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Abstract

In dry anaerobic digestion (AD), methanogenic performances are lowered by high solid
contents. Low performances are often caused by a decrease of the gas-liquid transfer
kinetics leading to local accumulation of inhibitory by-products. Hydrogen was
previously identified as an inhibitor of hydrolytic and acetogenic microbial activities in
dry AD. CQ is also generated but its impact on the microbial activity remains
unknown. In this study, the reversibility of dry AD inhibition by high partial
pressure By, of 1 bar) was investigated by adding £@00 mbars) after 11 and 18
days of methanogenesis inhibition, in an AD process operated at 25% TS, using wheat
straw as substrate and inoculated with anaerobic granular sludge. As soop\wasCO
added, the methanogenic activity rapidly recovered within 3 days, from 0.41+0.1 to
3.77+0.8 and then 2.25+0.3, likely through the hydrogenotrophic pathway followed by
the acetoclastic pathway, respectively. This result was confirmed by the high abundance
of Methanomicrobiales (83%) and the emergence M&thanosarcinales sp (up to 17%)

within the methanogens. Furthermore, the recovery kinetics were impacted by the
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duration of the inhibition period suggesting a eliéint impact of the higiPy, on

hydrogenotrophic and acetoclastic methanogens.
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Acidogenesis; Carbon dioxide; Gas transfer; Hydnpgé&olid-State Anaerobic

Digestion

1 Introduction

In anaerobic digestion, the organic matter is camgdeby microorganisms into (1) a
biogas composed of GHind CQ, and (2) a residual digestate that may be funtised
as fertilizer if sanitary and environmental reqments are met. Three types of
anaerobic digestion (AD) processes are distingdishecording to the operational
conditions: (1) the wet AD operated at a totaldalbntent (TS) lower than 10%, (2) the
semi-dry AD at a TS content between 10 and 20 % (8hdhe dry AD, also called
solid-state AD, at a TS content above 20% (Abb&ssndouz et al., 2012). Since less
water is required in dry AD, the digester size adl\as the energy demand are both
minimized. Dry AD has gained lot of interest fodustrial purposes and is how being

widely implemented for the treatment of agriculturad ligno-cellulosic residues.

In counterpart, dry AD technologies present seveisddvantages due to their high TS
content, such as a decrease of the AD performawtbslower methane yields and

some handling difficulties due to the high hetermty and viscosity of the substrate
(Abbassi-Guendouz et al., 2012; Motte et al., 20¥8hen the TS content exceeds 30

%, the anaerobic digestion process can be rapidigked or even strongly inhibited
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(Abbassi-Guendouz et al., 2012). Such inhibitiorergimenon is characterized by a
decrease of the biogas production and an increfageed/olatile Fatty Acids (VFAS)
concentration (Abbassi-Guendouz et al., 2012; Mettal., 2013). Indeed, the decrease
of the free available water at high TS content ltesn the reduction of mass transfer
kinetics of soluble molecules such as VFAs, oralissd gases (Bollon et al., 2013).
Since dissolved gas diffusion and gas-liquid trarsstbecome rapidly limiting, local
accumulation of these by-products can occur and teamicrobial local inhibition in

the bulk phase where microorganisms are active #8sbGuendouz et al., 2012).

In particular, dissolved hydrogen accumulation dgpmakes the acetogenic reactions
thermodynamically unfavourable causing higher VF&scumulation, a subsequent
decrease of the pH and finally methanogenesis iintmb(Guo et al., 2010). Under
anaerobic conditions, His produced by acidogenic bacteria and is immeljiat
consumed in combination with GQby either homoacetogenic bacteria to produce
acetate, or hydrogenotrophs to produce methane fAma al., 2010). This latter
pathway represents about 30% of the,@irbduced in anaerobic digestion (Amani et
al., 2010). All these reactions are reversiblehm AD process where acetate oxidation
plays also a key role between methanogenic pathisgsakashev et al., 2006). The
local H, partial pressure can transitorily increase but mestain low enough to avoid
inhibition of syntrophic acetogenic bacteria. Wihiea hydrogempartial pressureR,) is
high, VFAs production increases, causing a decreaske pH to lower value than 6
(Guo et al., 2010). Such variation in pH can impgaiomass hydrolysis as well as the
following steps of acidogenesis and methanoger{8segiert and Banks, 2005; Veeken
et al., 2000). Indeed, the growth of methanogenit acidogenic bacteria are strongly

affected by the pH (Luo and Angelidaki, 2013).
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In addition, Cazier et al. (2015) reported thaighhnitial partial pressure of Hn the
headspace was the main inhibitory factor affectungat straw hydrolysis in dry AD. It
was suggested that GQlayed a key role since;Hnhhibition occurred only in absence
of remaining CQ. Indeed, hydrolysis inhibition did not occur wh€®, was initially
present with H in the reactor headspace. In that casewHs rapidly consumed by
homoacetogenic bacteria and methanogens. When clm@aatigestion is efficiently
working, it can be assumed that £énd H are both biologically produced during
acidogenesis and acetogenesis and are continucosiyumed by homoacetogenic
bacteria and methanogenic archaea. More ©@n H is produced, the overall GO

content ranging from 30 to 50% of the biogas.

However, the exact role of G@n the bacterial activity in AD remains unclean the
one hand, C®has been reported as inhibitor of the productind degradation of
VFAs, as previously shown by Hansson and Molin @%hd Arslan et al. (2012) who
worked on acetate and propionate accumulation af pHd pH 4.5 and under 1 bar of
CO,, respectively. Consistently, it was elsewhere rgmbthat an inhibitory impact of
CO, on acetogenic and lactic acid bacteria at pH Kin(et al., 2006) and on
acetoclastic methanogens at pH 7 (Hansson and Md#81). On the other hand,
acidogenesis and more particularly, idroduction was shown to be improved by
sparging CQ@ before fermentation (at 30 to 3004@min™) (Bru et al., 2012; Kim et
al., 2006). Nonetheless, an inhibitory effect wasesved when COwas sparged at
higher rate (500 rabzmin™) (Bru et al., 2012). In contrast, Park et al. 0feported
that fermentative K production was improved by removing the L£Csince all

experiments were carried out under different ojegatconditions and different



91 microbial communities, concluding on the exact iotpaf CQ, on the different AD

92 microbial activities remains unclear.

93 The aim of this study was to evaluate the impaadiing CQ in mesophilic dry AD
94 when methanogenesis was atrtificially inhibited bghhinitial H, partial pressure in
95 headspace. Two inhibition durations (11 and 18 day®r to CQ injection were
96 investigated to evaluate the persistence of thébitoiny effect on acidogenic and

97 methanogenic populations.

98 2 Materialsand methods

99 21 Substrate

100 Wheat straw Triticum aestivum) was used as substrate. After harvest and callecti
101 wheat straw was fractionated using a cutting mitleough a 1 mm grid, and then
102 sieved to collect particles having a size betwe@h 4m and 1 mm. The TS content of

103 the wheat straw particles was 95%.

104 2.2 Operating conditions of the batch tests

105 Industrial UASB anaerobic granules were used tautade the batch reactors. The
106 granules were manually broken and mixed during 24th35°C, and were then

107 centrifuged (7 841 g, 20 min, and 4°C) to obtaihomogeneous anaerobic inoculum.
108 The TS content of the inoculum ranged between I1&n%. The substrate/inoculum
109 ratio was fixed at 3 (on basis of the volatile daontents) (Liew et al., 2012). A buffer
110  solution of sodium bicarbonate (0.0026 g of NaH@® of substrate) was used to keep
111 the pH at 8 all along the experiment (data not st)ow solution of trace elements

112 (FeCh 2 g-L*, CoChk 0.5 g-L*, MnCl, 0.1 g-L*, NiCl, 0.1 g-L*, ZnCh 0.05 g- [,



113  H3BOs 0.05 g-[!, NaSeQ 0.05 g-L!, CuCh 0.04 g-LI*, N&MoO, 0.01 g-L*) was
114 added (0.2 mL by flask) at start of the experimesing the same protocol than Cazier
115 et al. (2015). Initial TS content of the mixturendculum, wheat straw, sodium
116 bicarbonate solution and trace elements) was fiaed25% corresponding to the
117 maximal TS value where no inhibitory effect was extved in dry AD (Abbassi-
118 Guendouz et al., 2012; Motte et al., 2013)and g mvestigate the reversibility of the

119 inhibition only caused by high hydrogen partialgzare (Cazier et al. (2015)).

120 First, the mixture was introduced into a reactathva working volume of 3 L operated
121 during 10 days at 35°C under,Natmosphere to reach an active phase of
122 methanogenesis and homogenize the substrate/imocuedium.Then, 20 g of this
123 pre-culture was put into the bottom of a 600 mEklawhich corresponded to a thin
124 layer of less than 1 cm of substrate to limit th8uence of the gas diffusion in the
125 medium. The flasks were initially flushed with, jas. Hydrogen was then added to
126 reach an initial Hpartial pressure of 996 + 27 mbars, under a tatedgure of 1 500
127 mbars. A control, with only Nin headspace, was also carried out. All the flas&se
128 then incubated at 35°C for 32 days. In some ofltsks filled with hydrogen, 396 + 44
129 mbars of CQwere added after 11 and 18 days of operation.hBtatts were carried out
130 in triplicates for each condition. Flasks were skdpat day 0, 11, 18, 25 and 32 for

131 further analysis of fermentative metabolite concaidns.

132 2.3 Analytical methods

133 Biogas production volume was periodically estimabydmeasuring the total pressure
134 and the biogas composition. The gas composition we®rmined using a gas
135 chromatograph Perkin Clarus 580 composed of arctmjeheated at 250°C and two

136 capillary columns heated at 60°C. The first colurorresponded to an RtUbofa the
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CO, and the second column an RtMolsieve used for thectien of the @ H,, N, and
CH,. The carrier gas was argon at 350 kPa and unéleweate of 31.8 ml.mirt. The

detection was ensured by a thermal conductivitgatet kept at 150°C.

Metabolites were quantified by diluting 5 g of détgte in 20 g of deionized water for
30 minutes. The mixture was then centrifuged dugiignin at 39 121 g and 4°C and
filtrated at 0.2 um with a nylon membrane using saene protocol than Cazier et al.
(2015). VFAs were measured with a gas chromatogrReatkin Clarus 580 equipped
with an EliteFFAP crossbond® carbowax® 15 m column connectedh thame
ionization detector at 280°C. Nitrogen was usedasier gas under a flow rate of 6
mL.min" (Motte et al., 2013). Other metabolites than VRese quantified using high
performance liquid chromatograph, e.g. lactic @sid ethanol. The chromatograph was
composed of an automatic sampler (Water 717), a@rann to filter residues (Micro
guard cation H refill cartridges, Bio-Rad) and amiAex HPX-87H column (300 mm
on 7.8 mm, Bio-Rad). The carrier eluent was a suglfacid solution at 0.005 M under a

fixed flowrate of 0.4 ml.mift.

The microbial communities ofirchaea and Bacteria were characterized after DNA
extraction and amplification of the V3 region ofeti6S rRNA according to the

protocols of Braun et al. (2011) and Bru et al.120

The PCR products were purified and sequenced, tiseg/lumina MiSeq System with
2x300 bp paired-end chemistry used at the GenoTeefuencing centre
(www.genotoul.fr). An average of46 021 high quality sequences per sample for
Archaea and forBacteria were retained after assembly, de-multiplexing aleéning

with Mothur software version 1.33.2, as describgdSthloss et al. (2009). SILVA
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release 102 was used for alignment and taxonorfilatbn. Sequences are registered
on NCBI database under the accession numbers KYZ288KY229893 for archaea,

and KY234504 — KY235143 for bacteria.

2.4 Dataanalysis

R software (version 2.15.2) coupled with the paekBgmdr (version 1.8-4) was used
for statistical analysis of the experimental dataing variance analysis (ANOVA).

Non-significant p-values were fixed > 0.05 and #igant p-values were fixed when <

0.05.

Total Substrate Degradation (TSD) was estimateuwh factheoretical Chemical Oxygen
Demand (COD) mass balance between the start-uphanend of each experiment, as
described elsewhere (Cazier et al., 2015). Alldation was expressed according to the

initial TS content of wheat straw (TSi expressedriams of dry solids), as follows:

AH, fACH, f T Ametf TAGC Ay, itAmeti (Eq.1)

TSD = Final State — Initial State = - -
TSi TSi

where,Ay, ¢ is the amount of Hremaining at the end in the headspdgg;, ¢ the final
amount of accumulated GHA ¢ the final amount of metabolic productsgc the
total amount of gas (Hand CH) sampled for analysedy, ; the initial amount of kK
added andA,.¢; the initial amount of metabolites in the mediunincg all these

parameters are expressed in grams of COD, TSD spuneled to gram of COD per

gram of initial TS of wheat straw.
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3 Resultsand discussion

3.1 Recovery of the methanogenic activity after CO, addition

Figure 1.a shows the cumulated production of, @ldng reactor operation time. For the
reactors carried out at high initiBl, and, thus, operated under inhibitory conditions,
CO, was added after 11 and 18 days of operation. ®h&a corresponds to a reactor

without initial addition of H in headspace.

In the control reactor, a maximal and constant, @téduction rate was observed after a
lag phase of 5 days and reached a value of 2.B2 ®kw. grs*.day’, equivalent to
2.98 mkha- g/s'l-dayl. This result is significantly lower than previoteported values
of 12 mkyagvs - day* for wheat straw at 22% TS (Liew et al., 2012). Isdifference
resulted either from different microbial inoculumgins or from a TS content slightly
higher in the present experiment (25% TS), consideéhat 28-30 % TS was previously
reported as a threshold value prior inhibition bé tmethanogenic and acidogenic

microbial activities (Abbassi-Guendouz et al. 20Uditte et al. 2013).

In the reactors where Hvas initially added, a small quantity of ¢lccumulated the
first day of experiment at low production rate)d¥6 + 0.52 and 0.96 + 0.42 gk grs

L. day* (Table 1): this production rates correspond tortiean values of the triplicates
used to evaluate the addition of £@after 11 and 18 days of inhibition, respectively.
Thereafter, Chl production was strongly inhibited due to the pneseof high partial
pressure of Klin the headspace, with average production ratemlyf0.45 + 0.1 and
0.38 + 0.1 mina grs'l.dayl. In comparison, the control (only;Nshowed a methane
production rate ten times higher at 2.7 + 0.3unlgrs . day” for the same experimental

time. Consequently, the amounts of cumulated metlater 11 and 18 days reached
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only 4 £ 0.5 and 6 £ 1 s gTs'l in the inhibited reactors against 20 £ 4 and 39 +
MlcHa grs'l in the controls, respectively. It was concludedt theethanogenesis was
clearly inhibited in presence of high initiak lpartial pressure in headspace (996 + 27
mbars). The corresponding concentration of dissbMg in the medium at 35°C was
estimated at 0.58 + 5 x £mgy»-L™. Consistently, a similar value was reported as a
threshold H concentration prior to wheat straw hydrolysis bition in AD by Cazier et

al. (2015).

When CQ was added in reactor headspace, the methaneyagicimulated within the
first 3 days to reach values of 12 + 1 and 10 #I2.ggrs” in the reactors where GO
was added at day 11 and 18, respectively. Thisghiase of Ckiproduction was called
“phase 1”, as shown in Figure 1.b. During phasédil.and CQ were both rapidly
consumed until total exhaustion of, lh headspace (data not shown). No significant
acetate accumulation was observed during the7idatys after C@addition (Figure 2).

It was therefore concluded that, Hand CQ were most likely consumed by
hydrogenotrophic methanogens to produce.@dnsistently, methane production rates
in phase 1 were higher than in the controls, with @75 méns-grs *.day” and 3.55 +
0.87 mkua- grs*.day* for CO, added at day 11 and 18, respectively, versus erage
value of 2.7 + 0.3 naha.grs*.day" in the controls (Table 1). Such observation strgngl
supports the fact that efficient hydrogenotrophietimnogenesis was the main
methanogenic pathway during phase 1. Moreoverptéthanogenic activity recovered
immediately after C@addition, suggesting that hydrogenotrophic metgane were
not inhibited at highPy,, at least during the first 18 days. This is cadesis with

previous observations where the production of, ®if hydrogenotrophic methanogens

10
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was previously shown to be favoured at higl» (> 5 mbars) in anaerobic digestion

systems (Demirel and Scherer, 2008; Schink, 1997).

After phase 1, a phase of 4 days, called ‘plateaas observed with only a small
amount of CH that accumulated whatever the time of Gfddition (Figure 1.b). The
CH, production rate during the plateau phase was havyi.e. 0.82 + 0.26 and 0.41 +
0.27 mkua grs - day* when the C@was added at 11 and 18 days respectively (Table
1). Since no Kwas present in headspace, this plateau phasesponded probably to
the time for the microbial community to readapfdgourable conditions for substrate
degradation, as initially observed in the contrel, a lag phase of 4 days at the start of

the experiment.

Afterwards, methane production increased to reamlmaulated methane yield of 16 + 1
Mlcha grs® and 11 + 3 miua-grs”* in 7 days,when CQ was added at day 11 and 18,
respectively. This second production phase wasrdaraded ‘phase 2’ (Figure 1.b). In
phase 2, the methane production rates decreasdwlbyhen compared to phase 1
(Table 1), with 2.74 + 0.45 and 1.61 + 0.23-mlgrs*.day* when the C@was added
at 11 and 18 days respectively. Since the; @kbduction rates were substantially
different during for the first and second phasey thfferent methanogenic pathways
were likely involved. Indeed, it is well establishethat hydrogenotrophic
methanogenesis is faster than the acetoclasticametproducing pathway (Pan et al.,
2016). While CH production in phase 1 seemed to be mainly dueg/doogenotrophic
methanogens, methanogenesis was most probablytimgsiiom the degradation of

acetate by acetoclastic methanogens in phase 2i{@emd Scherer, 2008).

11
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Interestingly, CH production rates were slightly higher when G@as added after 11
days of inhibition (4 + 0.75 and 2.74 + 0.45qm} grs*.day" for phases 1 and 2,
respectively) than 18 days (3.55 + 0.87 and 1.7028 mkus grs *.day” for phases 1
and 2, respectively). Such a difference suggestanaulative inhibitory effect of the

time of exposure to #on both hydrogenotrophic and acetoclastic methansg

3.2 Impact of the Py, on other metabolic by-products dynamics

Figure 2 presents the accumulation of metabolipf@gucts (VFAs and methane), the
remaining hydrogen in the controls and in the m@ctarried out with high initiaPy».

In the controls, microbial metaboliteise. all VFAs, formate, succinate, and ethanol,
transitorily accumulated after 11 and 18 days oérapon (35 £ 2 and 39 = 5
mgcon.grs” at day 11 and 18, respectively) likely becauseéhefhigh TS content, and
then decreased to 7 + 2 mg.grs” at day 32, confirming the efficient methanogenic

activity even at 25% TS.

In comparison, the amount of metabolites was highethe reactors where ;Hvas
initially added. The concentrations of metabolitesched 58 + 5 mgp.grs” at day 11
and 82 + 17 mep.grs® at day 18 prior to C®addition (Figure 2). These values
corresponded to a total concentration in metatmbfeabout 20 + 2 g-t at day 11, and
28 + 6 g-[* at day 18, respectively. Such value is aboverihibitory limit of 20 g-[*
as previously reported in wet AD processes (Sieged Banks, 2005). Interestingly,
most of the hydrogen consumed at day 11 and al84$9 + 2 mgop.grs *and 72 + 2
Mgcop.Grs’) corresponds to the concentration of produced boditas (51 + 2
Mgcop.Ors® and 75 = 17 mgop.grs® at day 11 and 18 prior to GCaddition,
respectively=. The small difference at day 11 betwéhe hydrogen recoveries into

metabolites (18 mgp.grs™) could correspond to the methane produced dufiisgtitne

12
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(17.5 + 4 mgop.grs?). Such high concentration of metabolites mightehaeen the
cause of the strong inhibition of methanogenic vagtiat high Py, prior to CQ
addition. Since VFAs did not accumulate during thésiod, it can also be concluded
that hydrolysis and/or acidogenesis may also hagenbinhibited under these

conditions, prior to C@addition, as previously reported by Cazier e{2015).

Furthermore, the increase in the total amount ofabwdites at high initiaPy, was
mostly due to an increase of acetate, and, at arlextent, butyrate and isobutyrate.
The acetate concentration increased from 2 + @omgTs'l to 35 £ 4 mgop gTs'l at

day 11 and 43 + 11 ragD-gTS'l at day 18, prior to CPaddition. Meanwhile, the
butyrate and isobutyrate concentration increased ft.7 + 0 mgop- grs” at start to 9 +

0.2 m@op grs - and 18 + 4 mgop grs™ at day 11 and 18, respectively. Such increase of
acetate and butyrate concentrations under an atmospich in H was previously
observed during the anaerobic conversion of canhatgs-rich wastes (Arslan et al.,
2012). These authors reported an increase of 318654f of acetate and butyrate

production, respectively, undePa, of 2 bars in comparison to only,N

When CQ was added after 11 days of inhibition, no metdbotiegradation was
observed during the first 7 days after CGdition (phase 1), confirming the assumption
of a dominant hydrogenotrophic pathway producinghaee (Figure 2). The decrease
of the total COD concentration between the daydofitton of CQ (day 11) and 7 days
after, was probably due to the fact that the amalgEmetabolites and acetate was only
done in one sacrificed replicate and not all reppés. Therefore, ANOVA was used to

statistically compare the results for each.

13
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7 days after C® addition, a decrease of the total metabolites eoination was
observed, and was mostly due to acetate consumpiiia observation is consistent
with the recovery of the methanogenic activity. Hoetate content decreased from 33 +
2.4 m@opGrs® to 8 = 6 mgop Grs- between day 7 and 14, respectively. Such
difference between the acetate concentration atOdagpd 14 after COaddition was
statistically significant (ANOVA, p-value <0.05)h& decrease of acetate concentration
was likely due to the conversion of acetate into, @iy acetoclastic methanogens
(Pavlostathis and Giraldo-Gomez, 1991) or to thelation of acetate by acetate-
oxidizing bacteria into Fland CQ that are then converted to ¢bly hydrogenotrophic
methanogens (Karakashev et al., 2006). A similamdrwas observed when g@as
added after 18 days with an acetate content tlaedsed from 30 + 10 rggp: gTs'l at
day 7 to 18 + 3 mg- grs™ at day 14 (Figure 2). Interestingly, acetate deatian from
day 7 to 14 (phase 2) was slower when,@@s added after 18 days of inhibition. This
result was likely due to the time of exposure dgdtate-degrading methanogens at high
H, partial pressure. In other studies, a specifichibbry effect was observed on the
growth of Methanosarcina sp. when H partial pressure was increased from 2.5 to 20
mbars and a specific effect on acetate degradatasmobserved (Ahring et al., 1991).
Such observation is also supporting the fact tlyardgenotrophic methanogens were
most probably the most efficient GHoroducers in phase 1 since no significant

difference between the two times of exposure.

3.3 Impact of the Py, on the overall substrate degradation
To estimate the impact of th&y, on the global microbial activity, the overall sulasé
degradation was calculated in g grs® using Equation 1, which takes in

consideration the amount ot hitially added (Figure 3).

14



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

In the reactors where G@vas added at day 11 or day 18, the substrate ditgya was
very similar 14 days after GOaddition, with 55 + 9 mgp grs® and 54 + 17
Mgcop- Grs -, respectively. Therefore, the impact of the timpasure on the methane
production rate in phase 2, was probably not dua fwersistent effect on the global
microbial activity since the overall substrate detation was the same after 14 days, but
more likely to a transitory accumulation of metates due to a slower methanogenic
activity, as shown in Figure 2. Nevertheless, wlemparing these values to the
control, the global substrate degradation was loinethe reactors operated at high
initial Py, for a close duration of operation. About 80 + 5¢mggTs'1 were reached at
day 11 in the control that is substantially higliean in inhibited reactors. All these
observations suggest that the high inifR had very likely a persistent inhibitory

effect on the hydrolytic activity of the consortium

The exact mechanisms behind microbial hydrolyses still uncertain and probably
highly diverse when considering complex substraf@g main mechanisms have been
proposed in the AD model (ADM1): (1) the enzymee directly secreted into the
liquid phase by hydrolytic microorganisms with aiedt effect on substrate hydrolysis
that releases free sugars on the bulk phase oth€)microorganisms attach on the
substrate surface with the formation of a biofilndgroduce enzymatic complexes to
disrupt the organic material (Batstone et al., 200Recently, Cazier et al. (2015)
reported an initial a strong inhibitory effect agh Py, on the hydrolytic activity in dry
AD. High Py, could have either influenced the production oreigan of extracellular
enzymes by retro-inhibition, or reduced the phygiaal activity of the

microorganisms. Similarly to the present studyséhexperiments were carried out with
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thin layer of substrate to reduce gas transfettdiimn and investigate the local effect of
H, partial pressure. In dry AD reactors, the effdajas transfer limitation must also to
be considered. Since diffusion coefficients de@easbken TS contents increase (Bollon
et al., 2013), dissolved gas diffusion and gasiiguwansfer may become a limiting
factor (Abbassi-Guendouz et al., 2012), with a lez@umulation of Hand CQ in the
medium. With a substrate rich in carbohydrates atndigh TS content, hydrolysis and
acidogenesis is highly favoured with a rapid prditucof VFAs, CQ and H. That
could lead to a local accumulation of bince CQ could be dissolved in carbonates at
high pH. Therefore, if the locaPy, is high enough, hydrolysis may therefore be
inhibited, especially if the locdt, is low. The results of the present study sugdest t
the addition of C@in dry AD digester may improve the methanogenidgrenances
not only by increasing the gas-transfer kinetiost &lso by reducing the loc&l,,
through B consumption. Adding COmay also present inhibitory effects on AD
performances if the medium is not properly buffesatte CQ could decrease the pH
down to 6 that has a strong inhibitory effect ontlmaogens (Ward et al., 2008).
However, this is unlikely to occur since tests aped under similar conditions with
only CO, added in headspace (ng)Hvere carried out and no impact on dry AD

performances was observed (data not shown).

3.4 Impact of the Py on microbial community dynamics

The compositions inArchaea and Bacteria of the microbial communities were
determined in the control reactor, and in the @actontaining a high 2 before CQ
addition, and 7 days (end of ‘plateau’ phase) ahdidys (end of phase 2) after £0

addition (Table 2).
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First, the composition idrchaea in the inoculum (day 0) was mainly dominated by
hydrogenotrophic methanogendlethanobacteriales: 91.6%) followed by mostly
acetoclastic methanogenddthanosarcinales. 5.8%), as already described by Amani et
al. (2010). Interestingly, in the control, the tela proportion of acetoclastic
methanogens increased over the experimental timeach 17 % after 18 days. Such
variation in the type of methanogens was alreagpnted in dry AD (31% TS) during
the start-up period followed by a stabilization ipdr for a semi-continuous
thermophilic reactor treating the organic fractmimunicipal solid waste (Montero et
al. 2008). A higher proportion iNlethanosarcinales sp. might indicate that an efficient
microbial process occurred in the controls, as iptsly suggested in dry AD by

Abbassi-Guendouz (2013).

In the reactor where CQvas added at day 11, the overall composition efafthaeal
community did not significantly change. Indeed, th@crobial community was
composed of 90-91%lethanobacteriales and only 6-8%Methanosarcinales all along

the experiment. Since hydrogenotrophic methanodethanobacteria sp. andseveral
Methanosarcina sp.) were present in much higher concentration twtoclastic
methanogensMethanosarcina sp. only), hydrogenotrophic GHoroduction from H
and CQ was likely more efficient than from acetate. Suwlicrobial community
structure is in accordance with an absence of scetecumulation during the first 7
days after C@ addition. After a time between 7 and 14 days reargsto reactivate
acetotrophic pathways byethanosarcinales, a subsequent decrease of acetate

concentration was observed.

In comparison, the composition of the archaeal canity was significantly different

when CQ was added at day 18 (Table 2). In that case, tbeeptage of
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Methanosarcinales amongstArchaea was not only initially higher but also increased
from 12% to 17% at the end of the experiment. Téssilt suggests that Groduction
from acetate was most probably higher when, G@s added after 18 days than after 11
days. As reported elsewhere, acetate metabolisilétihanosarcinales starts to be
inhibited with only 2.5 mbars of H(Ahring et al., 1991). Therefore, a higher
composition inMethanosarcinales supports a higher persistence of the inhibitofgaf
of the initial highPy,. Nonetheless the final increase Methanosarcinales relative

abundance might indicate a recovery of efficientrarogenesis in these conditions.

Characterization of the bacterial community showksér differences between control
reactors and inhibited reactors (either 11 or 1$sfgaAlthough all other clusters of
bacteria remained in similar proportion, the re®atiabundance ofClostridiales
increased in inhibited reactors at a similar exfeon 30-31% to 40-42% during the
first 7 days after C@addition. Meanwhile, the proportion 8&acteroidales decreased
from 24-32% to 19-21% in inhibited reactors eveoutsh their relative abundance
reached up to 47% after 18 days in the controlc&Stmany members @@lostridiales
are involved in hydrolytic and acidogenic activitién AD, a reactivation of the
hydrolytic activity after H inhibition seemed have to be carried out by mesbéthe
Clostridiales order. The imbalance betwedacteroidales and Clostridiales orders
might have resulted from a differential sensitivityinhibitor exposure. Consistently,
Abbassi-Guendouz et al. (2013) reporte@lestridium sp. enrichment when dry AD of
cardboard was inhibited by metabolite accumulasaggesting a higher resistance of

these microorganisms to detrimental conditionsrofugh (low pH, highPyy).
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4  Conclusion

In this study, inhibition of dry AD at high initiaH, partial pressurevas found to be
reversible by adding COwhatever the time of exposition to,.HThe reversibility
occurred in two steps, with a very probable firsngsumption of H and CQ by
hydrogenotrophic methanogens followed by acetdclasiethanogen. Methanogenic
performances depended then on the time of expasutégh Py, with a persistent
impact on AD kinetics. These results suggest th@cting CQ may represent a
solution to improve solid-state AD at high TS cartey avoiding local inhibition of

Ho.
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6 Tablescaptions

Table 1: Methanogenic activity performances (cumulated ,Qbfoduction, CH
production rate) for the different phases, in tbatmwl (with no H initially added) and
for reactors with initial H in headspace at a partial pressure of 996 + 27rsrdnad

where CQ was added at day 11 and 18.

Table 2 : Phylum and class dfrchaea and Bacteria presents in the control (without
gas added) and when the £@as added at 11 and 18 days in % (results of the

sequencing) at 0, 11, 18, 25 and 32 days aftdsebaning of the experiment.
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7 Figurescaptions

Figure 1: Cumulative methane production (in &i.grs™), for reactors with bl
initially present in headspace and where,G&as added after 11 and 18 days of
operation; according to (A) the time of reactor rgpien or (B) the normalized time
after CQ addition . Tests were operated at pH 8, 25% TSar8b°C.The grey and

black arrows show the time when €@as added at 11 and 18 days, respectively.

Figure 2: Metabolites production (in ragp.grs™) according to the time of operation in
the control (only M initially in headspace), and according to the tafter CQ addition
after 11 and 18 days of operation of the reactorsing at highPn,. All tests were

carried out at pH 8, 25% TS and 35°C.

Figure 3: Substrate degradation in mg.grs™, according to the time after adding £0

(CO, added at 11 and 18 days) and since the beginoargrol)
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Time Time since  Cumulated CH, Average CH,
Phases . .
(days of CO, addition produced per production rate
operation) (days) phase (Nml.g+s?) (Nml.grgt.day?)
Lag phase Oto5 2+0.6 0.45+0.13
Control
Exponential phase 5to 32 72+3 2.7+0.32
Before CO, Start phase Oto1l 08+04 0.96+ 0.52
addition
Inhibition phase 1to11 4+05 045+0.14
CO, added at CH, production phase 1 11 to 14 0-3 12+1 4+0.75
11 days
y After CO,
addition Lag phase 1410 18 3-7 4+24 0.82 +0.27
CH, production phase 2 18to 25 7-14 16+1 2.74 £ 0.45
Start phase Otol 0813 0.96 + 0.42
Before CO,
addition Inhibition phase 11018 6+1 0.38+0.1
CO, added at CH, production phase 1 18to 21 0-3 10+2 3.55+0.87
18 days
After CO
er_ NG Lag phase 2110 25 3-7 321 0.41+ 0.27
addition
CH, production phase 2 2510 32 7-14 11+3 1.77 £ 0.23




Control CO, added at day 11 CO, added at day 18
Total operation time (days) 0 11 18 11 18 o5 18 o5 39
Time after CO, addition (days) -- -- -- 0 7 14 0 7 14
Class Order
Archaea
Methanobacteria Methanobacteriales 91.6% 81.7% 78.1% 90.8% 89.6% 89.8% 83.4% 83.0% 79.8%
Methanomicrobia 5.8% 15.6% 17.0% 6.2% 6.9% 7.8% 13.4% 13.0% 17.3%
Methanomicrobiales 0% 1% 1% 0.2% 0.3% 0.2% 0% 1% 1%
Methanosarcinales 6% 15% 16% 6% 7% 8% 13% 12% 17%
Thermoplasmata 0.5% 0.1% 0.4% 0.5% 0.7% 0.6% 0.3% 0.5% 0.5%
Bacteria
Clostridia Clostridiales 26.4% 29.5% 19.7% 31.0% 39.8% 46.8% 30.3% 41.9% 39.9%
Bacteroidia Bacteroidales 29.2% 41.5% 46.9% 24.4% 20.5% 18.5% 31.9% 25.2% 20.9%
Spirochaetes Spirochaetales 10.3% 15.0% 17.6% 10.5% 7.7% 15.5% 10.6% 6.1% 20.5%
Synergistia Synergistales 5.6% 1.7% 2.1% 4.1% 3.9% 2.6% 5.3% 4.5% 3.0%
Anaerolineae Anaerolineales 5.1% 1.3% 1.4% 7.7% 7.4% 3.3% 5.3% 5.2% 2.2%
Deltaproteobacteria Syntrophobacterales 3.8% 1.4% 1.3% 2.4% 2.7% 1.2% 2.8% 4.3% 1.8%






