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Abstract The effect of nickel deprivation from the
influent of a mesophilic (30°C) methanol fed upflow
anaerobic sludge bed (UASB) reactor was investigated
by coupling the reactor performance to the evolution
of the Methanosarcina population of the bioreactor
sludge. The reactor was operated at pH 7.0 and an
organic loading rate (OLR) of 5-15 g COD 1" day ™'
for 191 days. A clear limitation of the specific
methanogenic activity (SMA) on methanol due to the
absence of nickel was observed after 129 days of
bioreactor operation: the SMA of the sludge in
medium with the complete trace metal solution except
nickel amounted to 1.164 (£0.167) g CH4-COD g
VSS~! day™' compared to 2.027 (+0.111) g CH,-
COD g VSS™! day™' in a medium with the complete
(including nickel) trace metal solution. The methanol
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removal efficiency during these 129 days was 99%, no
volatile fatty acid (VFA) accumulation was observed
and the size of the Methanosarcina population
increased compared to the seed sludge. Continuation
of the UASB reactor operation with the nickel limited
sludge lead to incomplete methanol removal, and thus
methanol accumulation in the reactor effluent from
day 142 onwards. This methanol accumulation subse-
quently induced an increase of the acetogenic activity
in the UASB reactor on day 160. On day 165, 77% of
the methanol fed to the system was converted to
acetate and the Methanosarcina population size had
substantially decreased. Inclusion of 0.5 uM Ni (dosed
as NiCl,) to the influent from day 165 onwards lead to
the recovery of the methanol removal efficiency to
99% without VFA accumulation within 2 days of
bioreactor operation.

Keywords FISH - Methanogenic activity -
Methanol - Nickel - Trace metal limitation -
UASB reactor

Introduction

Biological wastewater treatment processes require
both macronutrients (Goodwin et al. 1990) and
micronutrients for bacterial metabolism, growth and
activity (Florencio et al. 1994; Cook and Shiemke
1996; Mulrooney and Hausinger 2003). The optimal
operation of upflow anaerobic sludge bed (UASB)
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Fig. 1 (A) Main pathways (A)
in methanogenic methanol
removal and (B) Enzymes
involved in methanogenesis
from methanol.
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reactors and similar anaerobic wastewater treatment
systems highly depends on the presence of metal ions
in the influent wastewater (Speece et al. 1983;
Oleszkiewicz and Sharma 1990; Singh et al. 1999).
Methanolic wastewater is commonly treated at full-
scale in UASB reactors (Weijma 2001). Methanol is
an important constituent of wastewater generated in
the petrochemical industry and in the widely used
“kraft” process for wood pulping in the paper
industry.

Methanogenic Archaea use several pathways to
reduce the various carbon substrates involved in
methanol degradation (methanol, acetate, and CO,/H,)
(Fig. 1A), but each pathway converges to the com-
mon intermediate methyl-S-CoM (Thauer 1998).
Methyl-S-CoM and coenzyme B are the substrates
of methyl-S-CoM reductase, whereas methane and
heterodisulfide are its products (Bobik et al. 1987;
Ellermann et al. 1988) (Fig. 1B).

Depletion of cobalt (Zandvoort et al. 2006a) has
been shown to induce methanol accumulation, and,
later, acidification, of methanol-fed UASB reactors
(Fermoso et al. 2008). This is due to the key role of
cobalt in the direct conversion of methanol to
methane, as it forms the metallocenter of corrinoid
compounds that catalyze the methyl transfer from
methanol to methyl-S-CoM (Thauer 1998; Fermoso
et al. 2008). Similarly, nickel plays also a key role in
the methanogenic conversion of methanol: one mol
of methyl-S-CoM reductase contains 2 mol of tightly,
but not covalently, bound coenzyme F3¢ (Ellefson
et al. 1982). Fy43¢ is a nickel porphinoid (Fig. 2). In
addition, many hydrogenase enzymes involved in
hydrogen formation possess nickel (Deppenmeier
et al. 1992; Kemner and Zeikus 1994). For example,
carbon monoxide dehydrogenase (CODH), which
possesses two nickel-containing metallocentres, is
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Fig. 2 Structure of coenzyme Fus in the Ni** oxidation state.
From Thauer (1998)

present in both acetoclastic methanogens and aceto-
genic microorganisms (Hausinger 1987). In medium
rate methanol-fed UASB reactors (organic loading
rate (OLR) of 7.5 ¢ COD 17! day™"), omission of
nickel from the influent indeed induced a nutrient
(nickel) limitation of the methanol conversion by the
granular sludge (Zandvoort et al. 2002b).

The granular sludge present in UASB reactors
consists of dense conglomerates of biomass. The
bioavailability of a metal in a sludge granule depends
on the chemical speciation of the metal and physical
processes within the granular matrix, e.g., adsorption
and precipitation. In studies on metal bioavailability
in complex biological systems as a UASB granule, it
is usually assumed that the metal bioavailability is
correlated to the free metal ion concentration in the
liquid phase (Weng et al. 2005).
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This study aims to evaluate the effect of nickel
deprivation on the performance of a high-rate metha-
nol-fed UASB reactor (OLR: 15 g COD 17" day ™).
Specifically, it was investigated whether the mecha-
nism of nickel deprivation during high rate methanol
conversion is similar to the outline for cobalt depriva-
tion (Fermoso et al. 2008) resulting in acidification of
the UASB reactor (Fig. 3) or if it follows the
outline proposed by Zandvoort et al. (2002b), where
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Fig. 3 Proposed outline of the mechanism of induction of
nickel limitation in methanol-fed UASB reactors. (1) Methy-
lotropihic methanogenesis, (2) acetogenesis, (3) acetotrophic
methanogenesis

long-term operation of medium rate UASB reactors
without nickel in the influent appeared to induce a
nickel independent methanol degradation route. The
fate and removal efficiency of methanol, along with
the metal content of the UASB sludge were moni-
tored as a function of time. The metabolic properties,
specific methanogenic activity (SMA), the abun-
dance of the key organism Methanosarcina and
possible nickel limitation of the sludge that devel-
oped in the UASB reactor were characterized. The
effect of nickel speciation on the uptake and activity
of nickel-limited anaerobic granular sludge was
studied as well.

Materials and methods
Source of biomass

Methanogenic granular sludge was obtained from a
full-scale UASB reactor treating paper mill waste-
water (pH 7.0, 30°C) at industriewater Eerbeek
(Eerbeek, The Netherlands), described in detail by
Zandvoort et al. (2006b).

Medium composition

The reactor was fed with a basal medium as synthetic
watewater, consisting of methanol, macronutrients,
and a trace metal solution (Table 1). The inorganic
macronutrients contained (mg l_lbasal medium): NH4CI
(280), K,HPO, (250), MgS0O4-7H,0O (100), and
CaCl,-2H,0 (10). To ensure pH stability, 2.52 g

Table 1 Composition of the trace metal solution supplied to
influent and activity test media

Compound Metal Conc. [uM]
Fe Cl, - 4H,0 Fe (II) 5

CuCl, - 2H,0 Cu (II) 0.5

ZnCl, Zn (II) 0.5

MnCl, - 4H,0 Mn (1) 0.5

NiCl, - 6H,0* Ni (D 0.5
(NH4)sMo070,4 - 4H,0 Mo(VI) 0.5
Na,SeO, - SH,0 Se (VI) 0.5
Na,WoO, - 2H,0 Wo (VI) 0.5

CoCl, 6H,0O Co (II) 0.5

* Added from operation day 165 to the influent
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(30 mM) of NaHCO; was added per liter of basal
medium. To avoid precipitation in the storage vessels
prior to reactor feeding, the UASB influent was
composed of three streams: (1) macronutrients and
trace metal solution without K,HPO, and NaHCOs,
(2) methanol with NaHCO3; and K,HPO, and (3)
dilution water. Tap water was used to prepare the
influent and as dilution water.

UASB reactor operation

The experiment was performed in a Plexiglas cylin-
drical UASB reactor with a working volume of
7.25 L and an inner diameter of 0.1 m. The reactor
was operated at 30 (£2)°C in a temperature-con-
trolled room. The UASB reactors were inoculated
with 8.02 g VSS 1™ ,ctor and operated at a hydraulic
retention time (HRT) of 8 h. The conical bottom of
the reactors was filled with glass marbles (1 cm
diameter) to evenly distribute the influent over the
sludge bed. Peristaltic pumps (type 505S, Watson and
Marlow, Falmouth, UK) were employed for influent
flow, whereas no effluent recycle was applied. The
superficial liquid upflow velocity was 0.1 m h™".

The produced biogas was led through a water lock
filled with a concentrated NaOH (15%) solution in
order to remove CO, and H,S. The volume of the
produced methane was measured with a wet gas
meter (Schlumberger Industries Dordrecht, The
Netherlands).

The reactor run was divided into three periods.
Period I [(PI), days 0-137] focused on methanogen-
esis from methanol under nickel limiting conditions.
On day 137, 65% of the sludge bed (calculated based
on bed height) was removed from the reactor to
perform kinetic studies with the nickel-limited metha-
nogenic sludge. Period II [(PII), days 137-165)]
focused on methylotrophic acetogenesis under nickel-
limited conditions. Period III (PII), days 165-191]
focused on the potential recovery of methylotrophic
methanogenesis by the continuous addition of nickel
0.5 uM Ni?* as NiCl,) to the bioreactor influent.

Specific methanogenic activity assays

The SMA of the sludge that developed in the reactor
was determined in duplicate at 30 (£2)°C using
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on-line gas production measurements as described by
Zandvoort et al. (2002a). Briefly, ~1 g (wet weight)
of granular sludge was transferred to serum bottles
(0.12 L) containing 0.05 L of basal medium with the
same composition as the reactor basal medium, but
which was supplemented with methanol (4 g COD 1™
1 or acetate (2 g COD 17" as the substrate. The data
were plotted in a rate versus time curve, using
moving average trend lines with an interval of ten
data points.

The SMA with methanol as the substrate was
determined on days 22, 35, 45, 64, 82, 95, 110, 129,
and 137, and with acetate on days 129 and 168. The
effect of different metal concentrations in the test
medium was also studied for the different sludge
samples. Sludge samples for SMA were always taken
from the same place (the mid-height) in the sludge
bed.

Metal uptake kinetics

The apparent affinity constant (K]) and maximum
specific methanogenic activity (SMA,.x) with meth-
anol for NiCl, and NiIEDTA?~ were determined with
nickel-deprived granular sludge harvested from the
UASB reactor on day 137. The evolution of the
methanol and dissolved nickel concentration as well
as pressure increase during methanogenic methanol
degradation upon addition of NiCl, or NiEDTA?~
(0.5 uM) were monitored. The K/, and SMA ,,x were
calculated using Michaelis-Menten kinetics, follow-
ing SMA assays with different initial nickel
concentrations. The free nickel concentration in the
liquid media was calculated by equilibrium specia-
tion modeling (MINTEQA?2).

Fluorescent in situ hybridization

The microbial population present in the anaerobic
granules was studied by fluorescent in sifu hybrid-
ization (FISH) as described by Fermoso et al.
(2008). Granules were fixed in 4% (w/v) parafor-
maldehyde in phosphate buffered saline (PBS;
130 mmol 1! sodium chloride and 10 mmol 1™
sodium phosphate [pH 7.2]) at 4°C for 6 h, and
cross-sections (thickness, 16 um; &, 0.5-1.5 mm)
were prepared as described previously (Sekiguchi
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et al. 1999). FISH was performed as described by
Schramm et al. (1998) using a Cy3-labeled 16S
rRNA-targeted oligonucleotide probe (Biomers.net,
Germany), Sarci551 (Sorensen et al. 1997), specific
for Methanosarcina. The stringency in the hybridi-
zation buffer used was achieved by adding
formamide to a final concentration (v/v) of 20%.
The Non338 probe (Wallner et al. 1993) was used
as a negative control, whereas pure cultures of
Methanosarcina barkeri were used to positively
control the Sarci551 probe. Specimens were viewed
using a Nikon E600 epifluorescent microscope
equipped with a 100 W mercury bulb and a Cy3
filter set. The abundance of Methanosarcina was
determined as the fraction of the total area of
respective granule sections.

Metal composition of the sludge

The total metal content of the sludge was determined
after destruction with Agua regia (mixture of 2.5 ml
65% HNO; and 7.5 ml 37% HCI) added to ~1 g
(wet weight) of granular sludge samples. After
microwave destruction (Milestone ETHOS E tem-
perate controlled; Milestone INC., Monroe, CT,
USA), the samples were paper-filtered (Schleider
Schuell 589, Germany) and diluted to 0.1 L with
demineralised water. The total metal concentration
was determined by Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES; Varian,
Australia) as described by van Hullebusch et al.
(2005).

Ultra-pure water (Milli-Ro System, Millipore,
Bedford, MA, USA) was used to prepare standard
solutions of all reagents, which were of suprapur
quality (Merck, Darmstadt, Germany) and were
checked for possible trace metal contamination. All
glassware and plastic material used was treated for
12 h with 10% (v/v) HNOj and rinsed vigorously
with demineralized water.

Chemical analyses

Methanol and volatile fatty acid (VFA) were deter-
mined using gas liquid chromatography as described by
Fermoso et al. (2008). The total suspended solids (TSS)
and volatile suspended solids (VSS) concentrations

were determined according to Standard Methods
(APHA/AWWA 1998). All chemicals were of analyt-
ical or biological grade and purchased from E. Merck
AG (Darmstadt, Germany).

Results
Reactor operation

After a start-up period of 12 days, methanol was fully
converted to methane in the UASB reactor (Fig. 4).
The OLR was increased twice during PI, first from 5 to
10 g COD 17! day ™' on day 64 and then from 10 to
15 g COD 17" day ™' on day 113, without resulting in
methanol or VFA accumulation in the effluent (Fig. 4).
The methanol effluent concentration started to accu-
mulate on day 130, reaching a maximum value of
1,380 mg COD-MeOH 17! on day 133, corresponding
to 31% of the influent methanol concentration
(4,500 mg COD-MeOH 17"). On day 137, the applied
OLR was reduced from 15 to 5 g COD 17! day ™' in
order to avoid overloading of the reactor due to the
sludge removal to perform kinetic studies on the
reactor sludge. Methanol was completely removed
without any VFA accumulation from day 137 (PII)
until day 142. From day 142 onwards, however,
methanol accumulation was observed in the UASB
reactor, reaching 819 mg COD-MeOH 17! by day 147.
From day 149, the concentration of accumulated
methanol decreased. This was accompanied by an
increase in the VFA concentration, mainly acetate
(around 86%). On day 163, VFA effluent concentra-
tions reached a maximum of 1,150 mg COD-VFA 171,
corresponding to 95% of the influent methanol being
converted to VFA.

Methanol was fully removed from the wastewater
by the UASB reactor from day 155 (prior to the
nickel additions) onwards, but mainly converted to
VFA (Fig. 4A). The continuous addition of 0.5 uM
Ni** as NiCl, to the influent from day 165 onwards
(PIII) resulted in an immediate reduction in the
effluent VFA concentration. From day 172 (7 days
after the initiation of nickel supplementation) until
the end of the experiment (day 191), the methanol
was fully removed without any VFA accumulation.
In fact, no VFA were detected in the effluent anymore
after day 172.
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Fig. 4 Evolution of the 5000
reactor performance with 4500 { (A)
time. (A) Calculated
influent methanol (- - -),
measured influent methanol
(0O), effluent methanol (M),
and effluent VFA (A)
concentrations. (B) Total
VFA (A), acetate (x),
propionate (e), butyrate (),
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Evolution of SMA over time

A slight nickel limitation of methylotrophic metha-
nogenesis was observed in the beginning of the
reactor operation. The SMA on methanol in a
medium with the complete metal solution was 6.5%
(day 22) and 17% (day 35) higher than in a medium
with the complete metal solution except nickel
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(Fig. 5). On day 45, the SMA on methanol was
double compared to day 35 for all the trace metal
solutions tested (Table 2), which likely can be
attributed to adaptation of the sludge to methanol.
Similar SMA values to those on day 45 were
measured on day 64 for all the different trace metal
solutions tested (Table 2). On day 82, a 37% higher
SMA on methanol was achieved in a medium with
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Fig. 5 Evolution of the specific methanogenic activity (mg
CH4-COD g VSS™' d™') with methanol as the substrate as a
function of time and trace metal content of the medium. No
metal addition (A), addition of complete trace metal solution
except nickel (), addition of complete trace metal solution
(#), and addition of nickel alone (H). Note that at operation
day 165, the UASB reactor was completely acidified and no
activity on methanol was measured

complete metal solution compared to a medium with
complete metal solution except nickel. Similar SMA
values were measured on day 82 and on day 95 for all
the trace metal solutions tested (Table 2). On day
110, the SMA on methanol increased with around
25% compared to day 95 for all the different trace
metal solutions tested, suggesting a further adaptation
of the sludge to methanol (Table 2).

On day 129, which was 1 day before the methanol
accumulation was observed, the SMA on methanol had
decreased to 1.164 g CH4-COD g VSS™' day ™' in a
medium containing the complete trace metal solution
except nickel, corresponding to a 31% reduction in
SMA compared to day 110 for the same test medium.
However, in a medium containing a complete metal
solution, the SMA on methanol on day 129 increased to
2.027 g CH4-COD g VSS™! day ™', corresponding to

a 9% higher SMA than on day 110 for the same test
medium. No methanogenic activity on acetate was
observed either on day 129 or on day 168.

Metal concentration in the sludge

Distinct differences in the retention of cobalt, zinc
and copper were observed during the entire experi-
ment, even when these metals were dosed at the same
concentration (Table 1). After 60 days of UASB
reactor operation at pH 7.2 (Fig. 4D), the cobalt and
copper concentrations in the sludge had increased by
about 2.5 and 4.5 times, respectively. From day 60 to
110, the cobalt concentration slightly decreased,
while the copper concentration increased about seven
times compared to the initial concentration in the
seed sludge. The nickel and zinc concentrations in the
sludge were stable over time during the first 110 days
of operation, whereas, the iron concentration halved
over the same period (Fig. 6, Table 3).

A decrease in concentration of all the measured
metals occurred between day 110 and 134, at the same
time that methanol accumulated and a small pH drop
(from 7.25 on day 110 to 6.90 on day 134) occurred
(Fig. 4D). The cobalt and nickel concentration on day
134 was about three times lower than the concentration
on day 110. In the same period, the zinc and iron
concentration decreased by 50%, while the copper
concentration decreased with only 20% (Fig. 6, Table 3).

During acetate accumulation (PII, days 134-169),
the cobalt, copper, and zinc content of the sludge

Table 2 Evolution of the specific methanogenic activity (g CH4-COD g VA day’l) with methanol as the substrate as a function

of time and trace metal content of the medium

Day of Maximum specific methanogenic activity [g CH4-COD g vSs~! day_l]
operation -

No metals Complete trace metal Complete trace Nickel solely

solution except nickel metal solution

22 0.45 0.503 £ 0.03 0.537 0.593
35 0.494 0.527 £+ 0.010 0.636 £ 0.006 0.696 £ 0.013
45 0.902 £ 0.035 0.973 £+ 0.048 1.059 £ 0.022 1.207 £ 0.008
64 0.951 £+ 0.031 1.026 £ 0.081 1.270 £+ 0.026 1.125 £+ 0.049
82 1.047 £ 0.043 1.021 £+ 0.023 1.399 £ 0.135 1.298
95 1.291 £ 0.223 1.222 + 0.028 1.463 £ 0.093 1.544 + 0.158
110 1.652 + 0.149 1.679 £+ 0.104 1.852 £ 0.055 1.851
129 1.225 £ 0.121 1.164 £ 0.167 2.027 £ 0.111 1.959 £ 0.158
137 n.d. 1.154 £ 0.094 2.085 n.d.

n.d.: not determined
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Fig. 6 Evolution of the normalized metal concentration in the
sludge as function of reactor operation. (A) Nickel (A), cobalt
(M), zinc (#), and iron (e). (B) Copper (X)

Table 3 Evolution of the metal concentration (ug g TSS™") in
the sludge as a function of time

Day Ni Co Cu Zn Fe

0 43 35 156 219 27,119
22 44 51 343 229 30,556
35 41 58 516 248 29,950
59 43 84 757 253 20,185
64 39 78 705 230 18,477
110 39 66 1,135 257 12,262
134 14 25 930 127 5,534
169 6 29 1,016 163 3,914
191 12 38 614 152 2,778

increased slightly. In the same period, the nickel and
iron concentration slightly decreased. The nickel
concentration in the sludge doubled between days
169 (1 day after initiation of continuous nickel
addition) and 191 (conclusion of the trial).

Evolution of key microbial population
Genus-specific hybridizations with the Sarci551 probe
revealed a temporal evolution of the Methanosarcina

populations in the reactor. In the seed sludge,
Sarci551-positive cells were typically observed in
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densely packed clusters (Fig. 7A). The distribution
pattern of Methanosarcina cells in the granules was
dynamic during the start-up period, and more dis-
persed cells were observed on day 35 (Fig. 7B) than in
the seed sludge. However, the relative abundance of
hybridized cells appeared constant and was similar on
day 35 compared to the seed sludge.

An increased abundance of Sarci551-positive cells
was detected in the biomass by day 110 (Fig. 7C).
Sarci551-positive cells were typically observed in
loosely packed clusters by day 110, but they were less
dispersed than on day 35. A reduction in the number of
Sarci551-positive cells was evident by day 168, with
fewer cells, which were more dispersed, rather than in
clusters, and which, interestingly, were concentrated
around the periphery of the sections (Fig. 7D). The
relative abundance of hybridized cells on day 191
(Fig. 7E) was similar to day 168 (Fig. 7D). However,
specimens examined on day 191 indicated that the
Sarci551 cells were mainly packed in clusters or
microcolonies of cells, also mainly located in the
periphery of the granule cross sections.

Kinetic parameters of the nickel-limited granular
sludge

The SMA,,,.x of the sludge in the medium containing
NiEDTA?™ (2.62 g CH,-COD g VSS™! day™') was
20% higher than the medium with NiCl, (3.08 g
CH,-COD g VSS™' day™'). The K/, values of the
UASB granules show that the nickel concentration
required to overcome the limitation on nickel is low:
0.16 and 0.18 pM of Ni** for NiCl, and NiEDTA?",
respectively (Fig. 8A). This corresponds to a free
nickel concentration in the liquid medium of, respec-
tively, 2 x 10 and 1 x 1077 puM of Ni** for NiCl,
and NiEDTA®".

The evolution of the dissolved nickel concentration
during a methanogenic activity test was different when
nickel was dosed as NIEDTA*~ (Fig. 8B) or as NiCl,
(Fig. 8C). Already 10 h after of the start of the
experiment, the dissolved nickel concentration when
nickel was added as NiCl, was only 20% of the total
added nickel, whereas 105% of the total added nickel
was presented as dissolved nickel when it was added as
NiEDTA?". The dissolved nickel in the experiments
decreased during the period with methylotrophic
methanogenic activity at a rate of about 1.6 nM h™"
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Fig. 7 In situ hybridizations of anaerobic granule sections with the Sarci551 probe illustrating the evolution of the Methanosarcina
populations as a function of time. (A) Seed sludge, (B) day 35, (C) day 110, (D) day 168 and (E) day 191. Scale bar: 100 pm
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and about 5 nM h™! for, respectively, NiCl, and
NiEDTA?". After the activity had finished and
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(Fig. 8B). Interestingly, a slow nickel re-dissolution
took place at a rate of about 0.3 nM h™' in the
experiment with NiCl, upon completion of the meth-
ane production (Fig. 8C).
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Discussion
Methanogenesis under nickel-limiting conditions

This study shows that lack of nickel in the influent
reduces the methanol removal efficiency of metha-
nol-fed anaerobic granular sludge bioreactors, and,
ultimately, leads to reactor acidification. Under non-
limiting conditions, methylothrophic methanogens,
such as Methanosarcina (Florencio et al. 1995), are
the predominant methanol-degrading population in
mesophilic methanol-fed anaerobic granular sludge
bioreactors. In the present study, nickel depletion led
to a reduced SMA on methanol (Fig. 5) and, conse-
quently, to methanol accumulation in the effluent
after 140 days of operation (Fig. 4). Moreover, the
nickel limitation occurred in a similar way as for
cobalt shown by Fermoso et al. (2008), according to
the algorithm presented in Fig. 3. Apparently, the
shorter operation time and the higher OLR applied in
this study did not allow the induction of a nickel
independent pathway, as proposed by Zandvoort
et al. (2002b). The time period required to achieve
nickel limitation, as also observed by Zandvoort et al.
(2002b), is much longer compared to that required for
cobalt: at an OLR of 5g COD 17" day™', cobalt
limitation is achieved in 15 days (Fermoso et al.
2008).

In the present study, the SMA on methanol in the
absence of nickel on day 110 was similar to the SMA in
the presence of nickel and three times higher than the
SMA on methanol in the absence of nickel on day 35
(Table 2). FISH data provided an ecological basis for
this three times higher SMA: the abundance of
Methanosarcina cells on day 110 was higher than in
the seed sludge and on day 35 (Fig. 7B, C). The same
increase in Methanosarcina cell number over time was
also found in a stable methanogenic methanol-fed
UASB (pH 7, 30°C, 5 g COD 1! day™") (Fermoso
et al. 2008). The increased SMA during PI is most
likely due to biomass adaptation to the substrate, as
evidenced by the increase in activity (Table 2) and
Methanosarcina abundance (Fig. 7).

Kida et al. (2001) observed that the methanogenic
activity with acetate as the substrate (pH 7, 37°C), as
well as F430 and corrinoid concentrations in metha-
nogenic mesophilic biomass from a sewage treatment
plant decreased with decreasing amounts of Ni** and
Co®* added. The omission of nickel might thus result
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in a reduced amount of coenzyme Fy43p, thereby
decreasing the SMA of the sludge. In the present
study, the reduced SMA in the absence of nickel was
not observed until day 129. The initial concentration
of nickel in the seed sludge (43 pg g TSS™'; Table 3)
was probably enough to support the enzymatic
activity and synthesis of coenzyme Fy3, for a
considerably long time, even if the Methanosarcina
population increased. Moreover, many organisms
respond to lower metal bioavailability by an
increased synthesis of metals transporters (Sunda
and Huntsman 1998). This type of adaptation to low
nickel concentrations might also have contributed to
the longer time-period before a decrease in methy-
lotrophic activity is observed.

Methanogenesis with different nickel species

Nickel bound to EDTA*" induced a similar K, but
higher SMA,,,.x of the nickel limited sludge with
methanol as the substrate than nickel chloride
(Fig. 8). This disagrees with the assumption that the
free metal species is the bioavailable fraction in a
biofilm system (Worms et al. 2006) as the initial free
nickel concentration in NIEDTA?~ amended medium
is much lower (<0.1%) compared to NiCl, (c.a. 28%)
amended medium. This discrepancy might be due to
the formation of different nickel species in the batch
test medium or granular matrix that alter the metal
bioavailability. Indeed, a lower total dissolved nickel
concentration was measured in the nickel chloride
activity test medium (Fig. 8C). For example, sulfide
ions, which are always present in the granular sludge
(van Hullebusch et al. 2003), may react with the free
nickel ions to form metal sulfides. As the free nickel
concentration is higher with nickel chloride than with
nickel bound to EDTA*™, more nickel sulfide will be
formed in the nickel chloride medium. Osuna et al.
(2004), using a sequential extraction protocol with
the same seed sludge as used in the present study,
showed that nickel is mainly present in the sulfide
fraction. The latter is a strongly bound fraction,
which could make nickel less available for the
methanogens (Jansen et al. 2005). In this way, the
nickel bound to EDTA*™ is less available to nickel
sulfide formation and can thus penetrate the granular
matrix without precipitation. Local and homogeneous
dissociation of nickel bound to EDTA*™ within the
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granule will lead to higher methanogenic activities.
Therefore, the addition of nickel bound to EDTA*~
or other strong ligands to UASB reactors will
facilitate homogeneous distribution of nickel in the
sludge present in the reactor.

The bioavailability of metal species depends on the
species formed. In a medium with sulfide, carbonates,
phosphates, and EDTA*™ as the main metal ligands, it
is more likely that the EDTA*~ determines the nickel
bioavailability, and thus nickel remains mainly dis-
solved (Fig. 8B). However, in a medium with only
sulfide, carbonates, and phosphates, precipitation
determines the nickel bioavailability (Fig. 8C). Fur-
ther research is required to confirm this, measuring
nickel bioavailability with specific techniques, as, e.g.,
by the donnan membrane technique (DMT) or diffu-
sive gradient in thin films (DGT) techniques (Kalis
et al. 20006).

The retention and bioavailability of the different
nickel species in anaerobic reactors should also be
taken into account when the HRT in anaerobic
reactor operation is shorter than the time to reach
physical and chemical equilibrium. This can be done
using techniques that give a better understanding of
the different metal retention mechanisms, e.g., spec-
trophotometric measurement of compounds that
become fluorescent upon metal complexation, as,
e.g., Newport green with nickel (Wuertz et al. 2000).
The latter compound becomes a fluorescent molecule
when bound to nickel. Using this technique, nickel
retention in a biofilm was shown to be not only due to
cellular sorption but also to extracellular binding by
extracellular polymeric substance.

Acetogenesis under nickel-limiting conditions

Once the methanol accumulation surpasses a thres-
hold value (about 18 mM in the present study;
Fig. 4), acetogens outcompeted methanogens for
methanol. This is due to the higher affinity of
acetogens for methanol at high methanol concentra-
tions (Florencio et al. 1995). Methanol accumulation
was followed by acetate accumulation, similar to the
algorithm of cobalt limitation of methanol-fed UASB
reactors (Fermoso et al. 2008), even when nickel and
cobalt are components of different enzymes in the
anaerobic methanol degradation (Fig. 1B). This sug-
gests that even other metals present in the enzyme

system involved in methanol degradation could
follow the same algorithm as well, e.g., iron which
is present in heterodisulfide reductase (Deppenmeier
et al. 1999) or zinc which is present in coenzyme M
methyltransferase (Sauer and Thauer 2000).
Florencio et al. (1995), working with a methanol
fed UASB reactor (pH 7.0 and 30°C), concluded that
even if enough bicarbonate and cobalt are supplied to
the media, significant acetate formation will occur
when the effluent methanol concentration would
exceed 20 mM in case of, e.g., overloading of the
reactor or other metal deficiency. Therefore, mainte-
nance of the SMA high enough to keep the methanol
effluent concentration low is required to maintain
methanol-fed UASB reactors methanogenic.

Reactor recovery by nickel addition

The addition of nickel (0.5 uM) to the influent almost
instantaneously decreased the acidification and recov-
ered the methanol removal efficiency (Fig. 4). The
decreased VFA accumulation and complete methanol
removal in these last days of operation (Fig. 4),
coupled to the lack of acetoclastic methanogenic
activity, indicates that methylothrophic methanogens
recovered their activity upon the nickel addition. The
nickel addition also influenced the Methanosarcina
population dynamics inside the granule: the relative
abundance of Methanosarcina cells did not change,
but after 25 days of nickel addition (day 191) the
Methanosarcina cells were much more packed in
cluster than after 3 days (day 168) of nickel addition.
The aggregation in clusters of methanogens after
nickel addition is similar to that observed after
110 days of reactor operation. The growth of metha-
nogens in clusters seems to be correlated with the
development of the methanogenic population. Simi-
larly, Fermoso et al. (2008) observed abundant
clusters of Methanosarcina cells in a cobalt limited
methanogenic methanol-fed UASB reactor during
stable operation. Also Sekiguchi et al (1999) showed
that methanogenic archaea are mainly present in
clusters in sucrose and VFA fed mesophilic granular
sludge.

In contrast with the methanogenic reactor recovery
upon nickel addition, cobalt addition in a cobalt-
deprived reactor enhanced the acetogenic activity of
the biomass (Fermoso et al. 2008). This different
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behavior is probably due to the high cobalt dependence
(Bainotti and Nishio 2000), but slightly nickel depen-
dence of the enzymatic system of acetogenesis
(Diekert et al. 1981). Thus, in the case of nickel
limitation, dosing nickel can enhance methylotrophic
methanogenic activity, without boosting acetogenesis.

Conclusions

e To maintain a methanol-fed UASB reactor meth-
anogenic requires a SMA high enough to keep the
effluent methanol concentration low.

e Nickel limitation can induce a failure of methanol
fed UASB reactors due to methanol accumulation
and later acidification.

e Continuous addition of a small amount of nickel
(0.5 uM nickel dosed as NiCl,) is enough to
recover the methanogenic activity and overcome
the acidification of the reactor in a few days of
operation.
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