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Abstract

Batch anaerobic trials using a source-separated foaste as a substrate with inoculums of
different origins were carried out under mesophslmditions. Reactions were operated both with
and without trace element (Co, Mo, Ni, Se, W) sep@ntation. Supplementation with trace metals
had either neutral or slightly negative effectshwitoculums originating from reactors with a high
background level of metals, such as those for theigestion of biowaste and waste activated
sludge. For inoculums from reactors treating foabt® only, which inherently contain low levels
of trace metals, supplementation with these mataleased methane production. In particular, Mo
concentrations in the range of 3-12 mg per kg dagten and Se concentrations of 10 mg per kg dry
matter increased methane production to as high0a%. Supplementation with a metal mixture
(Co, Mo, Ni, Se and W) increased the methane promtuto the range 45-65% for inoculums with
low background concentrations of trace metals. &liieslings may have an important impact in the

commercial production of methane from food waste.
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1. Introduction

The introduction of separated collection for diffiet fractions of municipal solid waste
(MSW), in addition to subsidies for renewable eyegpgoduction, have been the main drivers for
the implementation of the anaerobic digestion (AD}iowaste in recent years [1]. Food/kitchen
waste originating from door-to-door collections tans low levels of inert materials (plastic, glass
stones ...) and is a suitable substrate for AD, énglidiogas productions in the range 160-180 m
per tonne of raw waste treated [2]. Based on tigaré, complete anaerobic digestion of the
biowaste collected in the EU-27 area could genexppeoximately 35,500 MWh per day of electric
power, assuming an organic material collection cdit@.2 kg per person per day [3]. This increased
biogas generation would contribute significantlyth@ production of renewable energy and the
mitigation of greenhouse gas (GHG) emissions.

Food and kitchen waste generally contains low eptrations of trace elements, especially
metals:, this may lead to the failure of the anbieraigestion process [3]. Several specific trace
metals, including Co, Ni, W, Se and Mo, are esséffitir the enzyme cofactors involved in the
biochemistry of methane formation and are needeal limlanced anaerobic digestion process [4].
Limiting the metals required by the enzymes mayudisthe total process. As reported in literature,
Co [5,6,7] Mo, [8,9], Ni [10,11,12,13,14], $&5,16] andw [17,18] are all involved in the methane
production biochemical process.

The methanogenic requirement for trace elementsth bfor acetoclastic and
hydrogenotrophic microorganisms, is not fully ureleod, presenting a serious impediment for the
commercial applications of anaerobic digestion psses, which fundamentally require process
reliability.

Recently, both Demirer and Scherer [19] and Sabett et al. [20] reviewed the issues
involved with the lack of trace elements in the explic digestion process. In the large body of

literature reviewed by these authors, only a feweps reported on the effects of trace element



supplementation on the anaerobic digestion of faadte or similar substrates. Several of these
studies [3, 21-28] reported on the beneficial d¢ffeaf the addition of multiple metal mixtures
without delineating the supplementation effects dach individual metal, making it difficult to
completely define the process characteristics. further complicate this situation, the different
trace metal additions were sometimes determinedaomet weight basis, while others were
determined on a dry weight basis or on a volatlés basis or a COD content or removal basis.
Extensive studies in the literature also suggedt fibr digestive processes using source materials
containing large amounts of metals, such as sledgeanure [20, 37], trace elements do not limit
methane production.

In this study, we determined the effects of thditamh of the trace metals Co, Ni, Mo, Se,
and W, both as single elements and in mixed cdsktiir mesophilic anaerobic digestion batch
trials using food waste as the only substrate. $sess the effects of different trace metal
background levels on digestion performance, twaeaiof inocula were used in the experiments.
The first source was from a reactor co-digestingtesactivated sludge and food waste. The second

source was from a reactor treating only food waste.



2. Material and M ethods

2.1 Experimental design

The effect of trace metals addition on methanalypcbon was studied using biochemical
methane potential (BMP) trials. The substrate twihum ratio was kept at levels of approximately
0.3-0.4 on a VS basis, according to the guidelgieen in Angelidaki et al. [29]. The tests were
performed under mesophilic (37°C) conditions. A¢ #nd of the incubation period, pH, total and
volatile solids, COD, total and partial alkaliniggnmonia and TKN measurements were performed
according to thetandard Methods for the Examination of Water and Wastewater [47]. The total
and soluble concentrations of the tested trace lsmetare determined according to EPA methods
6020A and 3051A. The volatile fatty acids (VFA) temt was monitored using a gas
chromatograph (Carlo Erba instruments), with hydrogs the gas carrier, equipped with a Fused
Silica Capillary Column (Supelco NUKGY, 5 m x 0.53 mm x 0.5 mm film thickness) and a #am
ionisation detector (200°C). The analysed samplesewentrifuged and filtrated with a 0.45 pum
membrane.

Based upon a survey of the literature, the effe€tsupplementation with the metals Co,
Mo, Ni, Se, and W were examined. The amounts oftréiee metals to be added were determined
by the quantities of each metal typically foundand waste, taking into consideration the typical
requirements reported in literature. Four conceioimdevels were used to characterise the process
and determine whether there are possible threskafldcts or an inhibition level. The
supplementation concentrations were calculatedany anass basis.

The substrate used in this study was food waste) @&Nected in the Treviso municipality
in north-eastern Italy. This material originatednfr a door-to-door collection scheme and was
composed primarily of kitchen waste [30,31]. Thi®d waste was minced and mixed to form a

homogeneous mixture. The inoculums came from twierént reactors: a mesophilic full-scale
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reactor [32] treating separately collected food teand waste-activated sludge and a pilot scale
reactor treating separately collected food wastg. @oth the reactors operated under mesophilic
conditions. The full-scale reactor operated witly@cal hydraulic retention time of approximately
25 days with an organic loading rate of approxifyaekgVS/n? per day. The organic load had
approximately equal portions of food waste and erastivated sludge. The pilot scale reactor was
inoculated and operated with food waste only. Tiygliad OLR was approximately 1.5 kgVS/m
per day with an HRT of approximately 40 days.

For the two inoculums, the specific methane adtisit(SMA) on acetate were similar,
despite their differing origins and operational ditions. The biomass using the full-scale reactor
inoculum (A) operated with an SMA in the range df-0.15 g COD per g VS per day, while the
biomass using the pilot scale reactor inoculum d&m@&MA in the range of 0.12-0.18 g COD per g

VS per day at 37°C. These values are consistehtttét literature data [29].

2.2 Deter mination of the amount of trace metal addition

The representative concentrations for Co, Mo, Ni, &d W in both the anaerobic biomass
and the food waste are shown in Table 1. Compdhiedevels required by anaerobic bacteria with
the concentrations observed in food waste, theinements for addition were calculated. The gap
between these two values is shown in the last colohtable 1.

The amounts of trace metals to be used in the katts were selected based upon data
available in the literature, as reported in TableThe difference between the concentrations
reported for anaerobic biomass and the concemntrdéwels found in food waste was used to
calculate the addition requirements. These caledlaéquirements were then adjusted to facilitate

the weighing of the different salts to be suppleteénn the batch trials. These values were set as



the benchmark levels. Both lower and higher comeéinns than the benchmark values were used

to determine the possible presence of threshoitistffor the tested elements.

Additional concentrations to be examined includatlgs equal to 50, 100 and 200% of the
calculated requirements. To stress the systemgditianal concentration at 1000% of the baseline
values, shown in Table 1, was also examined. Aw/sho Table 1, representative concentrations in
anaerobic biomass reported for nickel, cobalt, metybdenum were 11, 9 and 7 mg per kg of dry
matter [33], respectively. The reported valueslii@r selenium and tungsten concentrations were 1.5
[34] and < 0.1 mg per kg dry matter [21,25], respety. The representative concentrations of
these metals found in food waste were 2 mg/kgTNiprl mg/kgTS for Mo, Se and W and 0.2
mg/kgTS for Co [3,21,25,35]. The trace metals wadeled in the form of the following salts:
NiCl2*6H,0, CoCh6H,0, N&M00O»2H,0, NaSeQ, and NaWO,2H,0.

Metals were added both individually, to study thimgle addition effects, and in

combination, to study the synergic effects.

3. Results and Discussion

3.1 Inoculums and substrate char acterisation

The food waste and the two inoculums used inék®erimentation were characterised for
both macro parameters and trace metal concentsatidable 2 shows the representative
characteristics of the inoculums. Inoculum A oraed from an anaerobic reactor treating food
waste and waste-activated sludge. Inoculum B aaigith from an anaerobic reactor treating food
waste only.

The measurements for the macro-parameters, ingudital and volatile solids, COD and
nutrients, are representative of this type of w§atg]. Additionally, the trace metal contents were

consistent with those reported by the DEFRA [3], Mo and Se were below the limit of detection

7



of 2, 2 and 1 mg/kgTsS, respectively, while Ni shdwmncentrations greater than those found in
previous studies on food waste. In our study, theddcentrations averaged 9.6 mg/kgTS, which is
appreciably higher than values reported in prevstusies that ranged from levels below the limit
of detection [25,36] to 2 mg/kgT85]. This increased value of Ni may be due to a Ni
contamination occurring during the collection arahsportation in containers or trucks.

The characteristics of inoculum A and B differegbiegziably. Inoculum A, originating from
a reactor treating both food waste and waste detivaludge, showed greater levels of total and
volatile solids, a very low level of volatile fatgcids, and a relatively high concentration of érac
metals. Compared with the representative valuesdian inoculum B, these concentrations were
typically two to four times higher for most tracetals and up to ten times for Se.

This difference can be ascribed to the presenegeste activated sludge in the reactor feed.
Clearly, inoculum B, which originated from a reacteeating food waste as the sole substrate,
showed lower levels of contamination. Se, in paléig was lower than the limit of detection of 1
mg/kgTS. The values found for inoculum B were samib those values characterising food waste,
the only substrate fed to this reactor. Only Ni & showed greater concentrations in inoculum B

than in the food waste.

3.2 Methane production in the batch trials

The specific methane production values (dsper kgVS fed) at 37°C measured using the
BMP tests and carried out in the different condisiaising inoculum A and B are reported in Table
3. The values shown in Table 3 are the averages the batch bottles experiments measured in

triplicate and the relative standard deviations.

Using inoculum A, the digestion of food waste las $ole substrate generated approximately
0.76 cubic meter of biogas per kilogram of VS ad@&t% CH,). With the exception of a Se

addition, the supplementation with Co, Mo, Ni, &idgave no or negative responses. The observed
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values for the specific methane production weresistently lower than ones observed in the
control (see data in Table 3 and Figure 1). Contpavith the control, adding a mix of metals
resulted in reduced methane production, regardiefise concentrations tested. Only the addition
of Se, up to 2 mg per kg of dry matter, improvedhraee production. This observed increase was
approximately 10%, a value that is insufficienjustify the addition of this metal at large scale.

The effects of the trace elements supplementatiersizown in Figure 1. For the most part,
the trace metals supplementation had a negatieeteffhe additions of Co, Mo, and W showed
consistently negative responses, including decseimsmethane production as high as 20% for Mo
and W at 60 and 10 mg/kgTsS, respectively. The addirf Ni resulted in an almost imperceptible
improvement for a dose of 5 mg/kgTS and a negatgponse for higher doses. The only trace
element to improve methane production was Se, wlamkdition resulted in an increase in
production for doses of 0.5, 1 and 2 mg/kgTS. At High dose of 10 mg/kgTS, Se decreased
methane production. The trace elements cocktaits @décreased methane production.

This work suggests that the supplementation cktraetals to a biomass already containing
relatively high background levels of trace elemgstgh as the inoculum originating from the co-
digestion plant, does not improve methane prodociifiese data showed toxic effects with a clear
decrease in methane production. Increasing metatertrations decreased methane production.
These results are consistent with those reportedishyq et al. [37] indicating that the
supplementation of unneeded metals may have ainegdtect on acetoclastic methanogenesis or
on the other metabolic pathways of an anaerobiestiign process.

For the batch trials using inoculum B, the additminany metal or mix of metals was
beneficial, with high variability. Several dose é¢v (20 mg/kgTS for Ni, 100 mg/kgTS for Co, 2
mg/kgTS for Se, and 10 mg/kgTS for W) improved raath production by approximately 10%.
Other dosages, including Mo in the range 3-12 mi&gSe at 10 mg/kgTS and the metals mix
supplementation, consistently improved methane ywotoh, with the metals mix reaching

improvement levels in the range of 60-70% (see malable 3 and Figure 2).
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In these experiments, a threshold effect could imexved. Supplementing the digestion at
10 times greater than the baseline levels gavddieresults for the Co, Ni, Se, and W additions.
There was also a synergistic effect from the additf all the trace metals (see Figure 2).

Both for W and Se, the addition of 10 mg/kgTS deieed an incease in methane
production of approximately 10% compared to ranig@®- 2 mg/kgTS (see Figure 2).

The results for Se were consistent with those fofd the tests with inoculum A.
Considering the different background levels of S¢hie two inoculums (9.1 and < 1 mg/kgTS for
inoculum A and B, respectively), Se addition wasdjeial with a total concentration of
approximately 10 mg/Kg TS in the batch trials. Ofdy inoculum A the "threshold effect” was
observed, indicating that there were limits to tomcentration needed to ensure an increase in
methane production.

Experiments testing the addition of the trace nsetailx at levels of 50%, 100% and 200%
of the basic requirements, shown in Table 1, wdse performed. Supplementation with the
cocktail resulted in increased methane productromf45% to 67% of the SMP found for the
control production values (see Table 3). Theseltebhave the potential to significantly improve the
commercial application of the anaerobic digestioocpss for food waste, as these improvement
levels can positively affect the process efficiemnd improve the economic balance of a given
treatment plant.

To clarify the contribution of molybdenum to metleaproduction for inoculum B, batch
trials both with and without Mo addition in the ¢eametals mix tests were carried out (Figure 3).
The concentrations of the metal mix, both with amidhout Mo, were 100% of the typical
requirement for anaerobic biomass (Table 1). Théhame production values observed in the two
cases, together with the control, are shown inrféigu Adding Mo to the metals mix increased the
methane production from 1005 ml £ 16 to 1288 mllt+ donfirming the fundamental role exerted

by this element.
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These results partially confirmed the previous ifigd of other researchers. Hinken et al.
[33] showed that trace element concentrations immbss depend on several characteristics,
including the operation time of the AD reactorse #tmount of substrate and the type of substrate
feed. Trace element concentrations depend on gherhiof the biomass plant. As a consequence of
the different trace metals supplementations, ingouA and inoculum B demonstrated different
trace metal requirements and different responsks. cbncentration of the trace elements of the
different biomass sources should be analysed, aadrabic batch tests should be carried out with
adequate trace elements dosages. Supplementatiorunvieeded metals has a negative effect on
methane production [37]. Supplemented at levelsl@0% of the trace metal requirements,
inoculum A decreased methane production (Figured&monstrating an unambiguous inhibitory

effect.

Our results are also consistent with those of Lifedoet al. [38]. An anaerobic biomass
taken from a municipal sludge digester (co-digesitant with foodwaste) contained sufficient
metals content so that a further addition of metdid not significantly improve methane
production. Selenium only marginally improved meibaproduction. Biomass from a mono-
digestion pilot plant treating only foodwaste hadiasufficient trace metal content. In this case,
any addition of the trace metals, alone or in caration (Ni, Co, Mo, Se, W together), improved
methane production. For inoculum B, the experimg@adormed using 100% of the trace metal
requirements, both with and without Mo additionpwied that Mo is a key trace element in the

anaerobic methanation of food waste (Figure 2 agdré 3).

The findings of this study are only in partial agreent with several previous studies on the
effect of the supplementation of trace elementsHerAD of food waste.
Banks et al. [3,28] concluded that selenium andattodre the key elements essential for

long-term process stability and are present in ffitsent quantities in foodwaste. Selenium in
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particular was found to be essential in promotingrAV removal under high ammonia
concentrations. In particular, they reported tlatoentrations of Se and Co of 0.16 and 0.22 mg per
kg food waste (wet weight), respectively, represénthe minimal requirements at moderate
digester loadings (< 3 kgVShaay).

In the present study, Se was also found to be aen#al trace metal, and its addition
showed a positive effect on methane productiorbédh inoculums (inoculum A and inoculum B),
starting from dose levels of 0.5 mg/kgTS or 0.12kgdood waste, a value equivalent to the one
found in Banks et al [28]The effect of Se, however, was found to be onlgtretly important. Co,
on the other hand, made small contributions to arethproduction with a modest increase of
approximately 10% at a very high dose (100 mg/kgTS)

Limited studies have been conducted on the effgctisngsten supplementation. Feng et al.
[24] showed that the highest methane productiontlier anaerobic digestion of foodwaste was
associated with the addition of Se and W in comimnawith Co. Our results indicate that tungsten
is also important in methanogenesis. Inoculum Ansdtba sufficient W content (5.21 mg/kgTS),
and tungsten addition did not improve methane prtion. Conversely, inoculum B contained an
insufficient amount of W (2.68 mg/kgTS), and thepmlementation of 10 mg/kgTS tungsten
resulted in an 10.3 % improvement in the methandymtion on average.

Both Banks et al. [3,28] and Feng et al. [24] répdthat cobalt is as an important metal for
methanogenesis. Our results indicate that inocuywith a 7.4 mgCo/kgTS content, contained a
sufficient level of cobalt. Inoculum B with 2.9 mg®gTS has cobalt deficiencies that were
remedied using a 100 mgCo/kgTS addition, whichaased the methane production by 11%,
compared to the control test.

In another important study, Uemura [26] showed thiakel is the most important trace
element for the anaerobic digestion of the orgéaiction of municipal solid waste. In our study, a
100 mgNi/kgTS addition to inoculum B increased maeth production by 15%, while the addition

of the same concentration to inoculum A decreasethame production by 7%. The Ni content in
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inoculum A was twice the Ni content of inoculum Baple 2). Several studies suggested that trace
metals content at too high of a concentration @xetfor anaerobic biomass [34, 37].

However, this study demonstrated that Mo has a atiammpact on the process. In
reviewing the literature, only Lo et al. [25] shawéhat molybdenum addition over the broad
concentration range of 0.044-52.94 mg/l had themal to enhance the methane production from
the organic fraction of municipal solid waste. Cargnl with the control and the other single metal
supplementations (see Figure 2), Mo addition reduin the largest improvement in methane
production for inoculum B.

In addition to role of Mo in the biochemical reacts (Mo is present in the common enzyme
formate dehydrogenase [9]), this trace metal i® alsed in the management of the anaerobic
reactors. By inhibiting sulphur bacteria, Mo redaittee competition with the methanogenic bacteria
[39]. The addition of molybdenum to the digestesis been reported to decrease the rate of sulphate
reduction with a correspondingly lower sulphidedeand increase the production of methane
[40,41,42]. Mo inhibition of the sulphur reducingdberia could result in a lower presence of,HS
allowing a greater availability of the essentiace metals to the methanogens instead of being
precipitated as insoluble sulphides.

To identify the possible fate of the trace metaldeal to the system, the presence of these
elements in the liquid phase was measured at theeval of the batch trials. It was found that the
levels of concentrations were particularly low, asdiess of the initial addition level. In particyla
selenium and tungsten were below the limit of d&tacof 0.01 mg/l. Molybdenum was
approximately 0.01 mg/l. Cobalt was approximately20mg/l, and nickel was approximately 0.05
mg/l. Compared with the metal additions, these I&\ae clearly lower, suggesting that the
supplemented metals disappeared. In addition tmlivéious biological use, the metals may have

precipitated or adsorbed onto the anaerobic biomass
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4. Conclusions

For the mesophilic anaerobic digestion of foodteathe addition of trace metals (Co, Mo,
Ni, Se and W) demonstrated that in the batch tugksd in our experiments, these metals could
improve the methane production. Two inoculums,at from two sources containing different
levels of metal concentrations, were studied taattarise the effects of the supplementation on
reactor performance. For the inoculum from an ast@erreactor treating food waste as the sole
substrate, any level of supplementation was beaéfi&vhen added at levels ranging from 3-12
mg/kgTS, Mo in particular showed a 43% improvemever the control system. The addition of
cocktails containing all the trace metals improveaictor performance up to 67%.
The addition of trace metals to an inoculum comtggmigh background levels of those trace metals
failed to improve reactor performance.

The only trace metal to improve the methane pradadior both inoculums of differing
origins was selenium.

These results suggest that either trace metalementation or the implementation of a co-
digestion option to increase the availability ok elements could improve methane production at

the industrial scale.
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Table 1. Determination of trace metal additionmaerobic digestion trials

Trace metals addition used in

Trace metals Trace metals in anaerobic biomass, Trace metals in foodwaste, this study,
mg/kg TS mg/kg TS mg/kg TS*

NI [33,34,21,45, 46] [21,??5,36] 10

Co [25,33,3?,44,45,46] [3,(2)i2,25] 10

Mo [25,??3,45] [3,21,125,36] 6

Se [4,314,545, ] [3,121] 1

w [3,<2C)i,125] [3,211,25] 1

* The amount of trace metals added were calculbésgd on VS content of substrate (in this caserrdgaaction of Municipal Solid Waste)
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Table 2 : Characteristics of foodwaste, inoculumaid inoculum B used in the batch trial

FOODWASTE INOCULUM A INOCULUM B
Parameter Units Average it;?;?gg Average ?;,?:t?gg Average it;?;?gg
Total Solid gTS/kg 278.6 +1.9 41.2 +1.2 12.5 +05
Volatile Solid gVS/kg 221.1 +2.9 23.4 +15 7.0 +0.3
VS %TS % 79.3 +15 56.7 +2.3 55.0 +1.0
COD mgCOD/gTS 980.45 +27.91 629.76 +8.43 571.50 + 8.06
Total Phosphorus mg P /gTS 1.63 +1.21 14.40 +2.35 9.20 +0.28
Total Nitrogen (as TKN) | mg TKN/gTS 30.00 +12.76 41.90 +2.99 42.80 +1.84
N-NH3 mg NHy/l 386 4 640 *+ 49 884 +44
pH 5.3 +0.1 7.6 +0.1 8.3 +0.1
Partial Alkalinity mgCaCQ/l nd nd 5339 +24 5040 +24
Total Alkalinity mgCaCQq/l 5094 +29 7343 + 35 7767 +24
Volatile Fatty Acids mgCOD/I 8784 + 400 144 +100 2500 + 100
Nickel (soluble) mg/| 0.54 +0.01 0.05 +0.01 0.05 +0.01
Nickel (total) mg/kgTS 9.6 2 47.0 2 24.2 +2
Cobalt (soluble) mg/l 0.053 + 0.005 0.018 + 0.005 < 0.005 nd
Cobalt (total) mg/kgTS <2 nd 7.4 +2 2.9 2
Molybdenum (soluble) mg/l 0.10 +0.01 <0.01 nd <0.01 nd
Molybdenum(total) mg/kgTS <2 nd 15.9 2 4.0 +2
Selenium (soluble) mg/I 0.32 +0.01 0.02 +0.01 <0.01 nd
Selenium (total) mg/kgTS <1 nd 9.1 +1 <1 nd
Tungsten (soluble) mg/l <0.1 nd <0.1 nd <0.1 nd
Tungsten (total) mg/kgTS 1 +1 5.2 +1 2.7 +1
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Table 3. Specific Methane Production. SMP: cubitreseof methane produced per kilogram of volatlids present in the substrate added

INOCULUM A INOCULUM B
Standard Standard
M etal added Concentration Units Average deviation Average deviation

Control n/KgVSi, 0.434 +0.040 0.338 + 0.030
Ni 5mg/kgTS m/KgVSi, 0.451 +0.011 0.365 +0.004

Ni 10mg/kgTS, mYKgVS;, 0.424 + 0.006 0.367 +0.011

Ni 20mg/kgTS, mYKgVSi, 0.425 + 0.007 0.380 +0.003

Ni 100mg/kgT$, mKgVSi, 0.407 +0.008 0.390 +0.001

Co 5mg/kgT S mYKgVS;, 0.426 + 0.004 0.344 + 0.004
Co 10mg/kgT§ mYKgVS;, 0.419 +0.010 0.343 +0.021
Co 20mg/kgTg m/KgVSi, 0.415 +0.014 0.342 + 0.007
Co 100mg/kgT g mYKgVSi, 0.403 + 0.009 0.376 + 0.006
Mo 3mg/kgTS, mYKgVS;, 0.434 +0.002 0.481 +0.041
Mo 6mg/kgTS mKgVSi, 0.433 +0.003 0.483 +0.043
Mo 12mg/kgT$, m/KgVSi, 0.427 + 0.006 0.470 +0.042
Mo 60mg/kgT % mYKgVS;, 0.346 +0.003 0.372 + 0.003
Se 0.5mg/kgTs mYKgVS;, 0.459 +0.011 0.384 + 0.003

Se 1mg/kgTg m/KgVSi, 0.445 +0.011 0.380 +0.001

Se 2mg/kgT g mYKgVSi, 0.493 + 0.030 0.378 + 0.004

Se 10mg/kgTs mYKgVS;, 0.393 +0.010 0.430 +0.018

w 0.5mg/kgT$ mKgVSi, 0.405 +0.010 0.347 + 0.002

w Img/kgTS mKgVSi, 0.407 + 0.009 0.345 + 0.006

w 2mg/kgTS mYKgVS;, 0.403 + 0.009 0.347 + 0.001

w 10mg/kgT S mYKgVSi, 0.346 +0.008 0.374 + 0.002
Metal mix 50% of typical requirement *gVSi, 0.405 + 0.005 0.487 +0.033
Metal mix 100% of typical requirement *MgVSi, 0.418 + 0.005 0.566 +0.018
Metal mix 200% of typical requirement *MgVSi, 0.397 + 0.009 0.543 + 0.054
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Figure 1. Histogram of increment or decrement orthange production of different condition tested canggl to control test, expressed as a percentagelltReeferred to

Inoculum A
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Figure 3. Cumulative curves of net methane produaatif control test, trace metal mix without Mo 80% of trace metal requirement, trace metal mixiwb at 100% of trace
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