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Abstract Metal ions have an adverse effect on anaerobic
digestion. In an acetate degradation test of upflow of anaerobic
sludge blanket granules with Cu®, not all of the acetate that
disappeared was stoichiometrically converted to methane. In
the presence of 400 mg/g-VSS (volatile suspended solids)
Cu”, only 26% of the acetate consumed was converted
to methane. To study acetate conversion by other anaerobic
microorganisms, sulfate and nitrate reductions were investigated
in the presence of Cu™. Sulfate and nitrate reductions exhibited
more resistance to Cu” than methanogenesis, and the granules
reduced 2.2 mM and 5.4 mM of nitrate and sulfate, respectively,
in the presence of 400 mg/g-VSS copper ion. However, the acetate
degraded by sulfate and nitrate reductions was only 24% of the
missing acetate that could have been stoichiometrically converted
to CO,. Accordingly, 76% of the acetate consumed appeared
to have been converted to other unknown compounds.
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Acetate is an important intermediate in the anaerobic
breakdown of organic matter in methanogenic bioreactors [8,
11, 14, 19]. The two genera of methanogenic Archaea known
to use acetate as a sole energy source are Methanosarcina
and Methanosaeta (“Methanothrix™) [23]. Methanosaeta is
the dominant acetoclastic methanogen in anaerobic habitats
with low acetate concentrations (e.g., anaerobic bioreactors),
because of its high affinity and low-threshold value for
acetate [12]. In anaerobic reactors treating sulfate-rich
wastewaters, such as paper-mill wastewaters or food oil
industry wastewaters, sulfate-reducing bacteria compete with
methanogens for acetate. The outcome of this competition
is not yet clear. In many studies with freshwater or low-salt
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systems, acetate conversion via methanogenesis is predominant,
even with excess sulfate [10, 15, 21]. However, after the
long-term operation of such reactors, acetate degradation
mainly by sulfate reducers bas also been reported [1, 9,
22]. Factors that affect the outcome of the competition
between methanogens and sulfate reducers have already
been reviewed [17]. Among these factors, metal ions

_appear to be one of the most crucial factors [13]. The effect

of metal ions and toxic chemicals on anaerobic digestion
was studied previously using intact and disintegrated
granules from an upflow anaerobic sludge blanket (UASB)
reactor [3, 4]. The degradation of glucose and production
of methane were not affected by the disintegration of the
granules. However, when Cu™ ions were added to the
media, the disintegrated granules were more sensitive to
the toxicity of Cu™ than the intact granules in the glucose
conversion to methane. This indicates that the layered
structares of UASB granules make the microorganisms
resistant to the metal ions. A previous study also revealed
that Cu® inhibits methane production more significantly
than acetate degradation [3]. In the presence of copper
ions, not all the acetate that disappears is stoichiometrically
converted to methane. Since Bhatti ef al. [5] reported that
a large fraction of amaecrobic sludge consists of sulfate
reducing bacteria (SRB) and nitrate reducing bacteria
(NRB), these bacteria could also degrade the acetate into
CO,. Accordingly, in this study, we measured the activity
of SRB and NRB in the presence of metal ions. The results
provide an estimate of the proportion of acetate not
converted to methane during acetate degradation, and the
reasons for the granular sensitivities to acetate degradation
and methane production with toxic metal ions were also
investigated.

Shudge granules were sampled from a 1,000 m’ UASB
reactor treating beer brewery wastewater with a COD of
3,000-4,000 mg/l. The reactor had been in operation for
3 years with a hydraulic retention time of 10h while
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removing 95% of influx COD. The granules were about
2 mm in diameter and brownish black. Scanning electron
microscopy of the granular sludge indicated that the
sampled granules had a layered structure composed of
two sections. To obtain non-layered sludge with the same
microbial populations as the intact granules, equal volume
and weight of granules were blended using a homogenizer
(Ace Homogenizer, Nihonseiki Kaisha Ltd.) at 10,000 rpm
for 2 min. The disintegrated granules were sieved using a
0.5 mm mesh to remove any undisintegrated granules prior
to the experiment. All the sludge samples prepared were
washed three times with a 0.1 M KH,PO,/K,HPO, buffer
(pH 7.0) before the experiments. The sludge had not been
previously acclimated to metal ions. All the procedures
were conducted in an anaerobic atmosphere (Controlled
Atmosphere Chamber, Lansing, Mich., U.S.A.) and 0.02 mM
Na,S was used as the reducing agent. The basal medium used
in the anaerobic resistance assay contained the following (in
milligrams per liter): KH,PO,, 30; K,HPO,, 70; CaCl,, 100;
MgCl,, 100; KCl, 70; NH,Cl, 260; Na,SQO,, 50; sodium acetate,
40 mM. In the sulfate and nitrate reduction experiments,
only 40 mM sodium acetate was used for the test.

The measurements of specific acetate degradation
activity were performed using 120-ml glass serum bottles
sealed with 12 mm-thick butyl rubber septa. The vials
were filled with 30 ml of the sieved granular sludge and
70 m! of the basal medium containing 40 mM acetate from
a neutralized stock solution up to a line at 100 ml. Copper
ions (CuCl,) were selected as the metal ions in the current
study. The assay medium was then adjusted to pH 7.0+0.1
and flushed for 2 min with argon. The mixtures were
incubated at 37°C with shaking at 150 rpm. During the
incubation periods, the gas and liquid phases were sampled
to determine the microbial activity. The acetate concentrations
in the liquid phase were determined by an isocratic HPLC
using an ion exchange column (Aminex, HPX-87H, 300x
7.8 mm) and organic acid analysis kit {2]. Degassed 4 mM
H,SO, was used as the eluant. Acetate was detected at
210 nm. The gas contents in the headspace of the assay
bottles were determined using a pressure meter and their
compositions calculated by GC. The gas contents were
revised according to the pressure and temperature, yet the
dissolved contents were not estimated. The gas chromatograph
was equipped with a steel column (1.83 m, 2.125 cm)
packed with a Poropak Q (80/100 mesh size: Millipore).
The temperatures of the column, the injection port, and
thermal conductivity detector were 35°C, 60°C, and 100°C,
respectively. The carrier gas was argon at 30 ml/min. The
samples used to measure the gas content in the headspace
were determined with a pressure-lock gas syringe (Pressure
Lock series A-2). Sulfate was determined using the
turbidometric method in Standard Methods; that is, the
samples were mixed with an acetate-containing buffer,
BaCl, was then added, and the optical density was finally

measured at 420 nm. Nitrate was determined with Szechrome
NAS reagent (Polysciences, Inc) [7]: A 0.5 ml aqueous
nitrate sample was gently mixed with 5 ml of the NAS
reagent, nitrate-free concentrated phosphoric acid, and
sulfuric acid. The violet color intensity was read at 570 nm
ina 1-cm cell after 10-60 min.

To study the effect of Cu”™ on methanogenesis, acetate
degradations were tested at various Cu® concentrations
(Fig. 1). Acetate was selected as the substrate among the
major volatile fatty acids accumulated, because its conversion
to methane is a one-step process conducted by acetoclastic
methanogens [6]. The degradation of acetate and production
of methane were basically unaffected by the disintegration
of the granules by homogenization. In the absence of
Cu”, both the intact and disintegrated granules completely
degraded 40 mM of acetate in 12 h (3.3 mM/h), although
the methane production rate was slightly decreased with
granule homogenization (2.88 mM/h) (Fig. 1A). However,
in the presence of Cu”, the methane production was more
significantly inhibited than the acetate consumption. When
the Cu’ concentration was increased to 300 mg/g-VSS, the
methane production rates of the intact and disintegrated
granules decreased remarkably to 73% and 43% of the
control, respectively, whereas the acetate degradation rates
were not significantly affected (87% and 82% of the
control, respectively). The methane production rates of the
disintegrated granules were about one-half of the rates
with the intact granules. With a concentration of 400 mg/g-
VSS Cu”, the acetate degradation rates of the intact and
disintegrated granules maintained at about 75% of the
control. However, the methane production of the intact and
disintegrated granules was 38% and 14% of the control,
respectively. A further increase of the Cu®* concentration to
700 mg/g-VSS resulted in no acetate degradation by the
granules. This result indicates that the layered structure of
the normal granules rendered the copper resistance to the
methanogens.

In the absence of copper, the granules stoichiometrically
converted the acetate to methane with an 80% ratio. The
remaining 20% would appear to have been used by the
other populations and for cell proliferation. However,
when greater concentrations of metal ions were added to
the media, more acetate were stoichiometrically missing.
When 400 mg/g-VSS of Cu® was added to the media, only
27% of the consumed acetate appeared as methane.

In the previous study, the proportion of SRB in granular
sludge was 13-16% according to 16S rRNA hybridization

[16]. As shown in previous acetate degradation tests with

UASB sludge [20], methanogens would appear to be more
sensitive to metal ions than SRB, within a certain range of
metal ion concentrations, and would seem to be severely
inhibited while SRB and NRB were relatively active.
Therefore, it likely means that the missing acetate was
consumed by SRB and NRB without producing methane.
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Fig. 1. Acetate degradation and methane production by intact and disintegrated granules in media containing gradually increased

concentrations of copper.

(@) Acetate degradation with intact granules, (O) acetate degradation with disintegrated granules, (M) methane production with intact granules, ((J)

methane production with disintegrated granules.

After washing the granules with the buffer, it was found
that the granules still contained 250 mg/l (4.0 mM) nitrate
and 727.5 mg/l (7.6 mM) sulfate. Therefore, according
to the following chemical equation, it was theoretically
assumed that 9.6 mM acetate was consumed with sulfate
and nitrate present in the granules.

SO +C,H,0,72H —H,S$+2C0,+2H,0
2NO,”+C,H,0,~N,+2CO,+4H,0

To determine how much acetate was consumed by
SRB and NRB, the reduction of nitrate and sulfate was
investigated with various concentrations of Cu® (Fig. 2).
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Fig. 2. Effect of copper on reduction of sulfate and nitrate by intact and disintegrated granules.
(A) Sulfate reduction by intact granules, (B) sulfate reduction by disintegrated granules, (C) nitrate reduction by intact granu les, (D) nitrate reduction by
disintegrated granules; (@) 0 mg/g-VSS of copper, (O) 200 mg/g-VSS of copper, ( ¥ ) 400 mg/g-VSS of copper, (V) 600 mg/g-VSS of copper.

In the absence of copper, 4.1 mM of sulfate was reduced.
However, when more Cu”™ was added to the media, more
sulfate was reduced, up to a concentration of 400 mg/g-
VSS, where 5.4 mM of sulfate was reduced corresponding
to the same molar acetate. This result implies that Cu™
turned the tide in the competition between SRB and
methanogens for acetate. A further increase in the Cu*
concentration to 600 mg/g-VSS resulted in a decrease of
sulfate reduction. Nitrate reduction was also unaffected by
the Cu™ toxicity up to a concentration of 200 mg/g-VSS of
Cu” (Fig. 2C). In the presence of 0-200 mg of Cu”,
3.3 mM of nitrate was completely degraded within about
24 h. However, a further increase in the Cu™ concentration
to 400 mg/g-VSS resulted in a decrease in the nitrate
reduction rate. These results indicate that SRB and NRB
were more resistant to Cu’" than the methanogens. As such,
in the presence of copper, the acetate was degraded
without active methane production.

To demonstrate clearly the effect of Cu™ on sulfate
reduction and denitrification in granular sludge, the effect
of the initial concentration of Cu®" was plotted relative to
the reduction rate (Fig. 3). The inhibitory effect of Cu*

was greater on the denitrification activities than the sulfate
reduction. However, there was no significant difference in
the sulfate and nitrate reduction ratios between the intact
and disintegrated granules. This result differed from those
related to acetate and glucose degradation [3]. This means
that UASB granulation was not helpful in regards to the
resistance of SRB and NRB to Cu™ toxicity under the
current experimental conditions.

It is generally known that anaerobic SRB and NRB
make up minor portions of granular sludges [5]. Thus,
when considering that the granules reduced the nitrate and
sulfate present (2.2 mM and 5.4 mM, respectively) in the
presence of 400 mM copper, about 18% of the initial
acetate was stoichiometrically converted to CO, by anaerobic
SRB and NRB. This indicates that respiratory nitrate and
sulfate reduction had a significant effect on the acetate
degradation of the UASB granules. However, since this
value only corresponded to 24% of the missing acetate, the
SRB and NRB activity did not account for all the missing
acetate. It would seem that the rest of the missing acetate
might have been consumed by other populations, accumulated
as intermediates during the methanogenesis, or stored as
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Fig. 3. Change of rate constant of sulfate reduction and
denitrification by increasing the concentration of Cu”.

(@) Sulfate reduction by intact granules, (O) sulfate reduction by
disintegrated granules, { ¥ ) nitrate reduction by intact granules, { V) nitrate
reduction by disintegrated granules.

storage materials such as poly-B-hydroxybutyrate [4, 17].
Further elucidation of this discrepancy in the stoichiometry
is under investigation.
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