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Abstract: Polyhydroxyalkanoates (PHA), an intracellular rggeand carbon storage polymer, can be
accumulated in activated sludge in substantial tiies under wastewater dynamic treatment (i.e.,
substrate feast-famine) conditions. However, iiffuence on hydrogen production has never been
investigated before. This study therefore evatlidke influences of PHA level and composition in
waste activated sludge (WAS) on hydrogen productiofhe results showed that with the increase of
sludge PHA content from 25 to 178 mg per gram velauspended solids (VSS) hydrogen production
from WAS alkaline anaerobic fermentation increafseth 26.5 to 58.7 mL/g VSS. The composition of
PHA was also found to affect hydrogen productiowhen the dominant composition shifted from
polyhydroxybutyrate (PHB) to polyhydroxyvalerate H¥, the amount of generated hydrogen
decreased from 51.2 to 41.1 mL/g VSS even undesdhge PHA level (around 130 mg/g VSS). The
mechanism studies exhibited that the increased €dient accelerated both the cell solubilizatiod an
the hydrolysis process of solubilized substrateSompared with the PHB-dominant sludge, the
increased PHV fraction not only slowed the hydrslysrocess but also caused more propionic acid
production, with less theoretical hydrogen generain this fermentation type. It was also foundtth
the increased PHA content enhanced the solubleiprabnversion of non-PHA biomass. Further
investigations with enzyme analyses showed thah libe key hydrolytic enzyme activities and
hydrogen-forming enzyme activities were in the samge of the PHB-dominant sludge > the
PHV-dominant sludge > the low PHA sludge, which waaccord with the observed order of hydrogen

yield.

Keywords: hydrogen production from waste activated sludgek darmentation, biological nutrient

removal, polyhydroxyalkanoates

1. Introduction

The usage of fossil fuel is generally consideredrasustainable due to its diminishing supply and
large contribution to greenhouse gas generatiamyérnpalli et al., 2013). Meanwhile, waste actiglate
sludge (WAS), which is a byproduct of biologicalstewater treatment, is inevitably produced in huge
quantities. Therefore, biological production ofdlggen from WAS has attracted much attention (Cai
et al., 2004; Li et al., 2009; Zhao et al., 2013) which fossil fuel is saved, WAS is reduced aguked,

and the important renewable energy hydrogen isadbeved.
2
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In general, the rate of hydrogen production from3\A low, thus most of previous studies to date
have focused on the enhancement of hydrogen gemeedficiency via pretreating sludge (Yang et al.,
2012; Assawamongkholsiri et al., 2013; Kim et 2D13), controlling operational parameter (Saady,
2013; Gioannis et al., 2013; Zhou et al., 2013} mmproving reactor design (Saady, 2013; Jung.et al
2011). For example, it was found that hydrogerdpetion from WAS could be significantly enhanced
by controlling fermentation pH at constant 10, heeathis strategy not only improved the hydrolysis
process but also inhibited the activities of hydmgconsuming bacteria of both methanogens and
acetobacteria (Zhao et al., 2010). Besides, khsvn that WAS is a nitrogen-rich substrate wittvlo
carbon to nitrogen ratios (around 7/1) whereasréisemmended C/N ratio for anaerobic fermentation
system is 20/1 to 30/1 (Kim et al., 2012). Henseveral researches were performed to improve
hydrogen yield through optimizing co-fermentatiarbstrates. It was reported that the bioconversion
of sludge protein and the yield of hydrogen coukel largely increased by pertinent addition of
carbohydrate-rich substrates, such as primary sluftipd wastes, and agricultural wastes to WAS
fermentation reactors (Saady, 2013; Zhou et all32&im et al., 2012; Chen et al., 2012; Liu et al.
2013). Despite these important progresses, thaneement of hydrogen production from WAS by
improving the self-characteristic of sludge hasiseldom documented in the literature.

Polyhydroxyalkanoates (PHA), an intracellular metab intermediate and energy and carbon
storage polymer in wastewater treatment processesthe ability of rapid and complete degradation
under anaerobic conditions (Reischwitz et al., 1€%8n and Wang, 2002). PHA can be accumulated
in the external substrate feast stage, but thenageded PHA is easily consumed in the subsequent
famine stage. As a result, its content in WAS e@dgtom the traditional wastewater treatment plants
(WWTPs) is usually at low levels (Figure S1, Supipgr Information). When using this WAS for
anaerobic fermentation, as mentioned above, tleeafahydrogen production is low. Recently, there
have been increasing evidences showing that WA higth levels of PHA can be obtained in WWTPs
either by process improvement or by operation aptition. Takabatake et al. (2002) reported that
activated sludge biomass from 4 real WWTPs hacdipability to accumulate PHA up to 18.8% of dry
cell weight on average, with the range of 6.0% 9b%. Coats et al. (2007) found activated sludge

consortiums capable of synthesizing PHA at 10 % 28hen fed with primary solid fermented liquors.
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Based on the results, they further proposed a tsgdes process for both PHA production and
wastewater treatment. In our recent studies, & ozserved that PHA content in WAS withdrawn from
a biological phosphorus removal reactor reached+1%6ng per gram volatile suspended solids (VSS)
by wasting sludge at 1 h of aeration (Wang e4l13).

The increase of PHA content in WAS might cause dhanges of sludge characteristics, which
further affected the subsequent anaerobic fermentat To date, however, the influence of PHA on
hydrogen production from WAS has never been regdort&Ssome scientists suggested that the microbial
cells would become more fragile with the increasswacellular PHA (Budwill et al., 1992; Page and
Cornish, 1993; Lee, 1996). Thus, it is presumed titne increased PHA in WAS might be beneficial to
hydrogen production. If this hypothesis is clealypported by experimental evidences, a new door
may be opened for both wastewater treatment ancbggd production from WAS. That is, organic
pollutants in wastewaters are designed to be piynaamoved via PHA accumulation, and then the
WAS with high levels of PHA is used for hydrogeroguction, by which aeration cost in wastewater
treatment process is saved, WAS amount is redacethydrogen yield in WAS anaerobic fermentation
is enhanced.

The aim of this paper was to provide a deep unaledstng of PHA associated with hydrogen
production in dark fermentation. First, the infiges of PHA level and composition in WAS on
anaerobic hydrogen production were investigateobiich tests at pH 10. It was reported that alkalin
conditions (especially pH 10) were beneficial taltogen production from WAS (Cai et al., 2004; Zhao
et al.,, 2010), because this method not only enltarise hydrolysis process but also inhibited the
activities of hydrogen consuming bacteria (Zhaalgt2010). Then, the reasons for PHA affectirgy th
yield of hydrogen production were explored from &spects of the microbial cell disruption, solust
substrate hydrolysis, acidification of hydrolyzedogucts, fermentation type, mass balance, and

activities of key enzymes.

2. Materialsand methods
2.1 The source of sludges with different PHA cotden

The following activated sludge bioreactors werefqraned to culture the sludges with different
PHA contents as such characteristic sludges aravalable now in real WWTPs. Seed sludge was

4
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taken from the secondary sedimentation tank of aicmal WWTP in Shanghai, China, and was
concurrently inoculated into five identical sequiegcbatch reactors with a working volume of 40 L
each. All reactors were carried out the same gedaded with four cycles (6 h per cycle) daily. cka
cycle consisted of a 240 min aerobic period, a 5gwettling period, a 5 min decanting period, arG@Da
min idle period. During the aerobic period, airsssaupplied into all reactors at a flowrate of 2fhid.
To obtain sludges with different PHA contents, thesactors received 200, 400, 600, 800, and 1000
mg/L of influent chemical oxygen demand (COD) cortcations (acetate was the sole carbon source),
respectively. The concentrations of other nutsantthese synthetic media were the same and were
presented as below (per liter): 0.1 g J&H 0.04 g KHPQ,, 0.01 g MgS®@ 7H,0, 0.005 g CagGJ and
0.5mL of a trace element solution. The compositidrirace element solution was documented in
previous publication (Wang et al., 2008). Aftettlseg period 30 L supernatant was discharged from
each reactor and replaced with 30 L respective unediuring the first 6 min of subsequent aerobic
period. About 5.7 L mixture was daily wasted freach reactor at 1.5 h aeration of the second cycle,
thus the sludge retention time was maintained pitcqimately 7 d.  After operation for about 60 @ th
five reactors reached stable, and then the wadigtbes were used in the following anaerobic
fermentation tests. These wasted sludges weresntmated at 4 °C for 12 h before use.
2.2 The source of sludges with different PHA conitjarss

To obtain the sludges with different polyhydroxyoate (PHB)/polyhydroxyvalerate (PHV)
fractions but similar total PHA amount, the follogi activated sludge bioreactors were conducted.
Five identical reactors, as described above, werfopmed and received the synthetic media with
different ratios of acetate to propionate but e COD concentration. It is widely accepted that
composition of wastewater can affect PHB-PHYV fiattiLi and Yu, 2011), and the pertinent increase of
propionate concentration in wastewaters will inse2éhe PHYV fraction of PHA (Chen et al., 2004).
These reactors received media with 800 mg/L ofigrit COD concentration, which were prepared with
100% acetate, 85% acetate + 15% propionate, 70%taceé 30% propionate, 55% acetate + 45%
propionate, and 40% acetate + 60% propionate, césply. Hereinafter, the sludges withdrawn from
these reactors were defined as sludge-I, sludgguldige-Ill, sludge-1V, and sludge V, respectivel\On

each day, about 5.7 L of sludge-l, sludge-Il, skilg sludge-IV, and sludge V mixtures were
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respectively withdrawn from these reactors at prately 100, 90, 80, 70, and 65 min of aeration,
because it was measured via batch tests that shedges contained similar PHA content at thesegime
All the other operations were the same as thoseteepabove. It took 54 d before these reactors
achieved stable characteristic of wasted sludgd, then the wasted sludges began to be used for
anaerobic fermentation trials. Before use, theasted sludges were also concentrated at 4 °C fbr 12
2.3 The effect of PHA content and composition odrbgen production

The batch tests were performed in ten serureBowith a working volume of 0.6 L each. Ten
serum bottles were divided into two groups withefin each. One group (group-l) was used to
evaluate the effect of PHA content on hydrogen petidn while the other group (group-Il) was
employed to investigate the PHA composition’s iaflue. Five serum bottles of group-l were
respectively fed with 300 mL of sludge-200, sludig®, sludge-600, sludge-800, and sludge-1000, and
meanwhile the other five serum bottles (group-ligrev fed with 300 mL of sludge-I, sludge-ll,
sludge-lll, sludge-1V, and sludge-V, respectivelfhe pH value of sludge mixtures in both groupd an
group-ll was adjusted to 10 by adding 4 M hydrodblacid (HCI) or 4 M sodium hydroxide (NaOH).
Oxygen in the bottles was removed from the headspgmitrogen gas sparging for 30 s. After that,
all bottles were capped with rubber stoppers, sealed placed in an air-bath shaker (120 rpm) at 37
1 °C. During the whole fermentation period (10tdg pH value in all bottles was controlled to 18.0
0.1 by adding 4 M HCI or 4 M NaOH with an automatiicator. It should be noted that no extra
inoculum was added into these fermentation reactord therefore WAS was used for both substrate
and inoculum in this study. The total gas volumasvdetermined via releasing the pressure in the
bottle using a glass syringe (300 mL) to equilibratith the room pressure according to the method
documented in the literature (Owen et al., 197%s the syringe was always in the bottle, the
accumulative volume was followed with time. Thentuative volume of hydrogen gas was calculated
by the following equation described in previous lm#tions (Zhao et al., 2010; Oh et al., 2003).

Vhi = Vhia + Gy X Vg - Chiin X Vg (1)

Where, Vi; and \;., are respectively the cumulative volumes of hydrogas in the current (i)
and previous (i-1) time intervals,cyand \;;, are respectively the total gas volumes in theerirand

previous time intervals, and ¢ and G,;; are the fractions of hydrogen gas measured by gas
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chromatography in the current and previous timervals, respectively.
2.4 Long-term semi-continuous reactor operatiortieranalysis of key enzymes

Three typical sludges, which were respectively tlosv PHA sludge (sludge-200), the
PHB-dominant sludge (sludge-l), and the PHV-domirsdmdge (sludge-V), were selected to be fed to
three semi-continuous reactors for the analysikegfenzymes relevant to hydrogen production. The
three semi-continuous reactors were identical wittorking volume of 0.6 L each. The three reactors
received 400 mL of sludge-200, sludge-I, and sliédgeespectively, and the fermentation conditions
were the same as described above. According toethdts obtained from the above batch tests the
sludge retention time was maintained at 7, 4.5, &Bdd in the sludge-200, sludge-l, and sludge-V
fermentation reactors, respectively. Every day, 89, and 73 mL of fermentation mixtures were
manually withdrawn from the sludge-200, sludgedd asludge-V fermentation reactors, respectively.
Then, the same amounts of new sludge-200, sludgedl sludge-V were respectively added into these
reactors, which resulted in the VSS loading ratel @3 Kg/ (m-d) in the sludge-200 fermentation
reactor, 2.63 Kg/ (fd) in the sludge-l fermentation reactor, and 2@2 (m* d) in the sludge-V
fermentation reactor. After that, all reactors eveparged with nitrogen gas for 30 s to remove eryg
before they were re-capped and re-sealed. Afteratipn for about 80 days, hydrogen yield reached
stable, and then the assay of key enzyme activitiessperformed.
2.5 Batch fermentation test of the effect of sluBg#A content on cell disruption

To eliminate the potential impact of microbial carsjtion on cell disruption, the following batch
fermentation test was conducted. Two fermentat@ttors were performed. The sludges fed to the
two fermentation reactors were withdrawn from tame activated sludge bioreactor (i.e., 1000 mg/L of
influent COD fed reactor) but at different aerobimes. One was fed with the sludge wasted at 1.5 h
aeration (i.e., sludge-1000) while the other wasvigh the sludge withdrawn at the end of aerokiosi
(this sludge was defined as sludge-1000-1). Adtamcentrating at 4 °C for 12 h, it was measuret tha
the sludge-1000-I contained 12280 + 360 mg/L VS&40 + 340 mg/L total COD, 570 + 31 mg/g VSS
total protein, 224 + 15 mg/g VSS total carbohydrated 31 + 5 mg/g VSS PHA. The fermentation
conditions were the same as those described isettteon 2.3.

2.6 Comparison of protein consumption and hydrogaoduction among non-PHA sludge,
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intracellular-PHA sludge, and exogenous-PHA sludge

To evaluate the potential effect of PHA on non-Pblémass during fermentation, we performed
the following batch fermentation experiment. Instlatch experiment, three fermentation reactors
were carried out and were respectively fed with 80 non-PHA sludge, 300 mL intracellular-PHA
sludge (i.e., sludge-1000), and 224 mL non-PHAgu#l 654 mg exogenous PHA (88% PHB and 12%
PHV). The non-PHA sludge was collected from 100§/Lmof influent COD fed reactor at 6 h of
aeration, because it was found that PHA content m@s-detectable after 6 h of aeration. The
fermentation conditions were also the same as tthegieted in the section 2.3. It took about 1581,1
and 108 h for these reactors to reach the maxiydidolgen production, respectively. At this time,
PHA was non-detectable in all fermentation reactors
2.7 Analytical methods

Hydrogen fraction in the generated gas was measiiaea gastight syringe with 0.2 mL injection
volume and a gas chromatograph (GC112A, China)pegui with a thermal conductivity detector and a
4 mm x 32 m stainless column (Zhao et al., 201@p)Xét al., 2014). The temperatures of the injactio

port, column, and detector were set at 40, 40,80, respectively. Nitrogen was used as the carrier

gas at a flowrate of 30 mL/min.The determinations of COD, VSS, and total suspersddids (TSS)
were conducted in accordance with standard metfaB$IA, 1998). The measurements of sludge
PHA, protein, carbohydrate, lipid, and short-ch&itty acids (SCFA) were the same as depicted in
previous publications (Wang et al., 2009; Yuan kf 2006). Carbon, hydrogen, and nitrogen
elemental compositions of fermentation substratesevanalyzed by an elemental analyzer (Elemental
Analyzer NA 2500). Microbial extracellular polyniersubstances (EPS) containing loosely bound
EPS and tightly bound EPS of activated sludge weasured according to the method documented in
the literature (Mu et al., 2012). Molecular weidMw) distribution of the fermentation liquid was
measured via gel-filtration chromatography analy&himadzu Co., Japan) according to the literature
(Zhao and Chen, 2011). The activities of key hiydio enzymes (alpha-glucosidase and protease)
were measured the same as described by Goel(2988). One enzyme unit of alpha-glucosidase was
defined to produce {iM of p-nitrophenol in one hour while one enzymetwiiprotease was defined to

hydrolyze 1 mg of azocasein per hour (Goel etl898). The measurement of [FeFe] hydrogenase

8
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activity was performed according to the method riggbin the publications with minor revision (the
debris was centrifuged at 15000 or 20000 g in thielipations while it was centrifuged at 12000 g in
this study due to the limit of available centrifjigand one unit of [FeFe] hydrogenase was defirsed a
the amount of hydrogenase evolving 1 M hydrogenfigas sodium dithionite reduced methylviologen
per min (Khanna et al.,, 2011; Bai et al., 2012)riefd), fermentation mixtures were harvested and
washed for 3 times with 50 mM Tris-HCI| (pH 7.5) taining 2 mM dithiothretol and 1 mM
phenylmethylsulfonyl fluoride. Then, the resuspahdells were sonicated at 20 kHz for 45 min in an
ice bath to break down the cell structure. Theridabas centrifuged at 12000g and 4 °C for 30 min,
and the crude extracts in supernatant were obtdind&eFe] hydrogenase activity measurement. The
analysis was performed in a 5 mL plain tube. Amwéd of 10QuL crude extracts was added to start the
reaction in the tube containing 50 mM Tris-HCI (ptb), 25 mM sodium dithionite, and 1.5 mM
methylviologen in a final volume of 2 mL. The agsaixtures were bubbled with argon to remove
traces of dissolved oxygen before addition of thale extracts. The reaction mixture was incubated
a shaker at 25 °C for 10 min.
2.8 Statistical analysis

All measurements were conducted in triplicate. ahalysis of variance was used to evaluate the

significance of results, and p < 0.05 was consifléwebe statistically significant.

3. Results and discussion
3.1 The effect of PHA content and composition inS\@n hydrogen production

Table 1 presents the main characteristics of skagt different PHA contents. It can be seen
from Table 1 that protein, carbohydrate, and PHAthe top three organic compounds in these sludges.
With the increase of PHA content, both protein eaarbohydrate contents are decreased. Nevertheless,
the increased PHA content does not result in sgmif increase of total COD concentration (p > R.05
In addition, PHB is found to be the dominant fraitof PHA in all sludges, and the percentages d&,PH
PHYV, and poly-3-hydroxy-2- methylvalerate (PH2MV§galmost the same among these sludges.

Figure la shows the time curve of cumulativdrbgen production using sludges with different
PHA contents. It can be seen that the behaviotlydfogen production at different PHA contents was

similar. The volume of generated hydrogen firsrémsed with the increase of fermentation time and

9
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then kept almost constant in the remainder of fetateon period. No hydrogen consumption was
observed in all the fermentation reactors due e¢osthong alkaline condition controlled in thesectees
(pH 10). It was proven that constant pH 10 codfdotively inhibit the activities of methanogensdan
acetobacteria (Zhao et al.,, 2010). All these olzdeEms made in Figure la were similar to those
reported in the literature at constant pH 10 (Zhgaal., 2010). It can be also found in Figure Hat t
the maximal hydrogen yield was affected by PHA eaht With the increase of PHA content,
hydrogen yield increased. For instance, the hyeliggroduction in the Sludge-200 (with PHA content
of 25 =+ 3 mg/g VSS, Table 1) fed reactor increagetiually with fermentation time during the initial
156 h, and no significant increase was found dlfftetr time (p > 0.05). At time of 156 h the hydrnge
generation was 26.5 mL/g VSS, which was in accatl the datum reported in the literature (Zhao et
al., 2010). Nevertheless, the maximal hydrogemyxcton in the Sludge-1000 (with PHA content of
178 + 11 mg/g VSS, Table 1) fed reactor was obskme fermentation time of 108 h, and the
corresponding hydrogen production was 58.7 mL/g M&@8ch was 2.2-fold higher than that detected in
the Sludge-200 fed reactor. It should be emphddizat the optimal fermentation time in the lowest
PHA sludge (i.e., Sludge-200) was 156 h whereaswhiue was 108 h in the highest PHA one (i.e.,
Sludge-1000). Clearly, the sludge containing highElA produced more hydrogen but required less
fermentation time.

PHA contains several compositions, it is themefnecessary to investigate the effect of PHA
composition on hydrogen production to gain a comensive understanding of PHA associated with
hydrogen production. However, since PHB and PH¥the main compositions of PHA in activated
sludge involved in WWTPs with their contents uspabove 90%, we only focus on these two
compositions in this study. Table 2 outlined thainmcharacteristics of sludges with different PHA
compositions. From Table 2, it can be found thatrhain difference among the five sludges was PHA
composition. With the increase of influent promta ratio, PHV fraction increased. For example,
PHB was the dominant composition of PHA with itsqeat up to 79.1 + 8.6% of PHA (i.e., sludge-I)
when influent COD was prepared with 100% aceta&¥hen the reactor received 40% acetate + 60%
propionate, PHV was shifted to be the main comosi{82.8 £ 7.7% of PHA, sludge-V). Except for

the PHB and PHYV fractions, all other charactersstitthese sludges were almost the same. Thus thes

10
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sludges can be employed to evaluate the influehB#lé composition on hydrogen production.

Figure 1b illustrates the effect of PHB/PHVclian on hydrogen production. Although these
sludges contained the same level of total PHA @2% ~ 135 + 9 mg/g VSS, Table 2), hydrogen yield
from them were not the same. When the dominantposition of PHA shifted from PHB (79.1 £
8.6% of PHA, Sludge-l) to PHV (82.8 £ 7.7% of PH3ludge-V) gradually, the amount of maximal
hydrogen production decreased from 51.2 to 41.1gnM$S. Meanwhile, the optimal fermentation
time increased from 108 to 132 h. It was eviddrdt tPHB was more beneficial to hydrogen
production, as compared with PHV. It should als® ioted that hydrogen production in the
PHV-dominant sludge (i.e., Sludge-V) fed reactos\still greater than that in the low-PHA sludge.(i.
Sludge-200) fed reactor, but the required ferméertaime was lower. All the above results showed
that the intracellular polymer PHA could enhancerbgen production from WAS dark fermentation,
and the different compositions of PHA could cau#féeiebnt effects on hydrogen generation. The
mechanisms of PHA content and composition affectipgrogen production will be explored in the
following text.

3.2 Mechanisms of intracellular PHA affecting hygiea production

Besides protein and carbohydrass, seen in Table 1 and 2, PHA was also one of tineapy
organic compounds in these sludges tested in tilndly,sand the changes of its content and compasitio
were clearly observed to affect hydrogen producttéigure 1). Furthermore, we found that more than
94% of PHA in all tested sludges was degraded dutie initial 3 d of fermentation time (Figure S2,
Supporting Information). Thus it was necessarint@stigate how hydrogen production was affected
by PHA. During sludge anaerobic digestion, thelofeing four steps are usually included:
solubilization of sludge, hydrolysis of solubilizedbstrates, acidification of hydrolyzed produetsd
methane production (Zhao et al., 2010). Hydrogemmainly generated in the acidification step.
Since no hydrogen consumption was observed ireatitors, PHA's influence on hydrogen production
was mainly focused on the three former steps.

Several researchers showed that PHA as an exoggslassc material could be completely
decomposed under anaerobic conditions (Reischwitt.£1998; Chen and Wang, 2002). However,

compared with the exogenous PHA materials, PHAnisnd&racellular polymer in this study. This

11
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indicates that the microbial cell needs to be gited before it can be further degraded. Therefitze,
potential influence on cell disruption was inveatig first. In the literature, cell disruptionusually
estimated by the determination of intracellulartdie release (Wang et al., 2013; Tam et al., 2012
In this study, the variations of soluble proteirdaarbohydrate were applied to indicate cell brgaka
because the sludges used in this study contaimeolsathe same protein and carbohydrate contents in
EPS (Table 1 and 2). It can be seen from Figuréhaaboth the ratios of soluble protein to total
protein and soluble carbohydrate to total carbosigdat 1 d of fermentation time increased with the
increase of intracellular PHA content. When PHAteaot increased from 25 + 3 (Sludge-200) to 178
+ 11 (Sludge-1000) mg/g VSS, the ratio of solubietgin (carbohydrate) to total protein (carbohyelyat
increased from 14.6 £ 0.9% (4.7 £ 0.4%) to 30.5402(16.2 + 1.9%). PHA has associated proteins in
its biogenesis and degradation, and the degradafi®HA will increase protein solubilization, which
thereby affecting the assessment of cell disruptiorhus, we further determined the VSS reduction
ratio among these reactors at 1 d of fermenta@mal, the results are shown in Figure 2b. It was
observed that the VSS reduction in the high PHAaaed sludge was also greater than that in the low
PHA sludge. Since both the decomposition of PHA solubilization of other cell compositions will
contribute the VSS reduction, it is necessary gorg out whether the increased VSS reduction in the
high PHA contained sludge is caused by the PHA mposition. Based on the following equation, it
was further found that except for PHA the solulilian ratio of other cell compositions was 19.9521
24.1, 26.8, and 32.4% in the sludge-200, sludge dlddge-600, sludge-800, and sludge-1000 reactors,
respectively.

Total VSS (g) x the measured VSS reduction ratiQ €@HA reduction (g) + non-PHA cell
composition (g) x the solubilization ratio of nokkR cell composition (%) (2)

Where, total VSS is calculated by initial VSS cantcation (Table 1) x 0.3 L, the measured VSS
reduction ratio is shown in Figure 2b, PHA reductie calculated by initial PHA (according to Talile
— remnant PHA (according to Figure 2b and S2), RbiA: cell composition is calculated by total VSS -
initial PHA.

It should be noted that the sludges used in abeweedntation tests might have different microbial

compositions due to the fact that they were wasteoh different activated sludge bioreactors with
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different influent COD concentrations. Differenganisms may have different disruption thresholds.
To eliminate this potential influence, a batch fentation experiment was carried out using the gadg
withdrawn from the same activated sludge bioreadior at different aerobic times (Table S1,
Supporting Information). The results showed tihat $sludge with high PHA level (i.e., sludge-1000)
exhibited higher soluble protein (carbohydratejatal protein (carbohydrate) ratio, VSS reductiandg
hydrogen production than the low PHA one (i.e.dgk+1000-I).

All these results showed that the increased PHAettwnaccelerated cell solubilization, which
thereby caused more soluble substrates for subsehyérolysis and acidification stages (Figure S3a,
Supporting Information). Some researchers repdttatithe microbial cell became more fragile with
the increased intracellular PHA level (Budwill & 4992; Page and Cornish, 1993; Lee, 1986an be
understood that the increased PHA could accelarsesolubilization of PHA contained biomass.
However, as all fermentation sludges used in thidyscontained PHA-biomass and non-PHA biomass,
it is unclear whether the increased PHA is berafitd the cell solubilization of non-PHA biomass
according to the above data, which will be furtaealyzed below. Figure S3b and S4 (Supporting
Information) present the soluble COD and the rafisoluble protein (carbohydrate) to total protein
(carbohydrate) in the fermentation systems fed wifferent PHA compositions at 1 d of fermentation
time. Further analysis found that compared wite HB dominant sludge (i.e., sludge-l), the
increased PHV fraction did not significantly affébe ratio of soluble protein (carbohydrate) taakot
protein (carbohydrate), VSS reduction, and sol@@D concentration (p > 0.05, Table S2, Supporting
Information), which suggested that PHA compositiae., PHB/PHV fraction) caused insignificant
impact on sludge solubilization.

It is known that before the solubilized substratag be directly utilized to produce SCFA and
hydrogen, the solubilized substrates with large Mwuire to be hydrolyzed. The hydrolysis rate is
closely relevant to the vyield and fermentation timf hydrogen production. Thus we further
investigated the effect of PHA on hydrolysis stepn this study, PHA content was observed to deereas
with fermentation time rapidly (Figure S2, Suppogtiinformation). Although PHA degradation rate
was affected by PHB/PHYV fraction, more than 949%lafige PHA polymer was degraded in the initial

72 h of fermentation time no matter what the o@¢iRHA content and composition in sludge were
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(Figure S2, Supporting Information). Using boviserum albumin (model protein compound with
average Mw of 67000) and dextran (model polysaédbartompound with average Mw of 23800) as
model substrates of protein and carbohydrate, #taad. (2010) observed that only 54.5% of protein
and 84% of carbohydrate were respectively decontporder alkaline anaerobic fermentation (pH 10)
even in 84 h of fermentation time. It seems thatdnaerobic hydrolysis rate of PHA might be faster
than that of protein and carbohydrate, which agentlain compositions of traditional cell.

This hypothesis can be strongly supported by thedistvibution of solubilized substrate shown in
Figure 3. It can be clearly observed that solmédi substrate with low Mw were in the sequencéef t
PHB-dominant sludge (i.e., Sludge-l) > the PHV-doamt sludge (i.e., Sludge-V) > the low PHA
sludge (i.e., Sludge-200) at 2 d of fermentationmeti(Figure 3a). Further investigations revealed th
the percentages of small soluble substrates (MWGO)L at this fermentation time showed well positive
correlation with PHA level (R= 0.972, Figure 3b) but exhibited negative cotretawith PHV fraction
(R? = 0.9124, Figure 3c). Considering that the SCEAggation at this fermentation time was found to
be unaffected by both sludge PHA content and coitipogTable S3, Supporting Information), it can
be concluded that the increased PHA content bexefiite hydrolysis process of solubilized substrates
and PHB was more beneficial to hydrolysis stepsamspared with PHV.  Since the sludge with higher
PHA content had lower protein and carbohydrate I€Tah it can be further inferred that PHA had éast
anaerobic hydrolysis rate than protein and carbctigd

It is reported that both PHB and PHV can be anaeatlp converted to SCFA under anaerobic
conditions through a series of biochemical degiadat and the metabolic pathways are summarized in
Figure S5 (Supporting Information). PHB and PHVe dfirst degraded to their monomers
3-hydroxybutyrate and 3-hydroxyvalerate by depolsases, respectively. Then, 3-hydroxybutyrate
and 3-hydroxyvalerate are activated by CoA tranafer generated the resultant 3-hydroxybutyryl-CoA
and 3-hydroxyvaleryl-CoA, which are further bio-eented to acetyl-CoA, propionyl-CoA,
butyryl-CoA, and valeryl-CoA. Finally, acetateppionate, butyrate, and valerate are produceden th
acidification process. As hydrogen is generatedadaidification step concurrently, accelerating
hydrolysis process by PHA indicates that more hiydead substrates can be provided for subsequent

hydrogen production. Meanwhile, fermentation twik be also saved if hydrolysis rate is acceledate
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It can be therefore understood that the hydrogedyation was in the sequence of the PHB-dominant
sludge > the PHV-dominant sludge > the low PHA glubtlut the required fermentation time was on the
opposite sequence, because PHB was more benédidigdrolysis process than PHV while both PHB
and PHV had faster anaerobic hydrolysis rate thteramain cell compositions, such as protein and
carbohydrate.

Hydrogen is primarily produced in acidificatistep, and the fermentation type is also repoxed t
affect hydrogen generation (Khanal et al., 2004etLal., 2009). Thus, we also compared with the total
and individual SCFA production among these reactof@ble 3 illustrates the total and individual
SCFA produced from the three typical reactors atttme of maximal hydrogen production, and the
detailed SCFA information in other reactors isdikin Table S4 (Supporting Information). As seen
from Table 3, the fraction of individual SCFA beerethe low PHA sludge (25 + 3 mg/g VSS, Tablel)
and PHB-dominant sludge (132 = 11 mg/g VSS, Tablded reactors was similar. Acetic acid,
propionic acid, and isobutyric acid were the tope¢hSCFA. The total SCFA production in the
PHB-dominant sludge, however, was much higher thanin the low PHA sludge fed reactor (375.0 £
17.1 vs 194.3 £ 11.1 mg COD/g VSS). With the iase of PHA content the total SCFA yield
increased. Similar results were also observedhercsludges with different PHA levels but similar
PHA composition (Table S4, Supporting InformationYherefore, improvement of acidification of
hydrolyzed products was another reason for theeas®d PHA sludge showing greater hydrogen
production.

From Table 3, it can be also observed that everertice same total PHA level (Table 2) both
individual SCFA fraction and total SCFA productisaried significantly (p < 0.05) when PHA
composition changed. The dominant PHA monomeneshifrom PHB (sludge-l, Table 2) to PHV
(sludge-V, Table 2)the top three SCFA wengropionic acid, acetate acid, and n-valeric angtdad of
acetic acid, propionic acid, and isobutyric acitt was reported that the fermentation type alsecéd
hydrogen production, and the higher the aceticherlower the propionic were generated, the greater
hydrogen was produced (Khanal et al., 2004; Li & 2a009). When 1 mol monomeric
3-hydroxybutyrate (or 3-hydroxyvalerate) is ferneahtl mol NADH and 1 mol Hwill be generated in

the step of 3-hydroxybutyryl-CoA (or 3-hydroxyvaleCoA) degradation, which can be further formed
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1 mol H, (Janssen and Schink, 1993; de Maria and Domin@0d8). That is, if 1 mol-C (or 1 g) of
PHB and 1 mol-C (or 1 g) of PHV are respectivelpnfented, the theoretical hydrogen production from
PHB will be higher than that from PHV (1 mol-C: 8.2s 0.2 mol K& 1g: 11.6 vs 10 mmol L
Moreover, the PHV-dominant sludge produced lesd ®EFA than the PHB-dominant sludge. Similar
observation was made in other sludges with diffiel@hB/PHV fractions (Table S4, Supporting
Information). Thus, it can be understood that Bi&/-dominant sludge produced less hydrogen than
the PHB-dominant sludge. From the metabolic payiswiar anaerobically converting PHB and PHV
to SCFA presented in Figure S5 (Supporting Inforomf we can see that acetic acid and butyric acid
are the resultant of PHB fermentation whereas @aaatid, propionic acid, andaleric acid are the
resultant of PHV fermentation, which might be tleason for more propionic acid generated in the
PHV-dominant sludge fed reactor.

According to the above analysis, it is clear thiinass containing higher PHA is easier to be
disrupted, which is thereby beneficial to dark fentative hydrogen production. After the disruption
of PHA contained biomass, PHA will be releasechtofermentation system. Thus, one might want to
know whether the released PHA affects the fermmmadf non-PHA biomass. To evaluate this
potential impact, one batch fermentation test usiog-PHA sludge, intracellular-PHA sludge, and
non-PHA sludge + exogenous PHA (with equivalent P¢thtent to intracellular-PHA sludge) was
carried out, and the results are shown in Tableldcan be seen that the protein consumption ratio,
SCFA production, and hydrogen production in thegexmus-PHA sludge reactor were much higher
than those in the non-PHA sludge reactor. Sineeettbgenous-PHA reactor was fed with the same
sludge (i.e., non-PHA sludge) as the non-PHA sludgetor, and the added exogenous PHA did not
contain any protein, the increased protein consiompate in the exogenous-PHA reactor indicatet tha
the presence of PHA benefited the fermentatioroofRHA biomass.

To obtain a deeper understanding, COD mass balanm@ng these fermentation systems was
assessed, and the results are displayed in Figureldwas found that the COD ratios of both SCFA
and hydrogen in the exogenous-PHA reactor wereehitffan those in the non-PHA reactor, which were
consistent with the lower VSS and soluble proteimained in the fermentation system. It should be

highlighted that the average COD ratio of solublggin in the exogenous-PHA reactor was only 61.1%
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of that in the non-PHA reactor (8.0% vs 13.1% datdCOD). Although the average COD ratio of
VSS remained in the former was also lower as coetpaith that in the latter (49.3% vs 63.0%), VSS
reduction from the aspect of sludge solubilizaticers approximately the same in the two fermentation
systems. In the non-PHA reactor, all VSS reducti@s ascribed to sludge solubilization, and the
average ratio of VSS reduction was 37.0% (1 — 63:0%7.0%). In the exogenous-PHA reactor,
however, both the exogenous PHA decomposition dndge solubilization contributed to VSS
reduction. Considering that the exogenous PHA, ciwvhivas completely decomposed during
fermentation, accounted for about 22.3% (as CODOptafl VSS [(0.576 g PHB x 1.67 + 0.078 g PHV
x1.92)/ (0.576 g PHB x 1.67 + 0.078 g PHV x1.922+16 g VSS/ L x 0.224 L x 1.42) = 0.223], the
VSS reduction come from sludge degradation shoal8&6% {[(1 — 49.3%) — 22.3%]/ (1 — 22.3%) =
0.366}. These results indicated that the presesicd®HA could not enhance non-PHA sludge
solubilization but promote the soluble protein cenrsion. From Table 4, it was observed that the C/N
ratio of exogenous-PHA system was 9.39, which wghkdrn than that of non-PHA system (7.08). It
was reported that pertinent increase of C/N ratioefited the conversion of protein and the producti
of SCFA and hydrogen (Chen et al., 2012; Feng.eR@D9). Therefore, the increased C/N ratio may
be the main reason for the presence of PHA enhansituble protein conversion and hydrogen
production.

It should be also noted that the intracellular-Pslddge reactor showed higher hydrogen yield,
SCFA production, and VSS reduction as compared thiégtexogenous-PHA reactor, though they had the
similar PHA content and C/N ratio (Table 4 and Fegd). As demonstrated above, intracellular PHA
could accelerate sludge solubilization whereas emogs PHA could not enhance it, which may be the
main reason for the increased VSS reduction androlggsh and SCFA production in the
intracellular-PHA sludge reactor. Another posspimight be that exogenous PHA would tend to be
crystallized, which would be more resistant to enatic attack. Moreover, due to the limit of our
available exogenous PHA, the compositions of exogenPHA (88.0% PHB + 12.0% PHV) and
intracellular PHA (78.3% PHB + 20.2% PHV + 1.5% MH2) were not completely the same, which
might also affect hydrogen yield and SCFA produttioThe results of COD mass balance analysis also

showed that with the increase of sludge PHA contéet COD ratios of produced hydrogen and SCFA
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463 increased (Figure S6a, Supporting Information). ewthe dominant composition of PHA shifted from
464  PHB to PHV, both ratios decreased (Figure S6b, &iog Information).

465 The production of hydrogen during sludge anaerfdrimentation at pH 10 is primarily related to
466  sludge hydrolysis and acidification because botthamgens and acetobacteria are inhibited (Zhao et
467 al., 2010). Determination of enzyme activitieaisalternative method to evaluate microbial adésit
468 (Nybroe et al.,, 1992). Thus, the activities of Keydrolytic and hydrogen-forming enzymes were
469 finally measured to reflect the microbial activitief key hydrolytic and hydrogen-producing micrabes
470 Protease and-glucosidase are the key enzymes for protein andobgdrate hydrolysis, respectively,
471 while [FeFe] hydrogenase is the key enzyme in tleeHemical metabolism for the production of
472  molecular hydrogen (Goel et al., 1998; Khanna e28l11; Bai et al., 2012). As seen in Figurehg, t
473  Sludge-l (i.e., PHB-dominant sludge) fed reactod llae highest activities of both key hydrolytic
474  enzymes and hydrogen-forming enzyme while the St (i.e., low PHA sludge) fed reactor had the
475 lowest ones. The activities of proteageglucosidase, and [FeFe] hydrogenase in the Slwd(es.,

476  PHV dominant sludge) fed reactor were lower thars¢hin the Sludge-I (i.e., PHB-dominant sludge)
477  fed reactor but much higher than those in the S3e2i3 (i.e., low PHA sludge) fed reactor. All thes
478 observations were consistent with the detectedrafdeydrogen production.

479 3.3 Implications for wastewater and WAS treatments

480 This study reveals for the first time that enhanbgdrogen production can be achieved from
481 increased PHA sludge. The findings obtained i thibrk have important implications to sludge
482 fermentation systems for hydrogen production. @lih numerous studies have been performed in the
483 field, the strategy to enhance hydrogen generdtan the aspect of improving the self-characterisfi

484  sludge has never been reported. Thus, the findihgss study can provide a new solution to enkanc
485 hydrogen generation. More importantly, a new doay be opened for both wastewater treatment and
486 hydrogen production from WAS based on the findiaghieved in this work. In the conventional
487 WWTPs, wastewaters are first influent into the aobie phase, where carbon sources (e.g., acetate)
488 will be taken up and further converted to intradelt PHA. In the subsequent aerobic phase, the
489 accumulated PHA will enter into the tricarboxylicich cycle and be oxidized to provide carbon and

490 energy (oxygen is consumed and £6© formed) for cell growth and nutrient removaligiire S1,
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Supporting Information). Therefore, if the wast&tAS contained higher PHA by either process
improvement or operation optimization as mentioiredhe “Introduction” section, less PHA will be
oxidized in the bioreactors of WWTPs. As a reslgliés oxygen is required (i.e., aeration is saving)
less CQ is formed, and less cell growth is also occurrelurthermore, the increase of sludge PHA
level can accelerate cell solubilization and sdizddl substrate hydrolysis processes, as demoegtirat
this work, which thereby enhances the subsequeitbggn production from WAS.

Several strategies have been verified to promotiedmen production from WAS, such as ozone or
ultrasound pretreatment (Yang et al., 2012), hestitgatment (Assawamongkholsiri et al., 2013), acid
alkaline pretreatment (Cai et al., 2004; Assawarkbalgiri et al., 2013), and co-digestion of WAS and
other biosolids (Zhou et al., 2013; Kim et al., 20Chen et al., 2013; Liu et al., 2013). Howetleese
strategies require either consumption of energylitath of chemicals, or transportation of other
substrates. In comparison, the PHA based techypalegeloped on the basis of the findings in this
work does not have these limitations, becausestrsgegy enhances hydrogen production by improving
the self-characteristic of sludge in wastewateattrent step. It should be noted that this PHA
accumulation based method can be integrated witar aitrategies (e.g., alkaline condition applied in
this study). Thus, hydrogen production may beherrenhanced if we combine the PHA accumulation
based method with other strategies, such as heateoor ultrasound pretreatment and co-fermentation

substrate optimization, which remains to be ingedéd in future.

4. Conclusions

This study evaluated the influences of intratet PHA level and composition on hydrogen
production from anaerobic WAS fermentation. Thsutts showed that the sludge containing higher
PHA not only promoted hydrogen yield but also shioed fermentation time. Compared with PHYV,
PHB was more beneficial to hydrogen production. e Tihcreased PHA content accelerated cell
solubilization and solubilized substrate hydrolysiscesses and enhanced soluble protein conversion.
Compared with the PHB-dominant sludge, the increédddV fraction not only slowed the hydrolysis
process but also caused more propionic acid pramgyatith less theoretical hydrogen generatiorhis t
fermentation type. Enzyme analyses further shalatiboth the key hydrolytic enzyme activities and
hydrogen-forming enzyme activities were in the ssme of the PHB-dominant sludge > the
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PHV-dominant sludge > the low PHA sludge, which wassistent with the observed order of hydrogen
production.
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Tablel. Themain characteristics of the dudgeswithdrawn from the five reactors fed with different

influent COD concentrations”

Parameter Sludge-200  Sludge-400 Sludge-600 Sludge-800  Sludge-1000
TSS 13595 + 306 13608 + 280 13549 + 393 13835+£328 1037375
VSS 12120 £ 285 12128 £271 12174 £ 332 12310Gt 41 12243 + 296
Total COD 14290 + 240 14310 £ 310 14220+420 14550+370 14370 £ 390
Total protein” 575 %29 556 £ 23 542 £ 20 517 £ 27 491 +18
Total carbohydraté 231+14 202 £ 11 181+9 165 + 13 142 +7
PHA® 25+3 877 107 +£8 146 £ 12 178 +11
Lipid and oil 5804 55+0.8 57+09 53+0.38 52+05

®Results are the averages and their standard dmsatif triplicate measurements. Sludge-X represent
the sludge withdrawn from the reactor which is feith X mg/L COD. The unit for total suspended
solids, VSS, and total COD is mg/L while the rendainis expressed in mg/g VSS.

® EPS protein content in sludge-200, sludge-40@igsit600, sludge-800, and sludge-1000 was resphctive
56 +4,52+5,49+3,55+7,and 51 £ 5 mg/g VSS

¢ EPS carbohydrate content in sludge-200, sludge-4@@ige-600, sludge-800, and sludge-1000 was
respectively26 + 2, 28 + 3,24 + 3, 25 + 5 and 23 + 2 mg/g VSS

4 The percentages of PHB, PHV, and PH2MV are 77 8%5%, and 3.2% in theludge-200, and 79.5%,
18.6%, and 1.9%n the sludge-400, and 77.6%, 18.9%, and 3.8P4he sludge-600, and 80.1%,

17.5%, and 2.4%n thesludge-800, and 78.3%, 20.2%, and liB%esludge-1000, respectively.




Table 2. The main characteristics of the sudges wasted from the five reactors fed with the same

COD concentration but different ccetate to propionate ratios”

Parameter Sludge-| Sludge-lI Sludge-llI Sludge-IV Sludge-V
TSS 13340 £410 13125+ 376 13037 £ 423 13295 £ 35713453 + 442
VSS 11810+ 265 11776 + 293 11485 + 316 119955 32 12160 + 384
Total COD 14130 £ 370 13680 £340 13550+310 14160+330 14190 £ 350
Total protein” 505 + 32 510 £ 27 507 £23 501 £ 30 505 £ 26
Total carbohydraté 169 + 15 162 +13 172 £ 15 166 + 11 164 £ 12
PHA 132+11 135+9 130+ 14 127 +15 129 +10
PHB fraction 79.1+8.6 529+47 31.5+59 20.3+5.2 1316
PHV fraction 18.2+15 415+3.8 62.3+5.4 76.1+7.9 82RE
Lipid and oil 5105 53+0.7 4.8+0.7 52+04 43+09

®Results are the averages and their standard dmsatf triplicate measurements. The unit for total
suspended solids, VSS, and total COD is mg/L; PHA@ RHV fractions are expressed in % of total PHA;
the remainder is expressed in mg/g VSS.

' EPS protein content in sludge-l, sludge-ll, slutigesludge-1V, and sludge-V was respectivélg + 6,

58 +4,59+6,62+7,and 65 + 8 mg/g VSS

“EPS carbohydrate content in sludge-l, sludge-ugé-111, sludge-1V, and sludge-V was respectivgly+

4,33+5,29+2,35+6, and 30 + 2 mg/g VSS




Table 3. Comparison of individual and total SCFA production from the low PHA dudge
(Sludge-200), PHB-dominant sludge (Sludge-1), and PHV-dominant sludge (Sludge-V) at the time of
maximal hydrogen production #

Low PHA sludge PHB-dominant sludge = PHV-dominauotige

concentration 114.2 £+ 8.2 211.0+12.0 109.3+1.9
acetic
fraction 58.7+2.2 56.3+1.5 33.6+£0.6
concentration 323129 59.3+2.6 122.1+5.9
propionic
fraction 16.6 +1.0 15.8+0.3 37.5+1.2
concentration 75+2.0 16.0+£0.3 53+0.5
n-butyric
fraction 3.8+x1.0 43+0.2 1.6 £0.2
concentration 20.3+9.0 46.1 +5.7 25.6 £+ 3.6
isobutyric
fraction 10.5+4.6 12.3+1.6 79+11
concentration 13.2+1.1 29.4+45 42,7+ 3.7
n-valeric
fraction 6.8+0.4 78+1.0 13.1+1.0
concentration 6.8+0.5 13.2+23 20.3+x1.1
isovaleric
fraction 35+04 35+0.6 6.2+0.3
total SCFA concentration 194.3+11.1 375.0+17.1 325.3+x7.4

% The data are the averages and their standard idegiabf triplicate measurements.

concentration is mg COD/g VSS while fraction is eegsed as % of total SCFA.

The unit for



Table 4. Comparison of protein consumption and hydrogen production among non-PHA sludge,

exogenous-PHA sludge, and intracellular-PHA sludge at the time of maximal hydrogen production :

Protein consumption ratio  SCFA production H, production

(%) (mg COD/ g VSS) (mL/ g VSS)
Non-PHA sludgé’ 158+1.1 189.7 +13.2 26.1+15
Exogenous-PHAIludge’ 23.6+15 326.5+18.5 472+19
Intracellular-PHA sludge 27.9+23 387.4+219 59.3+2.8

®Results are the averages and their standard dmsatiftriplicate measurements. The calculated
COD in the non-PHA sludge, exogenous-PHA sludgd,iammacellularPHA sludge reactor was respecti
4.28, 4.31, and 4.31 g based on the characterisfittsese sludges, while the measured C/N ratidhesk
sludges were 7.08, 9.39, and 9.37, respectively.

b After 12 h concentration, it was detected thatrtbePHA sludge contained 12160 + 390 mg/L VSS, 1
+ 370 mg/L total COD, 586 + 37 mg/g VSS total pmotend 239 £ 18 mg/g VSS total carbohydrate.

¢ The calculation of VSS included both the biomass$ @xogenous PHA.
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Figure 1. Effect of dudge PHA content (a) and composition (b) on hydrogen production during sludge

dark fermentation.

Error bars represent standard deviations of triplicate tests.
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Figure 5. Comparison of the relative activities of key hydrolytic and acid-forming enzymes between
the three semi-continuous fermentation reactors after stable operation. Error bars represent standard

deviations of triplicate measurements.



Highlights:

Theintracellular PHA affected hydrogen production from anaerobic WA S fermentation
Theincrease of intracellular PHA benefited hydrogen production

Compared with PHV, PHB was more beneficia to hydrogen production

Theincreased PHA accelerated solubilization and hydrolysis processes

Theincreased PHV slowed hydrolysis process and increased propionic acid yield
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TABLES

Table S1. Comparison of the soluble protein (carbohydrate)/total protein (carbohydrate) and VSS
reduction and hydrogen production in the sludge-1000 and sludge-1000-1 fed reactors?®

Fermentation time (d) Sludge-1000  Sludge-100(¢
Soluble protein/total protein (%) 1 30.2+£2.3 15.0.9
Soluble carbohydrate/total carbohydrate (%) 1 #5197 56+0.5
VSS reduction (%) 1 415+3.2 23.9+25
Hydrogen production (mL/g VSS) 4.5 60.1+2.7 2642

®The data are the averages and their standard idegatf triplicate measurements.

Table S2. The statistical analysis results of different PHA compositions affecting soluble COD, solubleg
protein/total protein, soluble carbohydrate/total carbohydrate, and VSS reduction (Compared with
Sludge-).
Soluble protein Soluble carbohydrate i
Soluble COD ) VSS reduction
[total protein /total carbohydrate
Fobserved 0.36 0.39 0.08 0.37
Sludge-Il [Fsignificant 7.71 7.71 7.71 7.71
P0.0s) 0.58 0.57 0.79 0.57
Fobserved 0.56 0.01 0.04 0.01
Sludge-IIl [Fsignificant 7.71 7.71 7.71 7.71
P.0s) 0.49 0.91 0.85 0.91
Fobserved 0.19 0.17 0.10 0.32
SlUdge-lV Fs|gn|f|cant 7.71 7.71 7.71 7.71
P.0s) 0.68 0.70 0.77 0.60
Fobserved 0.03 0.04 0.23 0.03
Sludge-V [Fsignificant 7.71 7.71 7.71 7.71
P.0s) 0.87 0.84 0.65 0.86
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TableS3. Thetotal SCFA production at 2 d of fermentation timein all reactors®

Total SCFA (mg COD/g VSS)

Sludge-150 89.5+6.5
Sludge-250 91.1+8.2
Sludge-350 91.9+93
Sludge-450 925+8.9
Sludge-550 90.9+9.38

Sludge-| 93.4+9.6
Sludge-Il 92.8+8.4
Sludge-lll 90.6+7.6
Sludge-IvV 91.8+6.5
Sludge-V 93.1+8.4

4The data are the averages and their standard idegatf triplicate measurements.
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Table S4. The individual and total SCFA production in the Sludge-400, Sludge-600, Sludge-800, Sludge-1000, Sludge-I1, Sludge-111, and Sludge-1V fed
reactors at the time of maximal hydrogen production ?

Sludge-400 Sludge-600 Sludge-800 Sludge-1000 Sliudge| Sludge-lll Sludge-IV
concentration| 148.4+11.6 165.2+13.1 213.4+10.3 215.8+ 145 165.3+10.4 145.7+12.3 119.6 £11.9
acetic
fraction 55.8+4.2 55.1+4.4 575131 56.4£3.9 46.3+3.2 425+ 3.6 36.3+£3.6
concentration 426+2.1 50.3+1.9 58.6 +1.7 62.3+2.9 93.6+3.2 99.4+3.9 112.3+4.8
propionic
fraction 16.0+0.8 16.8+0.6 15.8+0.5 16.3+0.7 26.2+£0.9 29.0+£1.1 341+15
concentration 13.2+0.5 156 +0.9 15.0+0.4 18.7+0.4 10.6+0.8 9.1+11 8.2+0.7
n-butyric
fraction 5.0+£0.2 52+0.3 40+0.2 49+04 3.0+0.2 27+0.3 25+0.2
concentration 20.8+5.1 33.6+4.8 47.0+45 43.4+6.5 35.8+29 33.2+36 28924
isobutyric
fraction 11.2+1.7 11.2+1.6 12.7+1.3 11.3+£1.9 10.0+0.8 9.7+1.0 8.8+0.7
concentration 21.6+43 225+45 25.8+4.2 26.8+5.9 32.6+£35 35.7+3.1 40.6 £3.2
n-valeric
fraction 81+15 75+14 69+1.1 70+x14 9.1+1.0 104 0.9 12.3+£1.0
concentration 10.1+1.8 125+23 11.1+19 156+2.1 189+21 19.8+1.9 20.1+£19
isovaleric
fraction 3.8+0.7 41+0.8 3.1+05 41+0.6 5.3+0.6 5.8+0.6 6.1+0.6
total SCFA concentration| 265.7 +15.8 299.7+17.2 370.9+12.4 382.8+23.4 356.8 +14.3 342.9+135 329.7 +13.9

®The data are the averages and their standard idesiadf triplicate measurements.

of total SCFA.

The unit for @nration is mg COD/g VSS while fraction is expezbas %
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ACCEPTED MANUSCRIPT

Figure S5. The proposed degradation pathway of FNH/SCFA (Adapted according to the literature

(Reischwitz et al., 1998; Janssen and Schink, 3993)
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