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When metals were added in a pulse mode to methylotrophic-methanogenic biomass, three methane produc-
tion rate phases were recognized. Increased concentrations of Ni and Co accelerated the initial exponential and
final arithmetic increases in the methane production rate and reduced the temporary decrease in the rate.
When Ni and Co were added continuously, the temporary decrease phase was eliminated and the exponential
production rate increased. We hypothesize that the temporary decrease in the methane production rate and the
final arithmetic increase in the methane production rate were due to micronutrient limitations and that the
precipitation-dissolution Kinetics of metal sulfides may play a key role in the biovailability of these compounds.

Previous research (7, 19, 25, 27) has shown that metal defi-
ciencies can limit the performance of anaerobic digestion sys-
tems and that metal supplementation may substantially im-
prove the performance of such systems. In particular, the
benefits of nutrient supplements during methanization of in-
dustrial wastewaters have been recognized (26, 27).

Methanogenesis from methanol is known to proceed by the
following pathways: (i) methanol can be directly converted to
methane by methylotrophs, (ii) methanol can be converted
with bicarbonate to acetate by acetogens, and the acetate can
be metabolized by acetoclastic methanogens, and (iii) metha-
nol can be converted to H, and CO,, which can be used by
hydrogenophilic methanogens and/or acetogens to form meth-
ane and acetate, respectively (7). Methanosarcina type bacteria
are responsible for direct conversion of methanol to methane,
and Ni, Co, and Fe are components of the enzymes that cat-
alyze many of the reactions of this methylotrophic pathway (4,
5, 10, 12, 28). It has been reported that metal supplementation
may substantially improve anaerobic treatment of different
types of waste streams (8, 9, 20, 27). However, the previously
described metal additions that are optimal vary by several
orders of magnitude (29). Furthermore, previously published
information concerning the relationship between kinetic data
and “optimum” metal concentrations is rather unclear. This is
illustrated by the fact that for similar batch systems, the metal
(Ni or Co) doses can vary from 0 to 40 uM (16, 21-23).

Since methanol-consuming methanogens have specific trace
metal requirements and since many industrial waste streams
contain methanol as an important contaminant, in the present
study we examined the kinetics of methanol consumption by
methanogenic biomass in the presence of different Ni and Co
concentrations.

Anaerobic granular sludge from a full-scale expanded gran-
ular sludge bed, a Biobed EGSB reactor (location, Caldic
Europort) developed by Biothane Systems (Delft, The Neth-
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erlands), was used. The sludge treated wastewater generated
during production of formaldehyde. The waste stream con-
tained primarily methanol and formaldehyde as organic sub-
strates (30). To prevent mass transfer limitations, the granular
structure was disrupted with a blender, and the sludge suspen-
sion obtained was used as the inoculum. The initial concentra-
tion of the inoculum expressed as the amount of volatile sus-
pended solids (VSS) in the reactor, was 1.5 g liter '. The
standard medium used contained the following components:
15 mM NH,CI, 7 mM KH,PO,, 4 mM MgSO,, 5 mM CaCl,,
and 35.74 mM NaHCOs;. This medium also contained yeast
extract (100 mg/liter) and trace elements, which were present
at the following concentrations: HyBO;, 4.03 pM; ZnCl,, 1.84
uM; CuCl,, 1.11 pM; MnCl,, 12.63 uM; (NH,);Mo,0,,, 0.2
pM; AlCL,, 1.86 wM; Na,SeOs5, 3.12 uM; and FeCl,, 50 wM. Ni
and Co were added as NiCl, and CoCl,, respectively, at the
concentrations indicated below. Methanol was used as the car-
bon source at an initial concentration of 208 mM (10 g of
chemical oxygen demand [COD] per liter). The pH in each
reactor during the experimental period was 7 to 7.2. All chem-
icals were analytical grade, and most chemicals were purchased
from Merck (Darmstadt, Germany); yeast extract was pur-
chased from Oxoid Unipath Ltd. (Hampshire, England).

The reactors used were completely stirred plastic vessels.
They were filled with 2.5 liters of mineral medium and flushed
with a 70% N,-30% CO, mixture for 20 min, after which
Na,S - 8H,O was added to a final concentration of 0.54 mM,;
finally, Ni and/or Co was added. After a 24-h period, in which
we assumed that chemical equilibrium was established, the
inoculum and methanol were added. The reactors were oper-
ated in batch mode in a temperature-controlled (30 = 1°C)
room. The biogas produced was passed through an Erlenmeyer
flask filled with a 20% NaOH solution and then through a tube
filled with soda lime pellets with thymol blue indicator. Finally,
the gas was passed through a Mariotte flask system containing
water for quantification of methane production. The methane
produced was monitored continuously by measuring the weight
of the displaced water with a pressure sensor (model QB 745;
DS-Europe) connected to a programmable data logger system
(model CR10; Campbell). The data were recorded every 10 s
and were averaged over a 30-min interval. A personal com-
puter programmed to function as a terminal emulator was used
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FIG. 1. Methane production rate curve for methanol-degrading sludge. The
following three phases were distinguished: (i) an exponential methane produc-
tion rate (phase I), (ii) a decrease in the rate (phase II), and (iii) an additional
arithmetic increase in the rate (phase IIT). Ni and Co were each added at a
concentration of 1 pM.

to communicate with the data logger. All assays were per-
formed in duplicate.

To assess the main pathway of methanol conversion, meth-
ane production by the biomass during degradation of methanol
was monitored in 250-ml serum bottles by adding specific in-
hibitors to 100 ml of the reaction medium in order to block
different metabolic routes (6). The inhibitors used were bro-
moethanesulfonic acid and vancomycin, which were purchased
from Sigma Chemical Co. (St. Louis, Mo.) and Janssen (Til-
burg, The Netherlands), respectively. The biomass added (pre-
viously activated with methanol) contained 0.8 g of VSS li-
ter '; methanol and inhibitors were added at concentrations of
31 and 50 mM, respectively. The methanol, methane, volatile
fatty acids (VFA), and hydrogen in the headspace were mea-
sured during the experiment. H, and CH, contents were de-
termined as previously described (6). VFA and methanol con-
tents were analyzed by the method of Kortekaas et al. (11),
except that for methanol the temperature of the oven was
70°C. A spectrophotometric method (2) was used to routinely
analyze preparations for the presence of formaldehyde. VSS
contents were determined by standard methods (1). Granule
samples were prepared and analyzed by scanning electron mi-
croscopy as described previously (29).

The equilibrium concentrations of dissolved and precipi-
tated species were calculated with a chemical equilibrium pro-
gram written in Turbo Pascal. Phosphate, carbonate, and sul-
fide species, including metal sulfide complexes, were included.
The input concentrations were the concentrations in the stan-
dard medium used. The mass balances and reaction equations
were solved iteratively by using the Newton-Raphson method.
Most of the equilibrium constants were obtained from refer-
ence 24; the metal sulfide complex constants were obtained
from reference 15.

Scanning electron microscopy observations showed that the
predominant bacteria in the sludge were Methanosarcina type
bacteria. This was confirmed by assessing the main metabolic
route of methanol degradation. The results indicated that
methanol was converted via direct methanogenesis and that
methane formation through acetate or H,-CO, did not play an
important role.

The kinetics of methanogenesis from methanol in the sludge
were characterized by the following three phases: (i) an expo-
nentially increasing rate (phase I), (ii) a temporary decrease in
the rate (phase II), and (iii) an additional arithmetic increase
in the rate (phase III) (Fig. 1). A possible explanation for the
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decrease in the rate was that the biomass was micronutrient
limited. Hence, experiments with different Co and Ni additions
were performed.

Either Ni or Co was added at a concentrations of 0, 4, 40,
and 400 n.M, while the other metal was added at a concentra-
tion of 40 wM. All of the curves showed that there was a
decrease in the methane production rate after approximately
40 h (Fig. 2A and B). However, as the concentration of Co
increased, the size of the temporary decrease in the methane
production rate decreased and the slope of the arithmetic
increase became greater (Fig. 2A). On the other hand, nickel
concentrations of 4 and 40 pM increased the methane produc-
tion rate during phase I (Fig. 2B). Furthermore, it seemed that
nickel affected phase I most, whereas cobalt affected phase III
most. However, in contrast to the cobalt experiments, addition
of 400 uM nickel was inhibitory.

Additions containing Ni plus Co were also tested. These
micronutrients were simultaneously added at concentrations of
0, 1, 4, and 40 uM each. As in the previous experiments, the
metals were added 24 h prior to inoculation. The results (Fig.
2C) clearly demonstrated that metal bioavailability was limited
since as the amount of metal increased, the exponential growth
during phase I increased, the temporary decrease in phase II
was less pronounced, and the arithmetic rate of increase during
phase IIT was faster. However, the observed limitations were
not completely eliminated even with metals concentrations as
high as 40 uM Ni and 40 pM Co. Therefore, continuous
addition of the metals was studied to see whether micronutri-
ent limitations could be overcome.

Co and Ni were added continuously at rates of 0, 0.05, 0.2,
and 2 pmol h™'; hence, the concentrations in the reactor after
50 h of addition or an 80-h experimental period (the first doses
were added after 30 h) were 0, 1, 4, and 40 pM, respectively.
The results of this test are shown in Fig. 2D.

Doses of 0.05 and 0.2 wmol h™* (1 and 4 pM, respectively)
seemed to eliminate limitations, and the previously observed
decrease in the methane production rate during phase II was
not observed in these experiments. Also, the period of expo-
nential increases in the methane production rate was extended.
However, a dose of 2 pmol h™' (40 pM) appeared to be
inhibitory.

Rate curves having the shape shown in Fig. 1 and 2A to C
can reflect either (i) limitations due to substrate or nutrient
depletion or (ii) production of a toxic compound. The tempo-
rary decrease in the methane production rate could not be
attributed to substrate limitations since in all cases the meth-
anol concentration at 40 h was more than 3,000 mg of COD
liter~! and the reported apparent substrate affinity coefficient
(K,) for methylotrophic methanogens was 12 mg of COD li-
ter ' (6). Possible limitations due to the production of form-
aldehyde, which is a toxic compound and an intermediate (at
the oxidation level) during the oxidation of methanol (10),
were not detected. Furthermore, the limitations could not be
attributed to macronutrient limitations since in separate ex-
periments performed with different amounts of macronutrients
the methane production rate was not affected (data not
shown).

Spiked addition of metals. The results of this work clearly
show that the biomass was nickel and cobalt limited. Two main
theoretical aspects should be considered in order to under-
stand the limitations observed. (i) Assuming that Methanosar-
cina barkeri Fusaro cells grown on methanol contained 0.135
and 0.06 mg of Ni and Co per g of cells, respectively (18), and
that the yield was 0.088 g of cells/g of methanol COD (23),
then 2 uM Ni and 0.89 uM Co would be required for conver-
sion of the 10 g of methanol COD liter ' added in the exper-
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FIG. 2. Methane production rate curves obtained with methanol. (A) Different initial Co concentrations. In all cases Ni was added at a concentration of 40 pM.
(B) Different initial Ni concentrations. In all cases Co was added at a concentration of 40 pM. (C) Different Ni and Co concentrations added simultaneously. (D)
Continuous addition of Ni and Co during methanol degradation. Different rates of addition were tested. The arrow indicates when the metals were first added. The
rates at which the metals were added were 0 pmol h™! (line a), 0.05 pmol h™! (line b), 0.2 pmol h™! (line ¢), and 2 wmol h™! (line d).

iments (Table 1). According to this reasoning, addition of
more than 2 uM metal should fulfill the nutrient requirements.
However, as the spiked dose experiments showed, this was not
the case, and the metals added (>2 wM) seemed to be not
available for biomass since limitations were still observed. (ii)
If it is assumed that there is chemical equilibrium, then the
following trends can be expected: the calculated concentra-
tions of free Ni and Co should increase sharply only when the
initial dose of Ni and the initial dose of Co are more than 100
M, corresponding to the moment that the amount of sulfide
added becomes limiting for precipitation reactions (Fig. 3).
Although metal sulfide complexes may be important soluble

TABLE 1. Calculated Ni and Co requirements for degradation of
10 g of methanol COD

Amt
Conen in Yield Amt required in Amt
Metal  cells (mg/ (pmol of  required phase I required
¢ lls)g metal/g (pmol/g (nmol/3 to (nmol/10 g
Ol celis of cells)  of COD) 6 g of of COD)
COD)*
Ni 0.135 23 0.2° 0.6-1.2 2
Co 0.06 1.02 0.089” 0.27-0.5 0.89
Ni 0.1059¢ 0.3-0.6 1.059
Co 0.084¢ 0.25-0.5 0.84

“ In general, during phase I approximately 3 to 6 g of COD methanol per g of
cells is consumed.

? Value calculated by using the cell metal composition reported by Scherer et
al. (18) and by assuming that the yield was 4.23 g of cells/mol of methanol (0.088
g of cells/g of COD), as described by Silveira et al. (22).

¢ Experimental value reported by Nishio et al. (17).

species at pH values greater than 7 (15), at metal concentra-
tions below 100 wM the concentrations of dissolved metals that
occur as (i) free metals (M?™), as well as and the concentra-
tions of (ii) free metal plus sulfide complexes (MHS*), should
be less than 0.01 and 0.05 uM, respectively (Fig. 3). If disso-
lution of the precipitated metals were negligible, these concen-
trations of dissolved metals would not fulfill the nutrient re-
quirements, as indicated in Table 1. Therefore, we concluded
that metal shortage must have been compensated for by dis-
solution of precipitated metal sulfides.

Based on these considerations, the general trend in the
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FIG. 3. Calculated equilibrium dissolved metal concentrations with different
initial doses of Ni and Co.
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methane production rate (Fig. 1) can be explained as follows.
During the first 30 to 40 h of the process (phase I), readily
dissolved precipitates provide the required nutrients, which
results in an exponential increase in the methane production
rate of the methylotrophic population. However, if the metal
uptake rate is higher than the rate of dissolution, then metal-
limited conditions for the bacteria prevail. This situation oc-
curred during phase III, when the growth rate increased
arithmetically; this increase was determined by the rate of
dissolution of metal sulfides. The temporary decrease in the
methane production rate (phase II) may have been due to
severe metal limitation that was even greater than that in phase
II1, suggesting that in addition to bacterial growth the specific
methane conversion rate is affected by limiting concentrations
of Co and/or Ni. It should be noted that different types of
precipitates of the same metal can be present in a system
(some compounds dissolve faster than others) and that the
dissolution rate of a specific metal sulfide may not be constant
since it depends on the total surface area.

Continuous addition of metals. Nutrient limitations can be
overcome if the essential metals are added continuously at a
proper rate so that their availabilities in solution can fulfill the
requirement for biomass activity and growth. The results ob-
tained in the continuous addition experiments clearly show this
effect and thus indicate the importance of the dissolution rate
kinetics of metal sulfide precipitates in anaerobic digestion
processes.

When the metals were added continuously at a rates of 0.05
to 0.2 wmol h™!, the temporary decrease in the methane pro-
duction rate was eliminated and the period of exponential
production was extended (Fig. 2D). These rates of addition
corresponded to metal concentrations of 1 to 4 uM and agree
well with the calculated metal requirements based on the bio-
mass yield and Ni and Co contents of biomass (Table 1) for
Methanosarcina spp. grown on methanol. Other studies have
also shown that when essential nutrients are added continu-
ously in fed batch systems, the period of exponential growth of
M. barkeri is drastically extended compared to a system in
which nutrients are added in one dose (17). Thus, when the
amount of substrate is not limiting, metal dissolution might
become the rate-limiting step.

Practical implications. During operation of a continuous
reactor, less metal may be required than the amount required
in a batch system, because more biological ligands may be
produced (3, 13, 14) and because continuous addition of nu-
trients ensures free metal availability for biomass uptake. In
practice, in view of the clear evidence that supplying metal
enhances the treatment of several effluents, there is a tendency
to add nutrients in excessive amounts. This could lead to in-
hibitory effects on the biomass and/or to metal accumulation in
the sludge. Hence, in order to determine a more rational way
to add essential metals, studies to understand the process ki-
netics of precipitation and dissolution in anaerobic systems in
combination with the kinetics of nutrient uptake by the micro-
organisms are necessary. In this paper we show that a rational
supply of metals can be achieved, which in turn may open the
possibility of either enhancing or diminishing the production of
biomass depending on the treatment and remediation needs.

On-line CH, monitoring. With on-line measurements of
methane production very detailed kinetic information can be
obtained. To our knowledge, there are no previous reports of
kinetic data being analyzed by on-line measurement of the
CH, production rate. Furthermore, the informative value of
the results can be maximized when rate-time curves are plotted
instead of cumulative curves for CH, production.

Accurate rate data can be obtained only by on-line measure-
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ments. The observed decrease and subsequent increase in the
rate (Fig. 1, phase II) would have been overlooked with cumu-
lative plots or may have been treated as an analytical error.

Finally, although kinetic data are commonly assessed by
assuming that only carbon is limited, discrepancies in previ-
ously reported kinetic constants could be due to nutrient lim-
itations in batch experiments, as shown in this study. This
suggests that straightforward comparisons of previously pub-
lished kinetic parameter data are not possible.
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