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Abstract The effect of omitting zinc from the influent of

mesophilic (30 �C) methanol fed upflow anaerobic sludge

bed (UASB) reactors, and latter zinc supplementation to

the influent to counteract the deprivation, was investigated

by coupling the UASB reactor performance to the micro-

bial ecology of the bioreactor sludge. Limitation of the

specific methanogenic activity (SMA) on methanol due to

the absence of zinc from the influent developed after

137 days of operation. At that day, the SMA in medium

with a complete trace metal solution except Zn was 3.4 g

CH4-COD g VSS-1 day-1, compared to 4.2 g CH4-COD g

VSS-1 day-1 in a medium with a complete (including

zinc) trace metal solution. The methanol removal capacity

during these 137 days was 99% and no volatile fatty acids

accumulated. Two UASB reactors, inoculated with the

zinc-deprived sludge, were operated to study restoration of

the zinc limitation by zinc supplementation to the biore-

actor influent. In a first reactor, no changes to the

operational conditions were made. This resulted in meth-

anol accumulation in the reactor effluent after 12 days of

operation, which subsequently induced acetogenic activity

5 days after the methanol accumulation started. Methano-

genesis could not be recovered by the continuous addition

of 0.5 lM ZnCl2 to the reactor for 13 days. In the second

reactor, 0.5 lM ZnCl2 was added from its start-up.

Although the reactor stayed 10 days longer methanogeni-

cally than the reactor operated without zinc, methanol

accumulation was observed in this reactor (up to 1.1 g

COD-MeOH L-1) as well. This study shows that zinc

limitation can induce failure of methanol fed UASB reac-

tors due to acidification, which cannot be restored by

resuming the continuous supply of the deprived metal.

Keywords Zinc � Trace metal limitation � Nutrients �
FISH � Methanogenic activity � Methanol � UASB reactor

Introduction

Balanced operation of anaerobic biological treatment pro-

cesses, like the upflow anaerobic sludge bed (UASB)

reactor, highly depends on the presence of sufficient trace

metals to support the growth of the anaerobic microorgan-

isms [1–3]. Trace metal bioavailability affects the overall

functioning of anaerobic treatment systems due to their role

in enzymatic activity, membrane stability, nutrient transport

and energy conservation in methanogenic biomass [4–7].

Figure 1 depicts the algorithm how depletion of granular

sludge by cobalt [8, 9] or nickel [10, 11] induces methanol

accumulation and latter acidification in methanol-fed

UASB reactors. Zinc is another key element in methano-

genesis (Fig. 2) and its potential deprivation from

anaerobic granular sludge has thus far not been investi-

gated. Zinc is involved in coenzyme M activation during

the formation of methyl-coenzyme M [4] (Fig. 2). This

enzyme system from Methanosarcina barkeri is composed
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of two methyltransferases, designated MT1 (methanol:

5-hydroxybenzimidazolylcobamide (B12-HBI) methyl-

transferase) and MT2 (Co-methyl-5-hydroxybenzimidazol-

ylcobamide (CH3-B12-HBI): HS-CoM methyltransferase),

which catalyze the formation of methyl-coenzyme M from

coenzyme M and methanol [12]. MT1 in the cob(I)amide-

reduced form catalyzes methylation with methanol (Fig. 2)

[13]. MT2 is a zinc containing monomeric protein which

catalyzes methyl transfer from methylated MT1 to coen-

zyme M (Fig. 2) [14]. The methylation of coenzyme M to

methyl-coenzyme M is a reaction in which a thiol group is

alkylated, and all enzymes catalyzing alkyl transfers to

thiols are zinc-containing proteins [15, 16]. The postulated

role of zinc in these enzymes is that of a Lewis acid that

activates the thiol groups to be alkylated [17]. In the

methanogenic degradation of other substrates, such as

dimethylsulfoniopropionate [18] or methylamines [19],

enzymatic alkyl transfer reactions are involved as well,

which could thus also be affected upon zinc deprivation.

The aim of this study is to evaluate the effect of long-

term zinc deprivation on the performance of methanol fed

UASB reactors and if the outline found for long-term

cobalt and nickel deprivation (Fig. 1) also applies to zinc.

Moreover, the possible restoration of the activity of the

zinc-deprived sludge by continuous zinc addition to the

influent was investigated as well. Therefore, the UASB

reactor performance was monitored as a function of time.

The metabolic properties and possible zinc deficiencies of

the sludge that developed in the UASB reactor were

characterized by specific methanogenic activity tests. The

microbial population dynamics in the sludge granules were

observed by fluorescent in situ hybridization (FISH).

Materials and methods

Source of biomass

Methanogenic granular sludge was obtained from a full-

scale UASB reactor treating alcohol distillery wastewater

at Nedalco (Bergen op Zoom, The Netherlands). The total

suspended solids (TSS) and volatile suspended solids

(VSS) concentration of the wet sludge were 5.23 (±0.02)%

and 4.93 (±0.03)%, respectively.

Feed composition

The reactors were fed a basal medium consisting of

methanol, macronutrients and a trace metal solution

(Table 1) dissolved in demineralised water. The inorganic

macronutrients contained (in milligrams per litre of basal

medium): NH4Cl (280), K2HPO4 (250), MgSO4�7H2O

(100) and CaCl2�2H2O (10). To ensure pH stability around

7.0, 2.52 g (30 mM) of NaHCO3 was added per litre of

basal medium. To avoid precipitation in the storage ves-

sels, the influent was composed of 3 streams: (1)

macronutrients and trace metal solution without K2HPO4

and NaHCO3, (2) methanol with NaHCO3 and K2HPO4

and (3) dilution water. Demineralised water was used to

prepare the influent and as dilution water.

UASB reactor operation

The experiments were performed using 3.25 L glass

cylindrical UASB reactors as described by Fermoso et al.

[10]. The reactors were operated in a temperature-con-

trolled room at 30 (±2) �C. The reactors were operated at a

hydraulic retention time (HRT) of 12 h and a superficial

liquid upflow velocity of 0.35 m h-1. For the influent and

recycle flow, peristaltic pumps (type 505S, Watson and

Marlow, Falmouth, UK) were used. The produced biogas

was led through a water lock filled with a concentrated
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NaOH (15%) solution in order to remove CO2 and H2S.

The volume of produced methane was measured with a wet

gas meter (Schlumberger Industries, Dordrecht, The

Netherlands).

Experimental design

A UASB reactor (R0) was run during 141 days without

zinc in the influent. R0 was inoculated with 1 L of wet

sludge. R0 contained an initial biomass concentration of

6.38 g VSS LReactor
-1 and was operated at an organic loading

rate (OLR) of 8 g COD L-1 day-1, corresponding to a

specific loading rate (SLR) of 1.25 g COD VSS-1 day-1

based on the initial VSS concentration. On day 22, the

OLR was increased from 8 to 13 g COD L-1 day-1.

Sludge growth was excessive and the sludge bed height

increased by 80% during the 141 days of operation.

The biomass present in R0 after the 141 days of oper-

ation was split in two UASB reactors, both inoculated with

0.9 L wet sludge from R0, corresponding to an initial

biomass concentration of 6.89 g VSS LReactor
-1 . Both reac-

tors were operated at an OLR of 6.5 g COD L-1 day-1

(SLR of 0.94 g COD g VSS-1 day-1 based on initial VSS

concentration). One UASB reactor (R1) was fed without

zinc during 31 days and with 0.5 lM zinc in the influent

from day 31 till the end of the experiment (day 44). The

second UASB reactor (R2) was fed with zinc in the influent

from the start: 0.5 lM zinc during 31 days and 5 lM zinc

from day 31 till the end of the experiment (day 44).

Specific methanogenic activity test

The effect of different metal concentrations in test medium

and the possible zinc limitation of the sludge that devel-

oped in the reactor were investigated by specific

methanogenic activity (SMA) tests. The SMA of the sludge

was determined in duplicate at 30 (±2) �C using on-line

gas production measurements as described by Zandvoort

et al. [20]. Approximately 1 g (wet weight) of granular

sludge was transferred to 120 ml serum bottles containing

50 ml of basal medium with the same composition as the

reactor basal medium, supplemented with methanol (4 g

COD L-1), acetate (2 g COD L-1) or hydrogen (1 g

COD L-1) as the substrate. Data were plotted in a rate

versus time curve, using moving average trend lines with

an interval of 15 data points.

The SMA with methanol as the substrate was deter-

mined on days 50, 69, 91, 111, and 137 for R0, and days

10, 18 and 44 for R1 and R2. The SMA with acetate as the

substrate was determined on days 94 and 113 for R0, day

10 for R1 and day 18 for R2. The SMA with hydrogen was

determined on day 113 for R0. The samples were always

taken from the same place (the mid-height) in the sludge

bed.

FISH

Anaerobic granules from operation days 22, 50, 91, 115,

130 and 135 of R0; 10, 18, 30 and 44 of R1 and 10, 18, 30

and 44 of R2 were fixed in 4% (w/v) paraformaldehyde in

phosphate buffered saline (PBS; 130 mmol L-1 sodium

chloride and 10 mmol L-1 sodium phosphate [pH 7.2]).

Cross-sections (thickness, 16 lm; Ø, 0.5–1.5 mm) were

prepared as described previously by Sekiguchi et al. [21].

FISH was performed as described by Schramm et al. [22]

using Cy5 and Cy3-labeled 16S rRNA-targeted oligonu-

cleotide probes (Biomers.net, Germany): Eub338 [23],

Eury498 [24] and Sarci551 [25], specific for the kingdom

Eubacteria and Euryarchaeota and Methanosarcina genus,

respectively. Hybridization stringencies in the hybridiza-

tion buffer used were achieved by adding formamide. The

Non338 probe [26] was used as a negative control. Speci-

mens were viewed using a Nikon E600 epifluorescent

microscope equipped with a 100 W mercury bulb and a

Cy3 and Cy5 filter set. The abundance of Eubacteria,

Euryarchaeota and Methanosarcina was determined as a

fraction of the total area of respective granule sections by

image analysis with ImageJ software (Rasband, W.S.,

ImageJ, U. S. National Institutes of Health, Bethesda,

Maryland, USA, http://www.rsb.info.nih.gov/ij/, 1997–

2007).

Metal composition of the sludge

The metal composition of the sludge was measured on days

22, 50, 81, 107 and 141 for R0; days 10, 18, 31 and 40 for

R1 and 10, 18 and 40 for R2. The metal composition of the

sludge was determined after destruction with Aqua regia

Table 1 Composition of the trace metal solution added to influent

and activity tests media

Compound Metal Conc. [lM]

Fe Cl2�4H2O Fe (II) 5

CuCl2�2H2O Cu (II) 0.5

ZnCl2 Zn (II) 0.5a/5b

MnCl2�4H2O Mn (II) 0.5

NiCl2�6H2O Ni (II) 0.5

(NH4)6Mo7O24�4H2O Mo (VI) 0.5

Na2SeO4�5H2O Se (VI) 0.5

Na2WO4�2H2O W (VI) 0.5

CoCl2 6H2O Co (II) 0.5

a 0.5 lM added in R1 after 31 days of operation and from the

beginning of R2
b 5 lM added in R2 after 31 days
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(mixture of 2.5 ml 65% HNO3 and 7.5 ml 37% HCl) as

described by Fermoso et al. [10].

Chemical analyses

Methanol and volatile fatty acids (VFA) were determined

using gas liquid chromatography as described by Fermoso

et al. [9]. Total dissolved metal concentrations in the

influent and effluent were determined by ICP-OES (Varian,

Australia) in samples acidified with 0.1 M HNO3. The

samples were centrifuged at 10,000 rpm to remove parti-

cles from the liquid. The total suspended solids (TSS) and

volatile suspended solids (VSS) concentrations were

determined according to Standard Methods [27]. All

chemicals were of analytical or biological grade and pur-

chased from E. Merck AG (Darmstadt, Germany).

Results

Reactor operation

After a start-up period of 10 days, methanol was almost

fully converted to methane during the 141 days of R0

operation, despite some incidental VFA accumulation in

the effluent on day 45, 76 and 135. VFA accumulated

maximally to 0.9 g COD-VFA L-1 and remained at this

level not longer than a couple of days (Fig. 3). On day 22,

the OLR was increased from 8 to 13 g COD L-1 day-1

without accumulation of methanol or VFA in the influent.

The pH was constant (6.86 ± 0.09) during the entire run

(Fig. 3). The sludge bed height increased by 80% during

the 141 days of operation.

The methanol effluent concentration of R1 started to

accumulate on day 10, reaching a maximum value of 3.9 g

COD-MeOH L-1 on day 19, corresponding to 65% of the

influent methanol concentration (Fig. 4). On day 16, VFA

started to accumulate and the pH of the R1 effluent dropped

from 6.8 to 6.0. The VFA concentration reached 1.8 g

COD-VFA L-1 on day 19 and no methane was produced

anymore. The OLR was decreased to 2.5 g COD L-1 day-1

on day 19, resulting in a decrease in the methanol effluent

concentration of R1 up to 0.5 g COD-MeOH L-1. How-

ever, the R1 effluent VFA concentration was stable at 1.8 g

COD-VFA L-1. On day 31, 0.5 lM of zinc was included

in the R1 influent. The methanol accumulation gradually

decreased up to 0.14 g COD-MeOH L-1. However, the

methane production did not recover and all supplied

methanol was converted to VFA (mainly acetate) at the end

of the experiment (day 44).

Complete methanol removal was observed during

16 days of R2 operation (Fig. 5). On day 16, the methanol

effluent concentration started to accumulate to 0.3 g COD-

MeOH L-1 and on day 18, VFA started to accumulate as

well. On day 19, R2 effluent methanol and VFA concen-

trations reached 1.1 g COD-MeOH L-1 and 1.1 g COD-

VFA L-1, respectively, and only 62% of the supplied

methanol was converted to methane. The pH of the R2

effluent dropped from 6.8 (day 16) to 6.2 (day 19). The

OLR was therefore decreased to 2.5 g COD L-1 day-1 on

day 19, resulting in a gradual decrease in methanol accu-

mulation to 0.09 g COD-MeOH L-1 on day 23. However,

the R2 effluent VFA concentration increased up to 1.6 g

COD-VFA L-1 on day 30 and only 15% of the fed

methanol was converted to methane on that day. On day

31, the zinc concentration in the R2 influent was increased

to 5 lM. This did not induce significant changes in the R2

effluent methanol or VFA concentration within the time

span investigated (day 31–44).

Evolution of the SMA over time

Induction of zinc limitation was observed in R0 sludge

after 50–70 days of operation (Table 2; Fig 6a). On day 50,

the SMA with methanol as the substrate in a medium with

no metals was 14% lower than in a medium with zinc

solely. Similarly, the SMA with methanol as the substrate

in a medium with no metals on day 69 was 18 and 21%

lower than in a medium with zinc solely and in a medium

with the complete metal solution except zinc, respectively.

It should be noted that on day 69, the SMA on methanol

had increased for all the different trace metal solutions

tested compared to day 50.

On day 90, a further increase in SMA of the R0 sludge

with methanol as the substrate was observed (Table 2), but

no metal limitation of the SMA on methanol was observed

on day 90 as the tests with zinc and without zinc had a

similar SMA (Table 2). On day 111, the SMA on methanol

increased again for all the trace metal solutions tested and

metal limitation was observed again. The SMA on meth-

anol with the complete metal solution was 7, 13 and 24%

higher than in, respectively, a medium with no metal, a

medium with the complete metal solution except zinc and a

medium with zinc solely. The SMA with acetate and

hydrogen as the substrates, measured on day 111, were

0.51 g CH4-COD g VSS-1 day-1 and 0.82 g CH4-COD g

VSS-1 day-1, respectively. The latter values indicate that

maximally 38% of the total amount of methane formed

could be produced via acetate and/or hydrogen as the

intermediates if they are compared with the SMA on

methanol on the same day, 3.49 g CH4-COD g VSS-1

day-1 (Table 2).

On day 137, a clear zinc limitation was observed

(Table 2; Fig 6a): the SMA on methanol with the complete

metal solution except zinc or in a medium with no metals at

all was 24 and 28% lower than the SMA on methanol in the
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medium with the complete metal solution. The SMA on

methanol with the complete metal solution was slightly

higher (3%) than in a medium with zinc solely.

After 10 days of operation of R1, at the time that

methanol accumulation was observed, the SMA on metha-

nol had decreased to 2.26 g CH4-COD g VSS-1 day-1 in a

medium containing the complete metal solution except

zinc, corresponding to a 52% lower SMA than the R0

sludge had on day 137 for the same medium (Table 2;

Fig 6b). The SMA of the R1 sludge with acetate as the

substrate on day 10 (0.31 g CH4-COD g VSS-1 day-1)

indicates that maximally 13% of the methane formed could

be produced via acetate as an intermediate (Table 2). On

day 18, when VFA accumulation was observed, the SMA

with methanol as the substrate had decreased to 0.96 g CH4-

COD g VSS-1 day-1 in a medium containing the complete

trace metal solution except zinc. On day 44, 13 days after

zinc addition (0.5 lM) to the R1 influent, the SMA with

methanol as the substrate had decreased to as low as 0.17 g

CH4-COD g VSS-1 day-1 in a medium containing the

complete trace metal solution except zinc (Table 2).

After 10 days of operation of R2, the SMA of the R2

sludge on methanol was similar to the SMA observed of R0

sludge on day 137. Interestingly, no differences in SMA
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with methanol as the substrate were observed with the

different metal solutions used (Table 2; Fig 6c). On day

18, when methanol and VFA accumulated, the SMA had

decreased to 1.93 g CH4-COD g VSS-1 day-1 in a med-

ium containing the complete trace metal solution except

zinc. A low SMA of the R2 sludge with acetate as the

substrate was observed at this day (0.35 g CH4-COD g

VSS-1 day-1). On day 44, 13 days after the zinc increase

in the R2 influent to 5 lM, the SMA of the R2 sludge had

decreased to 1.52 g CH4-COD g VSS-1 day-1 in a med-

ium containing the complete trace metal solution except

zinc (Table 2).
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Metal dynamics

Zinc was lost from the granular sludge at a rate of 10 lg g

TSS-1 day-1 during the first 80 days of R0 operation

(Fig. 7a). In the same period, zinc was washed out from the

reactor via the effluent at a rate of 0.48 lg L-1 day-1.

Nickel and iron concentrations in the granular sludge

decreased at a rate of 1.3 and 106 lg g TSS-1 day-1,

respectively (Fig. 7c, e). The cobalt concentration in the

R0 sludge was, however, constant during the first 80 days

(0.032 ± 0.005 lg g TSS-1) (Fig. 7c). Cobalt and nickel

showed a distinct difference in retention, even when they

were dosed at the same concentration (Table 1) during the

same period. From day 80 to the end of R0 operation (day

141), the zinc, cobalt, nickel and iron concentration in the

granular sludge were constant: 0.18 (±0.04), 0.040

(±0.07), 0.06 (±0.01) and 1.7 (±0.5) lg g TSS-1,

respectively (Fig. 7a, c, e).

The zinc concentration of the R1 sludge on day 19 was

about half compared to day 13: 0.030 and 0.058 lg g TSS-1,

respectively (Fig. 7b). The decrease in the zinc concen-

tration of the R1 sludge coincides with the pH drop from

6.8 to 6.0 of the R1 mixed liquor (Fig. 4c). Zinc addition

(5 lM) to R1 influent from day 32 onwards did not

increase the zinc concentration of the granular sludge

(Fig. 7b). In the same period, the cobalt and nickel
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concentration almost doubled compared to the concentra-

tion in the R1 sludge prior to the addition (Fig. 7d).

After 31 days of zinc addition to R2, the zinc concen-

tration in the R2 sludge had almost doubled compared to

the seed sludge used to inoculate R2 (Fig. 7b). The zinc

concentration of the R2 sludge had not increased on day

40, 9 days after the increase of the zinc concentration in the

influent from 0.5 to 5 lM. During the 44 days of R2

operation, the cobalt and iron concentration in the R2

sludge were stable at 0.056 (±0.003) lg g TSS-1 and 1.15

(±0.1) lg g TSS-1, respectively (Fig. 7d, f). In the same

period, the nickel concentration in the R2 sludge increased

from 63 lg g TSS-1 on day 10 to 158 lg g TSS-1 on day

40 (Fig. 7d).

Evolution of key microbial population

The abundance of the Euryarchaeota and Methanosarcina

in the R0 granules was stable during the 141 operation days

(Fig. 8a, c, d, f). The abundance of the Eubacteria followed

a slight decreasing trend. On day 130, the abundance of

cells hybridizing to Eub338 had decreased compared to day

50 (Fig. 8b, e). On day 135, an increase of cells hybridizing

to Eub338 was observed, which coincides with a short

VFA accumulation in the effluent (Fig. 3a vs. Fig. 8b, e).

Genus-specific hybridizations with the Eury498 and

Eub338 probe revealed a temporal evolution of the Eury-

archaeota and Eubacteria populations in the R1 run.

Firstly, Eury498-positive cells were abundant around the

periphery of respective sections on day 10 (Fig. 9a).

Eub338-positive cells indicated very few Eubacteria cells,

which were mainly present in infrequent clusters around

the edge of the granule sections on day 10 (Fig. 9b). On

day 18, the Euryarchaeota and Eubacteria populations

were located throughout the sections of the sludge. An

increase in Eubacteria population was observed on day 18.

By day 30, the relative abundance of the Euryarchaeota

was reduced in R1 sludge, which were present in relatively

smaller, infrequent clusters around the edge of the granule

sections (Fig. 9a). However, the Eubacteria population on

day 30 (Fig. 9e) was as abundant as on day 18. On day 44,

after zinc addition in R1, a further reduction in the Eur-

yarchaeota population was observed (Fig. 9d). The

Eub338-positive cells were typically observed in densely

packed clusters on day 44, but they were less dense than on

day 30 (Fig. 9e). The abundance of the Methanosarcina

followed a slight decreasing trend. On day 30, the abun-

dance of cells hybridizing to Sarci551 had decreased

compared to day 10 (Fig. 9c). A further reduction was

evident by day 44 (Fig. 9f).

The Euryarchaeota and Methanosarcina populations

were dynamic in the R2 granules. Firstly, Eury498-positive

cells were observed in densely packed clusters in the centre

of the granule section on day 10 (Fig. 10a). Sarci551-

positive cells were present in clusters around the edge of

the granule sections on day 10 (Fig. 10c). By day 18, an

increased abundance of Eury498-positive clusters was

detected. The Methanosarcina population was observed in

less dense clusters than on day 10. On day 30, a slight

reduction in the number of Euryarchaeota was observed. A

slight increase of Sarci551-positive cells was evident by

day 30, which were more dispersed than on day 18. On day

44, after the zinc concentration was increased in R2

influent, a reduction in the Methanosarcina population size

was observed (Fig. 10f). More Eury498-positive dispersed

cells were observed on day 44 (Fig. 10d) than on day 30.

Eub338-positive cells in R2 were abundant around the

periphery of respective sections on day 10 (Fig. 10b). On

day 18, a decrease in abundance of cells hybridizing to

Eub338 compared to day 10 was observed (Fig. 10b). No

clear further reduction was observed by days 30 and 44

(Fig 10e).
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Fig. 8 In situ hybridizations

using cross-sections of

anaerobic granules in R0

illustrating a Eury498, b
Eub338 and c Sarci551 in day

50; d Eury498, e Eub338 and f
Sarci551 in day 135. Scale bar
100 lm
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Discussion

Methanogenesis under zinc limiting conditions

This study shows that omission of zinc from the feed of

methanol-fed anaerobic granular sludge bioreactors leads

to zinc limitation of the granular sludge (Fig. 6a; Table 2),

which reduces the methanol removal efficiency (Fig. 4a),

and ultimately leads to acidification of the UASB reactor

(Fig. 4a, c). Zinc depletion thus leads to a drop in the SMA

with methanol as the substrate according to the algorithm

present in Fig. 1, similar to the way cobalt [9, 20] and

nickel [10] deprivation of UASB reactors occurs.

Table 3 shows that the zinc limitation is less pronounced

compared to cobalt or nickel limitation of methanol fed

UASB reactors under similar conditions. The rather long

time period needed to achieve zinc limitation ([130 days)

was also required to achieve nickel limitation [10]

(Table 3). This is, in contrast, much longer compared to the

time required for cobalt limitation, which can already

develop after 2 days of operation at an OLR of 4.5 g

COD L-1 day-1 [9] (Table 3). This clearly reflects the

biochemical role of cobalt in the direct methanogenesis

with methanol as the substrate, e.g. the central ion of co-

balamine is a cobalt ion [28]. In contrast, both zinc and

nickel play only an indirect role in the functioning of

enzymes of methanogenesis, such as methyl-coenzyme M

reductase for nickel [29] or coenzyme M methyltransferase

for zinc [4].

The omission of zinc from the UASB reactor influent

had some unexpected effects. The maximal SMA achieved

in the present study was much higher (3.49 g CH4-COD g

VSS-1 day-1) than the maximal SMA achieved in UASB

reactors from which nickel or cobalt is omitted from the

influent: 1.67 g CH4-COD g VSS-1 day-1 [10] and 0.45 g

CH4-COD g VSS-1 day-1 [9], respectively (Table 3).

Inhibition by zinc could be one of the reasons for the lower

activity of sludge developing under cobalt or nickel limi-

tation (but in the presence of zinc). Tan et al. [30] showed

that zinc could replace nickel in Acetyl Coenzyme A

synthase and subsequently inactivate this enzyme, involved

in acetogenesis from methanol. Moreover, the sludge bed

Fig. 9 In situ hybridizations

using cross-sections of

anaerobic granules in R1

illustrating a Eury498 in day 30,

b Eub338 in day 10, c Sarci551

in day 10, d Eury498 in day 44,

e Eub338 in day 30 and f
Sarci551 in day 44. Scale bar
100 lm

Fig. 10 In situ hybridizations

using cross-sections of

anaerobic granules in R2

illustrating a Eury498,

b Eub338 and c Sarci551 in day

10, d Eury498, e Eub338 and

f Sarci551 in day 44. Scale bar
100 lm
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growth was much higher compared to that in cobalt or

nickel deprived reactors (Table 3). This might be due to the

higher methanogenic activity of the sludge present in the

zinc-limited reactor or that the presence of zinc in the

cobalt and nickel limited reactors had a growth retarding

effect [31].

Only a few papers have so far reported on zinc depri-

vation during methanogenesis. Osuna et al. [32] studied

metal deprivation in VFA fed UASB reactors. The latter

authors found that when adding solely zinc to the medium,

the SMA with acetate as the substrate of metal deprived

sludge increased by 36%. Sauer and Thauer [33] found in

enzymatic studies that the transfer of the methyl group

from CH3-MT1 to coenzyme M by MT2 depends on the

Zn2+ concentration. The Km value of this transfer reaction

amounted to 0.25 nM free Zn2+. This Km value is around

240 times lower than the dissolved zinc concentration in

the medium of the reactor (60 nM) at the moment the

limitation was developed in the present study. This dif-

ference between the Km value found by the latter authors

(with enzymes) and the dissolved zinc concentration at the

time of limitation in the present study (with sludge gran-

ules) can be explained by several interactions between the

metal cation and the heterogeneous and complex environ-

ment inside a UASB reactor. Complexation by

bicarbonates, phosphates, soluble sulfides or soluble ex-

trapolymeric substance produced by the biomass reduce the

free metal concentration [34].

The dissolved metal concentrations can be only 0.5–4%

of the total metal concentration in anaerobic environments

[32], since metal speciation under these conditions depends

on the concentration of the metal, its redox state and

competition with other metals for adsorption and com-

plexation sites. Assuming the Km value for the zinc

requirement of Methanosarcina cells is in the range

reported by Sauer and Thauer [33] and the maximum dis-

solved zinc concentration is 4% of the total zinc

concentration [32], the required free zinc fraction would be

only around 0.016% of the total zinc concentration present.

As the reactor contains already a substantial zinc pool via

the inoculum sludge (Fig. 7a), dosing zinc to bioreactors

will not always be necessary to support the zinc require-

ment of the methanogens. A slight change in the speciation

of zinc, e.g. by a change in redox or by exposure to an

electrokinetic field [35], can release the zinc present into a

bioavailable pool, and thus support the zinc dependent

enzymatic processes.

Acetogenesis under zinc limiting conditions

Due to the SMA drop with methanol as the substrate,

methanol started to accumulate in R1 (Fig. 4) and in R2

(Fig. 5). Methanol accumulation was followed by acetate

accumulation, similar to the outline shown in Fig. 1. Once

the methanol accumulation surpasses a threshold value,

about 50 mM in R1 and 20 mM in R2, acetogens out-

competed methanogens for methanol, due to their higher

affinity for methanol at high methanol concentrations [36].

The threshold methanol concentration of cobalt and nickel

deprived reactors to get acidification were in the same

range as observed in this study with zinc deprived UASB

reactors (Table 3). The similar threshold value for acidifi-

cation found for methanol fed UASB reactors limited by

different metal (Table 3) indicates that enhancement of

acetogens upon exceeding the methanol threshold value is

metal independant.

Effect of continuous zinc addition

The continuous zinc addition to R2, prior to methanol or

acetate accumulation (Fig. 5a), supported methanogenesis

during a longer period than in R1 to which initially no zinc

was added (Fig. 4a), but could not prevent its acidification.

This suggests that the amount of zinc added to the R2

influent was not enough to support stable high rate meth-

ylotrophic and acetoclastic methanogenesis. This contrasts

the almost double zinc concentration of the R2 sludge

(Fig. 7b). It is expected that the most important process for

zinc accumulation in the sludge is zinc sulfide precipita-

tion. The low solubility product of zinc sulfide results in

extremely low free zinc ion concentrations [37], which

might be insufficient to support the trace metal requirement

of the methanogens. Therefore, further investigations about

dosing methods need to take into account the speciation

that involves zinc upon its addition in anaerobic environ-

ments [38] and the high wash out rates in UASB reactors

[39].

The Methanosarcina and Euryarchaeota populations in

R2 were observed in dense clusters in the centre of the

granule but in infrequent clusters in the periphery of the

granule in R1 after 10 days of operation, when 0.5 lM zinc

was continuously added to the influent of the R2 reactor but

no zinc to the R1 influent. This suggests that the zinc

addition stimulated the growth of methanogens in clusters.

Indeed, as shown by other authors [9, 10, 21], the associ-

ation of methanogens in clusters seems to be correlated

with the development of the methanogenic population.

Addition of zinc to the reactor influent after methanol

and acetate accumulation in the reactors sustained or

stimulated acetate accumulation in both reactors (Figs. 4a,

5a). Methylotrophic or acetoclastic methanogenesis did not

recover by the continuous zinc addition to R1 (Table 2). In

the case of R2 sludge, a five times higher SMA on meth-

anol with zinc in the medium compared to the SMA on

methanol in the absence of metals on day 44 (Fig. 6c)

indicates that the recovery of the methanogenesis by means
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of zinc addition should be possible. However, the SMA

increase on methanol achieved in R2 upon continuous zinc

dosing was not high enough to avoid methanol accumula-

tion in the effluent (Fig. 5a), which induces reactor

acidification (Fig. 5c). Both observations for R1 and R2 are

in agreement with the FISH pictures, that indicated a fur-

ther decrease of the Euryarcheaota and Methanosarcina

population after the zinc addition to R1 (Fig. 9f) and R2

(Fig. 10f) after 31 days of operation.

The same enhancement of acetogenesis and a similar

decrease of the Methanosacina cell number was observed

by Fermoso et al. [9] upon cobalt dosing to an acidified

cobalt limited methanol fed UASB reactor at pH 7.0. In

contrast, in a nickel limited methanol fed UASB reactor

with strong acetate accumulation at pH 6.9, the continuous

nickel addition enhanced methylotrophic methanogenesis

and acidification disappeared within 2 days [10]. The dif-

ferent behavior upon nickel addition might be due to the

lower zinc dependence of the enzymatic system of meth-

anogenesis (Fig. 2) compared to nickel [4]. In the case of

cobalt, the high cobalt dependence [40], but slight nickel

dependence [41], of the enzymatic system of acetogens,

most probably hampered the restoration of fully methano-

genic reactor.
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