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Abstract A whey solution was used as a substrate for
methane production in an anaerobic fixed-bed reactor.
At a hydraulic retention time of 10 days, equivalent to a
space loading of 3.3 kg (m® day)™', 90% of the chemical
oxygen demand was converted to biogas. Only a little
propionate remained in the effluent. Toxicity tests with
either copper chloride, zinc chloride or nickel chloride
were performed on effluent from the reactor. Fifty per
cent inhibition of methanogenesis was observed in the
presence of =10 mg CuCl, 1"! >40 mg ZnCl, 1" and
>60 mg NiCl, 17, respectively. After exposure to Cu®",
Zn*" or Ni*" ions for 12 days, complete recovery of
methanogenesis by equimolar sulfide addition was pos-
sible upon prolonged incubation. Recovery failed,
however, for copper chloride concentrations >40 mg 17"
If the sulfide was added simultaneously with the three
heavy metal salts, methanogenesis was only slightly re-
tarded and the same amount of methane as in non-in-
hibited controls was reached either 1 day (40 mg ZnCl,
1I™") or 2 days later (10 mg CuCl, I""). Up to 60 mg
NiCl, I"! had no effect if sulfide was present. Sulfide
presumably precipitated the heavy metals as metal sul-
fides and by this means prevented heavy metal toxicity.

Introduction

In developing countries, huge amounts of industrial
wastewater are still discharged untreated to surface
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waters, contributing significantly to the environmental
pollution. Collection and biological treatment of the
wastewater is an obligatory requirement. Biogas pro-
duction from organic pollutants during anaerobic
treatment depends on their digestibility (Oi et al. 1982).
Due to their presence in municipal and industrial
wastewaters, heavy metals contribute significantly to the
toxicity in anaerobic systems (Hickey et al. 1989). Low
concentrations of heavy metals, however, are essential as
trace elements. Their intracellular concentration has to
be tightly controlled. Some organisms can acquire heavy
metal resistance to a certain extent (Nies 1999). Copper,
nickel and zinc have widespread uses in household, sci-
entific and industrial settings, and high concentrations
may be toxic for wastewater treatment (Nriagu 1979;
Sujarittanonta and Sherrard 1981; Fosmire 1990; Lin
1993; Albek et al. 1997; Ehrlich 1997; Nies 1999). Con-
centrations of copper, for instance, were 20-120 mg 17!
in plating rinse water and 800 mg ™! in wastewater from
the copper wire mill process (Patterson 1985). The tox-
icity of heavy metals depends mainly on the species and
its concentration. Other factors such as pH and type of
salt may also affect heavy metal toxicity (Albek et al.
1997). The toxicity of heavy metals can be attributed
principally to the multiplicity of complexes or clusters
they can form (Vallee and Ulner 1972; Butler and Har-
rod 1989), primarily at the plasma membrane. Plasma-
membrane permeabilization by heavy metals has been
reported for a variety of microorganisms (Gadd and
Mowll 1983). Sulfide has been used to control heavy
metal toxicity (Pichon et al. 1988; Jin et al 1998).
However, high concentrations of sulfide can inhibit
methanogenesis itself or even precipitate essential trace
elements (Parkin et al. 1990; Maillacheruvu et al. 1993).
In the absence of sulfide, low concentrations of heavy
metals were toxic whereas high concentrations could be
tolerated if sulfide was provided as a precipitant (Cal-
lander and Barford 1983). Knowledge on the effect of
heavy metals in industrial wastewater on methanogene-
sis is still poor (Lin and Chen 1999). The dosages of
copper, nickel and zinc for a complete inhibition of



methanogenesis from industrial wastewater are not clear
from the literature. Whether sulfide should be added as a
preventive means of heavy metal inhibition to waste-
water or whether it could be added as a cure after the
inhibiting effect becomes established is also not clear
from the literature. Therefore, in this study concentra-
tions of copper chloride, nickel chloride and zinc chlo-
ride either causing failure of methane production from
whey or even causing failure of acidification were
determined. The protective effect of sulfide was also
investigated.

Materials and methods

Preparation of the whey solution

Thirty-five grams of whey powder (from Milchwerke Regensburg)
was re-dissolved in 1 | tap water to give a chemical oxygen demand
(COD) of 33 g1"'. Without further additives, this medium was
used as a substrate for methane production in batch and continu-
ous fermentation.

Mixed culture inoculum

An anaerobic glucose-amended mixed culture was used for inocu-
lation of the fermenters. The mixed culture was enriched with an-
aerobic digester sludge from a beverage company and was
maintained at 40 °C in a stoppered COl’llCdl flask. The mixed culture
was fed twice a week with 4 g glucose I™! to maintain methanogenic
activity for more than 6 months.

Anaerobic fixed-bed reactor

A glass reactor with a total volume of 4.6 1 (height 91 cm, inner
diameter 8 cm) was used for batch and continuous experrments
The reactor contained polyethylene/clay sinter-lamellas (0.52 m?
surface area, Herding, Amberg) as a support material for biofilm
formation and was maintained at 37 °C. The reactor was filled with
whey solution and was inoculated with 4% of the anaerobic mixed
culture. For homogenization the wastewater was re-circulated with
a peristaltic pump 3 times h™'. The pH was controlled on-line and
adjusted automatically with 1 M NaOH using a membrane pump
(ProMinent Dosiertechnik, Heidelberg). The biogas production
was measured with a gas flow meter (Ritter, Hanau). After inoc-
ulation, a batch fermentation was maintained for 21 days, after
which the continuous mode was started. For continuous fermen-
tation, fresh whey solution was pumped into the reactor at the
desired flow rate. The medium was stored in a carboy in a refrig-
erator. The effluent during operation at 10-day hydraulic retention
time (HRT) was collected. It was kept at 5 °C and was used as an
inoculum for the toxicity experiments.

Anaerobic toxicity assay

Anaerobic toxicity assays were performed with copper chloride,
nickel chloride, zinc chloride and sodium sulfide in serum bottles
(150 ml total volume) containing 10 ml fresh whey solution. Ef-
fluent was collected from the fixed bed reactor (20 ml,
HRT = 10 days) and added with 1 ml mixed culture as an inocu-
lum to each bottle to give an initial COD of 14.8 g 1", Each ex-
periment was done in triplicate with effluent alone, controls
(effluent + fresh whey without heavy metal salts or sulfide) and test
bottles (effluent + fresh whey with heavy metal salts or sulfide). To
study inhibition of methanogenesis or acrdogenesrs by heavy metal
or sulfide, either 10 50 mg CuCl, 17!, 10-200 mg ZnCl, 17!

10-220 mg NiCl, 1™, or 10-200 mg sodrum sulfide I™" was added to
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the test bottles. To test the protective effect of sulfide in parallel
assays, equimolar amounts of sulfide were added either together
with the heavy metal salts or 12 days later. Serum bottles, sealed
with a rubber stopper and an aluminum cap, were made anaerobic
by replacing the air in the headspace with 100% nitrogen at a gas
station. The bottles were incubated under gentle shaking at 37 °C.
Inhibition was estimated by comparing methane production, re-
sidual fatty acids and COD of the test bottles with the control
bottles.

Analytical methods

The COD was determined colorimetrically by oxidation of the
organic matter in a sulfuric acid/potassium dlchromdte solution
(Wolf and Nordmann 1977). The concentration of Cr>™ ions was
determined at 615 nm. A calibration curve was prepared with
glucose for a concentration range of 0-2000 mg I™'. Methane was
determined with a Chrompack gas chromatograph rnodel CP 9001
(Chrompack, Frankfurt), equipped with a thermoconductmty de-
tector (carrier and reference gas flow = 25 ml N, min™'). Gases
were separated isothermally at 110 °C with a Carboplot 007 col-
umn (27.5 m x 0.53 mm). Fatty acids were analysed with a
Chrompack model 437 gas chromatograph, equipped with a flame
ionization detector (gas supply: H,, 30 ml min™', and com-
pressed air, 300 ml min~"). The detector and injector temperature
was set at 210 °C. The carrier gas was nitrogen (30 ml min~") and
separation of fatty acids was carried out isothermally at 180 °C on
a 2-m Teflon column (1.5 mm inner diameter) packed with
Chromosorb C101 (80-100 mesh; Sigma, Munich). Samples were
prepared and GC-analyses performed as described by Gallert et al.
(1998).

Results
Batch and continuous fermentation of whey to biogas

Whey solution with a COD of 33 g 17! was inoculated
with 4% of the mixed culture and was incubated in a
batch mode at 37 °C in a fixed-bed reactor. The pH was
kept constant at 7 by a titrator unit. COD and fatty
acids were determined (Fig. 1). After 4 days, fatty acids
began to accumulate up to a maximum of 49 mM for
acetate, 179 mM for n-butyrate and 46 mM for propi-
onate. Subsequently the fatty acids were slowly degraded
to biogas. The methane content of the biogas was 62%.
The batch fermentation was continued until the COD
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Fig. 1 Batch and continuous fermentation of whey to biogas at a
constant pH of 7
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decreased to 4.8 g 17!. A complete consumption of ace-
tate and n-butyrate (detection limit <0.1 mM) was
achieved after 21 days, whereas some propionate
(4.6 mM) remained. On day 22 continuous fermentation
was started with a HRT of 15 days and continued with a
HRT of 10 days on day 26. During continuous fer-
mentation at a HRT of 15 days and 10 days the residual
COD was 3.4 g 1”! (Fig. 1).

Anaerobic toxicity experiments

Table 1 summarizes the residual COD, fatty acid con-
centrations and methane production in control and test
bottles containing whey solution and 10-50 mg CuCl,
"', 10-200 mg ZnCl,1"'and 10220 mg NiCl, 1.
During 12 days incubation the COD of the controls
without heavy metal salts decreased from 14.8 g 17! to
6.7 g1I”'. A complete consumption of fatty acids was
observed with the exception of small amounts of pro-
pionate, which remained undegraded in the medium.
Addition of copper chloride at concentrations of
10 mg 17! and 20 mg 17! led to an inhibition of methane
formation of 50% and 79%, respectively. A complete
inhibition of methanogenesis but not of acidogenesis
was caused by 30-40 mg CuCl, I"'. In the presence of

Table 1 Effect of increasing concentrations of CuCl,, ZnCl, and
NiCl, on methanogenesis and fatty acid metabolism. Whey solu-
tion in tap water was inoculated with the mixed culture described in
Materials and Methods and was incubated at 37 °C for 12 days.
COD Chemical oxygen demand

Heavy metal Methane COD  Acetate n-Butyrate Propionate

salt (mg I™')  (ml) g™y (mM) (mM) (mM)
CuC12
Effluent 2.64 3.4 0.0 0.0 6.8
Control 56.4 6.8 0.0 2.0 7.0
10 27.4 9.1 164 35.0 20.0
20 11.6 121 36.1 36.2 29.2
30 0.0 147 182 28.0 14.2
40 0.0 147  28.0 26.9 20.0
50 0.0 14.8 0.0 0.0 0.0
ZHC12
Effluent 2.8 3.1 0.0 0.0 3.0
Control 57.6 6.7 0.0 1.0 5.0
10 51.6 7.1 5.0 6.0 10.0
20 37.7 8.8 9.5 11.7 14.5
40 28.6 104 116 17.8 16.0
60 11.3 12.1  40.0 38.2 22.0
90 13.6 132 46.0 525 26.8
120 5.8 137 31.8 47.1 38.2
200 3.6 144 259 29.8 33.6
NiCl,
Effluent 2.5 3.1 0.0 0.0 2.0
Control 55.7 6.7 0.0 0.0 6.0
10 50.2 6.8 0.0 1.0 12.0
20 44.0 8.4 0.0 2.0 14.6
40 35.5 9.4 8.4 10 14.5
60 27.7 104 112 18.8 16.8
70 22.8 112 183 18.8 16.8
100 16.0 123 45.1 32.0 18.6
140 8.4 13.1  46.0 51.3 25.6
220 3.6 144 249 29.8 32.4

50 mg CuCl, I™' even acidogenesis was prevented
(Table 1). Analogexperiments with zinc chloride or nickel
chloride revealed a 50% inhibition of methanogenesis at
40 mg ZnCl, 1" and 60 mg NiCl, "', Acidification was
not inhibited by Zn®>* or Ni**, even at very high con-
centrations (Table 1).

Recovery experiments
Effect of sodium sulfide on methanogenesis

Addition of sodium sulfide to the whey cultures at
concentrations up to 180 mg ™' revealed no inhibitory
effect on methane production, COD degradation or fatty
acid consumption (data not shown). Interestingly, ad-
dition of 10 mg or 20 mg sulfide 17! led to an increase in
methane production by 13.5% and 8.5%, respectively,
as compared to controls without sulfide addition. When
220 mg Na,S I"! were added, there was a slight inhibi-
tion of methane production (13.2%). A sodium sulfide
concentration of 240 mg 1! caused a reduction of the
methane production by about 40% and an accumulation
of fatty acids. These experiments showed that sulfide as
such was not toxic for methanogenesis at the maximum
required concentration for a nearly quantitative precipi-
tation of Cu®*, Zn?>" or Ni*" in the experiments shown
in Table 1.

Effect of sulfide on restoration of methanogenesis
after exposure of the mixed population for 12 days
to Cu2+, Zn2+, or N ions

After 12 days exposure to different concentrations of
heavy metal ions, a sodium sulfide solution at concen-
trations equal to the metal concentration was injected
into the serum bottles and incubation proceeded. Except
for the assays containing >40 mg Cu®* 17!, all assays
recovered from the inhibitory effect of the heavy metal
salts (Table 2). However the time required for recovery
differed markedly and depended on the concentration
and type of heavy metal. Whereas in the control assays
maximum gas production was reached after 15 days
incubation, the bacteria required 38 days or 47 days to
restore 100% of their activity in the presence of 10 mg or
20 mg CuCl, ™!, respectively. Methanogenesis partially
recovered with 30 mg CuCl, "', but recovery failed
completely at copper chloride concentrations of
>40 mg I”'. Addition of sodium sulfide to the fermenter
samples containing zinc or nickel resulted in a complete
restoration of methanogenesis within an extended incu-
bation period. Only at the highest concentrations was
methanogenesis not complete (Table 2).

Effect of sulfide addition together with the heavy metals

Triplicate serum bottles containing fresh whey solution
were supplemented with either 10-50 mg CuCl, 17",
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Table 2 Effect of sulfide addi-

tion on restoration of metha- Heavylmetal salt Methane Recovery Time CODl Acetate  n-Butyrate  Propionate
nogenesis and fatty acid (mg17) (ml) (%) (days) (el™) (mM) (mM) (mM)
degradation after exposure of CuCl
the mixed population to differ- 2
ent concentrations of heavy Control 76.8 - 15 4.1 0.0 0.0 10.2
metals. An equimolar con- 10 76.8 100 38 4.5 0.0 0.0 15
centration of sulfide was added 20 76.8 100 47 4.6 1.5 0.0 15.0
12 days after incubation of the 4318 gg fdli(l)éfi 52 i%g gzg 12‘6‘ %8%
mixed culture in the presence of : at - : : ‘ :
heavy metals, Incubation was 0 0.0 failed - 139 190 12 13.5
1 1 2
;ﬁg;“n‘fgf‘;‘i;‘hﬁfjjgfpm_ Control 74.4 - 15 42 0.0 0.0 10.2
duced in the metal-containing 10 74.4 100 15 4.2 0.0 0.0 13.6
samples as was produced in the 20 74.0 99.5 17 4.2 0.0 0.0 15
metal-free controls after 40 73.9 99.4 37 44 1.5 0.0 15.0
15 days 60 73.8 99.2 35 44 1.0 0.0 14.0
80 61.0 82.0 52 5.8 11.0 7.8 20.0
100 47.9 64.4 58 7.8 33.8 22.3 19.3
NiCl,
Control 72.0 - 15 4.2 0.0 0.0 10.2
10 72.0 100 15 4.2 0.0 0.0 13.6
20 71.6 99.5 16 4.2 0.0 0.0 15
40 71.6 99.5 25 4.3 0.0 0.0 15.0
60 71.5 99.3 33 42 1.0 0.0 14.0
80 71.9 99.8 42 4.4 8.0 5.4 19.0
100 61.9 86.0 57 5.8 22.6 18.0 14.6

10-100 mg ZnClL, 1", or 10-100 mg NiCl, I"' and
sodium sulfide at an equimolar concentration. Each of
the test bottles and the control bottles was inoculated
with 1 ml mixed culture and incubated at 37 °C.
The time required for a similar methane production as
measured in the metal-free controls after 12 days
was recorded (Table 3). In the presence of equimolar
concentrations of sodium sulfide and copper chloride,
copper toxicity could be eliminated up to concentra-
tions of 30 mg1™' and minimized up to concentra-
tions of 50 mg 1™'. When up to 100 mg ZnCl, 17! or

100 mg NiCl, I"! were present together with an equim-
olar amount of sodium sulfide, metal inhibition was
completely prevented. A slight inhibitory effect only was
observed for 2100 mg ZnCl, ™! (Table 3).

Discussion

A fixed-bed anaerobic reactor was started with whey as a
substrate. After 21 days batch fermentation, the bacteria
had converted 85% of the COD to biogas (62%

Table 3 Effect of sulfide addi-

tion together with the heavy Heavylmetal salt ~ Methane Recovery Time COD1 Acetate  n-Butyrate Propionate
metals on methanogenesis from (Mg 1) (ml) (%) (days) (g17)  (mM) (mM) (mM)
whey. Assays with equimolar CuCl
sulfide and heavy metal addi- 2
tions were incubzted at 37 °C Control 54.0 - 12 6.6 3.0 0.0 8.0
until the same amount of me- ég 2431(% 13(9)'6 1‘7‘ gg 18 41‘8 1%8
thane was produced as had : : : : :
been produI::ed in the metal- and 28 Z%Z 232 ;? gg ;(5) 128 1;(2)
i‘;ﬂi;fee controls after 50 38.9 73 23 8.8 128 19.0 19.7
chlz
Control 57.4 - 12 6.7 0.0 0.0 6.0
10 57.2 99.8 12 6.7 0.0 0.0 5.0
20 57.4 100 12 6.7 0.0 0.0 4.0
40 57.0 99.4 13 6.7 0.0 0.0 8.0
60 57.4 100 18 6.7 0.0 2.0 11.0
80 56.6 98.7 22 6.8 0.0 2.0 11.0
100 51.6 90.0 29 8.1 9.9 6.9 20.0
NiCl,
Control 58.8 - 12 6.8 0.0 0.0 6.0
10 58.8 100 12 6.8 0.0 0.0 6.0
20 58.6 99.6 12 6.8 0.0 0.0 7.0
40 58.4 99.4 12 6.8 0.0 0.0 8.0
60 58.8 100 12 6.8 0.0 1.0 9.0
80 58.3 99.2 18 6.8 0.0 1.0 10.0
100 58.0 98.8 23 6.9 0.0 3.0 12.0
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methane, 38% CO,, data not shown). During subse-
quent continuous fermentation at 15 days and 10 days
HRT, about 90% of the COD was converted to biogas
and a biofilm began to develop on the carrier material.
Later, when biofilm formation on the polyethylene/clay
sinter-lamellas was completed, about 95% of the COD
served for biogas formation (data not shown), as re-
ported by Zellner et al. (1987) in a fixed-bed anaerobic
reactor with clay beads. At very low loading, unusually
high COD conversions of 99% and 86% were reported
for acetate and acetamide, respectively (Guyot et al.
1995). Whereas the methanogenic flora in the whey re-
actor consumed acetate and n-butyrate completely at a
space loading of 3.3 kg COD m™ day™!, some propio-
nate remained undegraded and was responsible for the
lower efficiency. A similar observation for psychrophilic
reactor temperatures was reported by Rebact et al.
(1995). The faster disappearance of acetate as compared
to n-butyrate (if n-butyrate was degraded by f-oxida-
tion) may indicate that acetoclastic methanogens were
more active than the hydrogenolytic methanogens
(Fig. 1), which were mainly responsible for maintaining
a low hydrogen partial pressure.

In very low loaded methanogenic reactors, the
methanogenic bacteria might have to compete with
aerobic bacteria for acetate (Guyot et al. 1994). The
oxygen (0.16 mM) was apparently supplied with the
feed. A significant contribution of aerobic bacteria for
acetate conversion in our whey reactor could be ex-
cluded, since oxygen introduction at a much higher
loading was negligible.

Industrial wastewater often contains high concentra-
tions of heavy metals. For this reason toxic concentra-
tions of Cu?", Zn>" and Ni*" ions on methanogenesis
from whey were determined (Table 1). Cu>" ions inhib-
ited methanogenesis at much lower concentrations as
compared to Zn®" and Ni*" ions. It has been reported
that copper decreased the gas production and led to an
accumulation of volatile fatty acids in methanogenic re-
actors (Lawrence and McCarty 1965). With whey as a
substrate, methanogenesis failed at a copper chloride
concentration of 30 mg 1" and acidification at a copper
chloride concentration of 50 mg I™'. Much higher con-
centrations of zinc chloride and nickel chloride could be
tolerated (Table 1). This indicated that methanogenic
and acidogenic bacteria were more resistant to zinc and
nickel than to copper.

Gas production was considered a useful indicator for
monitoring a digester suffering from toxicants (Hickey
et al. 1989). Heavy metal concentrations that caused
50% inhibition of methanogenesis during whey metha-
nation indicated that toxicity decreased in the order
Cu>Zn>Ni. Similar results were obtained by Lin
(1992, 1993) and Lin and Chen (1999). This is, however,
not surprising since zinc and nickel are components of
several enzymes in anaerobic bacteria (Thauer 1998;
Nies 1999). Copper seems to interact easily with radicals
in the cell (Nies 1999). Toxicity of heavy metals depends
on their concentration. Hayes and Theis (1978) reported

that =400 mg zinc I™' inhibited anaerobic digestion.
Hickey et al. (1989) found that CO, production was less
inhibited by heavy metals than methanogenesis, indi-
cating a weaker effect of heavy metals on acidogenesis
than on methanogenesis. With whey as a substrate, CO,
was still produced in the serum bottles after methano-
genesis had ceased.

Although sulfide is important for precipitation of
heavy metals in industrial wastewater, high concentra-
tions of H,S inhibit methanogenesis (Anderson et al.
1982; Maillacheruvu et al. 1993; Speece 1996). In the
whey reactor low concentrations of sodium sulfide
(10 mg 17" slightly enhanced methane production, in-
dicating sulfur limitation (Gerhard et al. 1993). The
maximum sodium sulfide concentration tolerated by
the whey population without any disturbance was
180 mg 1", Sodium sulfide could thus be applied to
precipitate heavy metals and abolish their toxicity.

An equimolar addition of sodium sulfide 12 days
after exposure to copper chloride, nickel chloride or zinc
chloride was beneficial for methanogenesis. However a
long time was required for a complete recovery, in-
cluding fatty acid utilization. This confirmed and ex-
tended the results of Jin et al. (1998), who reported
recovery of an anaerobic system from inhibition by
copper through addition of sulfide. The time required
for the whey population to recover from the three metals
decreased in the order Cu>Zn > Ni. For all concentra-
tions of the metal salts tested, recovery of methano-
genesis was much faster and more efficient when sulfide
was added simultaneously with exposure to the heavy
metals, as compared to the addition of sulfide after ex-
posure to heavy metals. This was in agreement with the
results of Jin et al. (1998) for copper. Furthermore our
results showed that the bacterial flora completely failed
to recover at relatively low copper chloride concen-
trations of 40 mg ™! and 50 mg 1!, when sulfide was
only added after some time of exposure to Cu®" ions,
while the addition of sulfide together with the Cu®" ions
let the population survive even at a copper chloride
concentration of 50 mg 17",
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