was circulated by a small
squirrel cage fan. A threaded 1.25 cm (0.5 in) female PVC adapter served as a port at one end of
each digester. A male 1.25 cm (0.5 in) PVC adapter with a rubber septum sealed with silicone
rubber and a 0.62 cm (0.25 in) nylon hose barb vented gas into 1 m of 0.62 cm (0.25 in) Tygon
R-3603 tube. The gas collection system included 1) a glass tee with a silicone grease coated water
balloon for pressure relief, 2) a 3 cm silicone rubber hose segment for toxicant injection and gas
sampling, 3) a glass wool filter for gas surge suppression, and 4) a bent Pasteur pipette which
bubbled evolved gas into an inverted 50 mL buret filled with 10% NaCl solution. A
copper/constantan thermocouple placed into one digester and a Wescor TH-65 digital
thermocouple thermometer were used to monitor incubator temperature.

Anaerobic sludge was supplemented with cow manure, dry dogfood, and ammonium
acetate to ensure gas production was not limited by nutrient availability during the initial 6 hr
interval. Cow manure was collected from a local pasture and dried overnight in a 105°C oven.
Dry dogfood (Buyers Choice Chunk Style) was purchased from a local grocery. Both the manure
and dogfood were ground up and passed through a 2 mm (#10) sieve (Fisher Scientific
Company). An ammonium acetate solution was produced by titrating 10% acetic acid with 30%
ammonium hydroxide to pH 7.00. Sludge was collected from the primary anaerobic digester of
the Charleston Wastewater Treatment Plant. Samples were taken in the moming, prior to daily
addition of sludge from primary and/or secondary clarifiers. For each experimental run,a 70 L
portion of sludge was supplemented with 400 g of manure, 175 g of dog food, and 475 mL of
ammonium acetate solution (to increase acetate concentration 500 ppm). Supplemented sludge
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Figure 3. Schematic representation of the anaerobic digester system with the plastic
bag removed. Digesters were connected to separate gas collection systems, only
one of which is shown here.
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was filtered through a 2 mm sieve and 5 L portions were randomly poured into each of the
12 digesters. Digesters were randomly positioned on the cradle and shaken at 150 rpm for 15 min
while vented to the atmosphere to ensure all had achieved the same aerobic status. Digesters then
were connected to the gas collection system, enclosed within the plastic bag, and heated to
36 +/- 1°C. Saline solution drawn into Tygon tubing indicated oxygen consumption and was used
to determine establishment of anaerobic conditions and positive gas flow. Temperature
equilibrium, anaerobic conditions, and positive gas flow were established within 45 to 60 min.

Selected concentrations (50-400 mgL" ) of Co, Cr, Cu, Hg, Na, Pb, Se, or Zn as CoCl,,
CrO, , CuCl, , HgCl, , NaCl, (CH,COQO),Pb, Na,SeO, , and ZnCl, were examined. HCl and
NaOH also were examined to determine how total gas and methane production were affected by
pH shifts due to toxicant addition. Concentrated doses were prepared as 20 mL portions in
near-boiling Milli-Q (Millipore Corp.) water. All compounds except lead acetate were completely
soluble in 20 mL of near-boiling water. The highest concentration of lead acetate was injected as
a milky-white suspension with the assumption it would enter solution following dilution by sludge.
Each concentration was tested in triplicate and injected via hypodermic syringes through silicone
rubber tubing immediately after positive gas flow was observed. Digesters were shaken at
150 rpm for the duration of each experiment. Digesters and port fixtures were acid-washed with
500 mL of 2M HCI and rinsed with tap water between runs to prevent development of acclimated
bacteria.

Total and suspended solids as well as pH shifts due to toxicant addition were determined
for each supplemented sludge sample. Total solids were determined from 25 mL portions dried at
105°C for 2 hr. Dissolved solids were determined from sludge samples centrifuged at 10,000 rpm
for 10 min. The supernatant was passed through glass filters and 25 mL portions were dried for
2 hr at 105°C. Initial suspended solids were determined from the difference between total and
dissolved solids. Initial pH shifts due to toxicants were determined by dosing 500 mL of sludge
with 2 mL of concentrated toxicant. Actual pH shifts under anaerobic conditions may have
differed since determinations were performed under aerobic conditions.
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Gas production rates and methane in headspace gases were determined every 2 hr for the
first 24 hr and every 6 hr thereafter during the 72 hr copper chloride experiment. The parameters
were determined 6 hr after toxicant addition for all other experiments. Gas production rates were
determined through displacement of 10% saline solution in inverted burets over 5 to 30 min
intervals. Methane concentrations were determined by flame ionization gas chromatography
(Gow-Mac model 750, Bridgewater, N.J.) at room temperature with a Porapak R column and
nitrogen as a carrier. Headspace gas samples (500 uL) were withdrawn from each digester via a
gas-tight hypodermic syringe and diluted in 16 mm culture tubes sealed with rubber septa
(Wheaton) prior to injection into the gas chromatograph. Each culture tube contained a small glass
bead which was used to mix the gases. Various volumes (175-1000 uL) of diluted gas were
injected into the gas chromatograph. An Apple II+ computer was interfaced with the gas
chromatograph (Figure 11 in Appendix B) and custom software (Appendix C) was used to
determine peak areas and methane concentrations from the signal.
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RESULTS AND DISCUSSION

Preliminary experiments with sludge indicated total gas production rose within minutes
after anaerobic conditions developed and peaked approximately 8 t010 hr later. A rapid decline
or short plateau followed the peak within the next several hours, depending on substrate quality.
Gas production then gradually decreased over several days. Total gas production rates integrated
the output of all gases, including carbon dioxide, carbon monoxide, nitrogen, and hydrogen.
Determination of methane in headspace gas provided a measure of methane production as a
fraction of total gas production. Suspended solids, total gas production rates, and percent
methane in headspace gases in 5 unsupplemented and 13 supplemented studge samples were
compared (Table 3). Supplementation with cow manure, dogfood, and ammonium acetate
increased initial gas production rates by 40-50%, influenced non-methanogens more than
methanogens, but did not significantly affect substrate variability.

Least squares analyses of measured parameters in enhanced sludge were used to
determined whether concentration of suspended solids influenced gas production rates or methane
in headspace gas. Correlation coefficients (r) between suspended solids and gas production
(0.4060), as well as with methane in headspace gas (0.0458) indicated suspended solids
concentrations did not influence results during the first 6 hr. Substrate variability was not a factor
in this series of experiments because the same sludge sample was used for all concentrations of
each toxicant examined. Determination of inhibition as a percent of the control allowed
side-by-side toxicant comparisons.

A 72 hr assay provided a "long-term" look at how digesters responded to various
concentrations of copper chloride. Copper concentrations up to 160 mgL" slightly inhibited gas
production, but inhibited digesters eventually produced slightly higher rates than the control after
24 hr (Figure 4). This indicated that inhibition simply increased the lag phase of some organisms.
The organisms may have required time to counter toxicant inhibition or remained inhibited until
dissolved copper was removed by physiochemical and biological activity. Copper at 250 mgL
significantly inhibited gas production over the entire 72 hr interval (Figure 4). A single, copper
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Table 3. Mean suspended solids, total gas production rates, percent methane in

headspace gas, and coefficients of variation (Cv) for enhanced and unenhanced sludges
after 6 hr.

Susp. solids Cv Rate Cv CH, Cv
(gL") (%)  (ceminL?) (%) (%) (%)

0.75+/-0.24 320 550+/-49 89
1.07+/-034 318 447+/-28 6.3

Unenhanced 28.7+/-3.4 11.8
Enhanced 26.4+/-2.6 9.8
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Figure 4. Comparison of total gas production rates in anaerobically digesting
sewage sludge after addition of copper chloride.

% Methane

0 10 20 30 40 50 60 70
Time (hr)

A, 2+ 1 41 1

A 0mgL Cu © 80 mgL B 160 mgL V 250 mgL
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digesting sewage sludge after addition of copper chloride.
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resistant species that utilized a specific substrate probably produced the small peak at the 10 hr
mark and died after all substrate was consumed. Gas resulting from this small peak did not
contain methane (Figure 5). Copper concentrations up to 160 mgL" reduced methane production,
but headspace gas eventually attained the same methane concentration as the control (Figure 5).
Copper at 250 mgL" significantly inhibited methane production. Methane production remained
arrested until 12 hr after toxicant addition when it appeared to begin slowly and maintain a
constant rate for the next 60 hr (Figure 5). It is possible that copper tolerant methanogenic species
were able to endure these conditions and produce this small quantity of methane. Methane
content of the headspace gas reflected total gas production rates for the first 8 hr.

Variability between digesters dropped significantly as gas production increased and
remained below 3% for the duration of the experiment (Table 4). Gas production and methane
increases were linear for the first 6 hr without a significant baseline lag phase for all copper
concentrations. This linearity provided an excellent time interval to determine degrees of inhibition
and the 6 hr mark proved optimal for maximum separation of measured values. Gas production
rates and methane in headspace gas also showed a strong correlation. Least squares correlations
between gas production rates and methane in headspace gas at the 6 hr mark were 0.9652,
0.9859, 0.9532, and -0.5556 for 0, 80, 160, and 250 mgL"’ Cu®, respectively (Table 5).

Addition of toxicants as pulse doses temporarily shifted the pH within each digester.
Toxicant type and concentration influenced both the direction and degree of shifts. To determine
if pH shifts biased parameter measurements, HCl and NaOH induced shifts were examined at the
6 hr mark (Figure 6). Gas production rates and methane concentrations increased by about 5%
when the pH dropped by 0.30 units. Conversely, gas production rates and methane
concentrations dropped by 10-15% when pH increased between 0.20-0.30 units. Sodium did not
alter pH, whereas the majority of toxicants produced an initial negative shift ranging from -0.20
to -0.30 units (Table 6). Sodium selenite was the only toxicant that shifted pH toward greater
alkalinity (Table 6). Smaller toxicant concentrations produced correspondingly smaller pH shifts.
With the exception of selenium and copper, pH shifts due to toxicant introduction introduced no
bias in the determination of toxicity. Inhibition due to pH accounted for less than 5-10% at the
highest concentrations of selenium and copper added.
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Table 4. Mean values and coefficients of variation (Cv) for measured parameters in the
controls for the first 12 hr of the 72 hr copper chloride experiment.

Total gas production rate CH, in headspace gas
Time Mean Cv Mean Cv
(hr) (ccmin”L") (%) (%) (%)
2 0.58 +/-0.10 17.24 13.7 +/- 4.5 32.85
4 0.87 +/-0.03 3.45 32.0+/-4.1 12.81
6 1.17 +/- 0.02 1.71 450+4/-1.4 3.11
8 1.30 +/- 0.02 1.54 49.4 +/-0.7 1.41
10 1.02 +/- 0.03 2.94 52.0+/-0.6 1.15

12 1.04 +/- 0.03 2.88 54.0+/-0.8 1.48
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Table 5. Linear least squares line equations and correlation coefficients for parameters
measured during the first 6 hr of the 72 hr copper chloride experiment.

Parameter Cu* Slope y-intercept Corr. Coeff.
(mgL™) ®

Rate 0 0.190 0.085 0.9838

80 0.169 -0.006 0.9999

160 0.068 -0.005 0.9980

250 0.002 -0.003 0.7746

CH, 0 7.161 2.032 0.9949

80 5.652 1.008 0.9834

160 2.416 2372 0.9517

250 -0.004 2.856 -0.7746
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Figure 6. Comparison of total gas production rates and methane in
headspace gas 6 hr after HCl and NaOH induced shifts from pH 7.10.
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Table 6. Maximum pH shifts due to toxicant introduction.

Toxicant

pH Zn®* Cu* Hg*¥ Co* Pbv* Cr* Se& Na'

Initial 690 695 715 720 710 7.00 7.10 7.20
Final 670 6.65 695 7.00 69 675 730 720

Change -0.20 -0.30 -0.20 -020 -020 -0.25 +0.20 0.00
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Results cover a period of 4 months during which the experiments were performed, and it
is important to know to what extent sludge variability influenced data. Statistical analyses were
performed on controls of each toxicant assay to evaluate natural variability of gas production rates
and methane present in headspace gas (Table 7). One-way analysis of variance (ANOVA) was
performed to identify variations in controls of the various assays. Results show there are
significant differences between the controls of different toxicant assays, but variation within the
controls in each experimental run is rather small (Table 14).

Sodium chloride was used as a reference toxicant in this series of experiments because
digesters are quite insensitive to sodium (Figures 7, 8). Sodium chloride up to 2 gL stimulates
digestion of domestic sludge (38), and the concentration limit for sodium is 4.6 gL' (37).
Predictably, sodium was slightly stimulatory at all concentrations examined. Sodium
concentrations of 200 mgL™' stimulated total gas production and methane in headspace gas by
4-6%. Lead and cobalt were the least inhibitory elements examined (Figures 7, 8) and median
inhibitory concentrations were greater than the maximum concentration tested (400 mgL™"). This
response suggests the substrate or environmental conditions efficiently removed the substances or
they were less toxic than the others. Mercury produced moderate inhibition at the concentrations
examined (Figures 7, 8). Selenium, chromium, copper, and zinc were the most inhibitory
toxicants examined and produced almost complete inhibition at concentrations less than
200 mgL"! (Figures 9, 10). Toxicant concentrations reduced gas production rates and methane in
headspace gas in a linear fashion during the first 4-8 hr interval. Comparison of inhibition at
200 mgL" indicated relative toxicities were: Na < Co <Pb <Hg <Zn=Cr=Se=Cu. Linear
least squares line equations based on percent inhibition were used to calculate median inhibitory
concentrations ( IC,;) for each toxicant (Table 8). Dosages necessary for 50% inhibition of total
gas production differ only slightly from those required to reduce methane production by the same
degree. The similarity suggests methanogenic populations are not generally more susceptible than

other gas producers to the toxicants under these conditions.
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Table 7. Mean values and coefficients of variation (Cv) for measured parameters in the
controls at the 6 hr mark of each toxicant assay.

Toxicant
Chromium
Cobalt
Copper
Mercury
Lead
Selenium
Sodium
Zinc

Overall

Total gas production rate

CH, in headspace gas

Mean
(ccminL1)
1.07 +/-0.02
1.25 +/- 0.05
1.32+/-0.04
1.12+/-0.10
1.28 +/- 0.04
0.98 +/- 0.01
1.24 +/- 0.07
1.12+/-0.01

1.17 +/-0.12

Cv Mean
(%) (%)
1.87 46.8 +/-0.7
4.00 457 +/-52
3.03 47.0+/-1.38
8.93 41.1 +/-49
3.12 42.1+/-0.4
1.02 39.1+/-04
5.65 49.7+/- 0.8
0.89 46.6 +/-2.5
10.26 448 +/- 4.1
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Figure 7. Comparison of total gas production rates 6 hr after addition
of various doses of sodium, lead, cobalt, and mercury into anaerobically
digesting sewage sludge.
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Figure 8. Comparison of methane in headspace gas 6 hr after addition of
various doses of sodium, lead, cobalt,and mercury into anaerobically
digesting sewage sludge.
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Figure 9. Comparison of total gas production rates 6 hr after addition of
various doses of selenium, chromium , copper, and zinc into anaerobically
digesting sewage sludge.
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Figure 10. Comparison of methane in headspace gas 6 hr after addition of
various doses of selenium, chromium, copper and zinc into anaerobically
digesting sewage sludge.
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Table 8. Linear least squares line equations and correlation coefficients between
toxicant concentration and reductions in gas production and methane. Equations were
derived from inhibitions as a percent of the control and used to calculate IC,, values for
each toxicant.

Line Equation

IC,,
Toxicant Parameter Slope  y-intercept Corr. Coeff. (mgL™)
Cobalt Rate 0.097 -3.38 0.9609 *551
CH, 0.047 -2.04 0.8331 *1,106
Lead Rate 0.145 -9.48 0.8556 *410
CH, 0.143 -7.96 0.8957 *405
Mercury Rate 0.183 -2.36 0.9919 286
CH, 0.220 -5.96 0.9677 254
Selenium Rate 0.413 -5.08 0.9733 133
CH, 0.466 -4.80 0.9891 118
Chromium Rate 0.481 -9.00 0.9738 123
CH, 0.459 3.38 0.9961 102
Zinc Rate 0.473 -7.62 0.9753 122
CH, 0.328 -5.84 0.9821 170
Copper Rate 0.439 0.41 0.9980 115
CH, 0.428 1.19 0.9956 114

* Extrapolated values.
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Lower IC,, values for methane in headspace gas than total gas production would result if
methanogens were more sensitive to a toxicant than other gas producers. Conversely, higher IC,,
values for methane in headspace gas than total gas production would indicate methanogens were
less sensitive than other gas producers. Methane producing organisms apparently were more
sensitive than other gas producers to selenium, mercury, and chromium by 12, 21, and 13%
respectively. Copper and lead appeared to affect both populations equally. Zinc was 39% more
toxic to non-methanogenic gas producers than to methanogens. Based on extrapolated IC,,
values, cobalt was 200% more