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ABSTRACT: Recent studies demonstrate that, besides being used for
production of biodegradable plastics, poly(hydroxyalkanoate) (PHA) that is
accumulated in heterotrophic microorganisms during wastewater treatment has
another novel application direction, i.e., being utilized for enhancing methane
yield during the anaerobic digestion of waste-activated sludge (WAS). To date,
however, the underlying mechanism of how PHA affects methane production
remains largely unknown, and this limits optimization and application of the
strategy. This study therefore aims to fill this knowledge gap. Experimental
results showed that with the increase of sludge PHA levels from 21 to 184 mg/g
of volatile suspended solids (VSS) the methane yield linearly increased from
168.0 to 246.1 mL/g of VSS (R2 = 0.9834). Compared with protein and
carbohydrate (the main components of a cell), PHA exhibited a higher
biochemical methane potential on a unit VSS basis. It was also found that the
increased PHA not only enhanced cell disruption of PHA cells but also benefited
the soluble protein conversion of both PHA- and non-PHA cells. Moreover, the reactor fed with higher PHA sludge showed
greater sludge hydrolysis and acidification than those fed with the lower PHA sludges. Further investigations using fluorescence
in situ hybridization and enzyme analysis revealed that the increased PHA enhanced the abundance of methanogenic Archaea
and increased the activities of protease, acetate kinase, and coenzyme F420, which were consistent with the observed methane
yield. This work provides insights into PHA-involved WAS digestion systems and may have important implications for future
operation of wastewater treatment plants.

■ INTRODUCTION

As a byproduct of biological wastewater treatment, large
amounts of waste-activated sludge (WAS) are inevitably
produced,1−3 which is a big problem faced by wastewater
treatment plants (WWTPs) nowadays.4,5 WAS will cause
secondary pollution, if it is not treated and disposed of
appropriately. On the other hand, WAS contains high levels of
organic matter such as protein and carbohydrate, which makes
it appealing as a renewable bioenergy resource.6−9 As a
technology for preventing pollution and for recovery of
sustainable energy, the anaerobic digestion of WAS therefore
attracts great interest, by which the amount of sludge is
reduced, pathogenic microorganisms are killed, and energy
biogas methane is also produced.10,11 With the increasing
concerns of energy supply, strategies to enhance methane yields
from WAS anaerobic digestion are gaining much attention.11−14

In principle, there are two main parameters that influence
methane production from WAS anaerobic digestion; these are

the operational conditions of the digester and the character-
istics of the WAS. However, most research to date has focused
on the former. Several operational factors such as the
pretreatment methods of sludge, the type of digester, and the
microbial ecology within the digester are reported to affect
methane yields.11−16 The corresponding strategies developed
on the basis of these factors enhance methane yields either by
accelerating the disruption of extracellular polymeric substances
(EPSs)/the cell envelope or by enriching the abundance of
methane-producing Archaea.10,15 For example, WAS solubiliza-
tion was substantially improved, which thereby caused a 27%
increase in methane production, when it was pretreated with
2.13 mg/L free nitrous acid (FNA) for 24 h.13 By using a

Received: June 27, 2015
Revised: September 8, 2015
Accepted: September 18, 2015
Published: September 18, 2015

Article

pubs.acs.org/est

© 2015 American Chemical Society 12253 DOI: 10.1021/acs.est.5b03112
Environ. Sci. Technol. 2015, 49, 12253−12262

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.5b03112


combination of an alkaline pretreatment with an expanded
granule sludge bed digester, Zhang et al. demonstrated that
Methanosarcinaceae populations and methane yields were
much higher than those in a continuous stirred tank reactor.15

Apart from the operation conditions of the digester, the
characteristics of WAS can also affect methane generation.
However, little attention has been paid to this topic so far.
Poly(hydroxyalkanoate) (PHA), which is an energy and

carbon storage polymer, is readily accumulated in heterotrophic
microorganisms during wastewater treatment, particularly
under substrate feast−famine conditions.17−20 By modifying
the wastewater treatment processes and/or optimizing the
operational parameters, it has been verified that WAS wasted
from WWTPs can contain high levels of PHA.6,7,21−23 The
PHA-rich sludge is usually used as a source for producing
biodegradable plastics,24−26 but Huda and co-workers recently
pointed out another novel direction: being a substrate for
methane production.27 It was found that most of the PHA
accumulated in a sludge was degraded only within the initial 2 d
of digestion, and the methane yield produced from sludge with
PHA was 25% higher than that without PHA.27 This finding
provides opportunities to enhance methane production from
anaerobic digestion of WAS by focusing on the sludge
characteristics. Thus, by combining the tactic of PHA
accumulation in WAS with other strategies of digester control,
methane production would likely be further enhanced.
Considering the huge quantities of WAS treated daily, this
PHA-based method should have significant economic and
ecological consequences.
The discovery that WAS enriched with PHA enhances

methane yield provides important hints for the development of
both wastewater treatment and WAS anaerobic digestion.27

However, details of how the PHA accumulated in the cells
enhances methane production remain largely unknown, which
makes this process a “black box” with limited understanding. It
is known that PHA is mostly located inside the cell, while other
main cell components such as protein and carbohydrate are
located intracellularly and externally. With an increase of the
sludge PHA content, other sludge components such as protein
and carbohydrate on a volatile suspended solids (VSS) basis
will inevitably decrease.7 These changes have led us to ask
several questions.
Compared with protein and carbohydrate (the main cell

components), does PHA have a higher biochemical methane
potential on a unit VSS basis? How does PHA affect the
anaerobic digestion process of PHA cells? Does PHA affect the
anaerobic digestion of non-PHA cells? If it does, how does it
influence these cells?
On the basis of these questions, this study aims to reveal the

underlying mechanism of how PHA affects methane production
from anaerobic WAS digestion. To gain a comprehensive
understanding, the effect of sludges containing different PHA
levels on methane production was first compared. Then the
facts of what happens in the PHA-involved anaerobic digestion
systems were explored. Finally, the hypothesis that further
enhancement of methane production can be achieved by
combining this PHA enriched sludge approach with other
existing digester control strategies, as mentioned above, was
confirmed. To our knowledge, this is the first study revealing
details of how PHA-rich sludge enhances methane production.
The findings presented here can guide engineers to develop
some new strategies for improved operation of WWTPs.

■ MATERIALS AND METHODS

Source and Characteristics of Sludges with Different
PHA Levels. The following five bioreactors were operated to
produce sludges with different PHA levels since they are not
available in real WWTPs. Seed sludge was collected from a
municipal WWTP in Shanghai, China, and was simultaneously
inoculated into five replicate sequencing batch reactors with
working volumes of 40 L. Four cycles were performed daily in
all reactors. Each cycle was comprised of 240 min aerobic and
55 min settling periods, followed by a 5 min decanting period
and a 60 min idle period. To produce sludges with different
PHA levels, these five bioreactors were fed synthetic wastewater
containing 200, 400, 600, 800, or 1000 mg/L chemical oxygen
demand (COD) with acetate as the sole organic carbon source.
Hereinafter sludges wasted from these five reactors are defined
as sludge I, sludge II, sludge III, sludge IV, and sludge V,
respectively. Other components in these synthetic media were
the same for each reactor, and the details are as follows (per
liter): 0.1 g of NH4Cl, 0.04 g of KH2PO4, 0.005 g of CaCl2, 0.01
g of MgSO4·7H2O, and 0.5 mL of a trace element solution. The
components of the trace element solution are detailed in the
literature.28 All reactors were aerated at a flow rate of 20 L/min
during the aerobic phase. Every cycle, 30 L of supernatant was
discharged from each reactor after the settling phase and was
replaced with 30 L of the respective wastewater during the first
6 min of the subsequent aerobic phase. At 1.5 h of the aerobic
phase, approximately 5.7 L of the sludge mixture was
withdrawn daily from each reactor. The sludge retention time
was maintained at about 7 d in all reactors. After about 60 d of
operation, the levels of protein, carbohydrate, and PHA in WAS
wasted from the five reactors did not vary with the operational
time significantly; these sludges were then employed in the
following anaerobic digestion experiments. Before use, these
wasted sludges were concentrated at 4 °C for 12 h.
Table S1 summarizes the main characteristics of sludges

wasted from the five reactors after concentration. These sludges
have approximately the same total COD levels. Protein,
carbohydrate, and PHA are the major components in these
sludges. With an increase of the sludge PHA, both the protein
and carbohydrate levels decreased. Moreover, poly-
(hydroxybutyrate) (PHB) is the main PHA in all sludges,
and the fractions of PHB, poly(hydroxyvalerate) (PHV), and
poly(3-hydroxy-2- methylvalerate) (PH2MV) among these
sludges are very similar.

Methane Production from Sludges with Different
PHA Levels. This batch experiment was carried out in five
serum bottles, each with a working volume of 1 L. Five serum
bottles were first fed with 540 mL of sludge I, sludge II, sludge
III, sludge IV, or sludge V. Then 300 mL of inoculum, which
was collected from an anaerobic sludge digester in our
laboratory, was equally divided and added to these five bottles.
The volume ratio of sludge to inoculum was 9:1. This anaerobic
sludge digester was fed with WAS wasted from a municipal
WWTP in Shanghai, China. The total suspended solids (TSS),
VSS, and total COD concentrations of inoculum were
respectively 7.2 ± 0.2, 6.3 ± 0.2, and 7.8 ± 0.3 g/L, which
resulted in feed/inoculum ratios of approximately 17.5 in TSS,
18.0 in VSS, and 17.3 in COD. One blank reactor was also
conducted to test the methane productivity from the inoculum
alone. This blank reactor contained 60 mL of inoculum and 540
mL of Milli-Q water without WAS. The pH in all mixtures was
adjusted to 7.0 ± 0.1 by adding 4 M hydrochloric acid or 4 M
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sodium hydroxide, because it is generally accepted to be the
suitable pH for methanogenic Archaea.10,12 All bottles were
flushed with nitrogen gas for 30 s to remove oxygen. Afterward,
all serum bottles were capped with rubber stoppers, sealed, and
placed in an air-bath shaker (120 rpm) at 37 ± 1 °C. The pH
value in all reactors was maintained at 7.0 ± 0.1 during the
whole digestion period by 4 M hydrochloric acid or 4 M
sodium hydroxide with an automatic titrator. All tests were
performed in triplicate. In the following batch tests, all
experiments, unless otherwise described, were carried out in
triplicate with a blank reactor containing 60 mL of inoculum
and 540 mL of Milli-Q water. Moreover, all data reported
below are net values, the values determined in the blank
reactors having already been subtracted. During the digestion,
the production of gas was periodically measured by releasing
the pressure in the serum bottle using a 300 mL glass syringe to
equilibrate with the room pressure according to the method
reported previously.29 The cumulative volume of methane was
calculated by the following equation:

= + −− − −V V C V C Vi i i i i iM, M, 1 M, G, M, 1 G, 1 (1)

where VM,i and VM,i−1 are respectively the cumulative volumes
of methane in the current (i) and previous (i − 1) time
intervals, VG,i and VG,i−1 are respectively the total gas volumes in
the current and previous time intervals, and CM,i and CM,i−1 are
the respective percentages of methane gas measured by gas
chromatography in the current and previous time intervals.
Operation of the Long-Term Semicontinuous Reac-

tors for Monitoring Archaea Abundances and for
Detection of Key Enzyme Activities. Two semicontinuous
reactors were operated for this microbial study. The two
reactors were fed with 540 mL of either sludge I or sludge V.
All other operational conditions were the same as described for
the above batch experiments, except the semicontinuous
operation described here. According to the results of the
above batch test, the maximal methane yield occurred at 25 d in
the sludge I reactor and 19 d in the sludge V reactor; thus, the
sludge retention time in the sludge I and sludge V reactors
should be controlled at 25 and 19 d, respectively. On each day,
24 and 31.6 mL of digestion mixtures were manually taken
from the sludge I and sludge V reactors, respectively. Then the
respective same volumes of new sludge I and sludge V were
added to the two reactors. To remove oxygen, both reactors
were sparged with nitrogen gas for 30 s before they were
recapped and resealed. The VSS loading rate was 0.49 kg/(m3·
d) in the sludge I reactor and 0.66 kg/(m3·d) in the sludge V
reactor. It took about 3 months for methane production from
these two reactors to become relatively stable, and then the
determinations of Archaea abundances and enzyme activities
were made.
Comparison of Biochemical Methane Potential

among Carbohydrate, Protein, and PHA. In this batch
test, three identical serum bottles with a working volume of 1 L
each were operated. The three reactors first received 0.52 g of
dextran (average molecular weight 23800, a model poly-
saccharide compound), 0.52 g of bovine serum albumin (BSA;
average molecular weight 67000, a model protein compound),
or 0.52 g of PHA (88% PHB and 12% PHV, purchased from
Sigma-Aldrich Chemical Co.). It should be noted that PHB and
PHV are the major components of PHA in activated sludge
involved in WWTPs. It is indicated that the amount of PHB
and PHV usually accounts for more than 90% of the total
PHA.7 In the sludges of this study, PH2MV accounted for less

than 5% of the total PHA (Table S1). Thus, only PHB and
PHV were selected and tested in this study. After the addition
of dextran, BSA, and PHA, 60 mL of identical inoculum from
the same anaerobic sludge digester, as mentioned above, was
added into each reactor. Then each reactor was diluted with tap
water to 600 mL. The pH in all reactors was adjusted to 7.0 ±
0.1. After removal of oxygen with nitrogen gas, all serum bottles
were capped, sealed, and placed in an air-bath shaker (120 rpm)
at 37 ± 1 °C. All other digestion conditions of these three
reactors were the same as those described for the above batch
test.

Comparison of Anaerobic Digestion of Non-PHA
Sludge with and without the Addition of PHA. Another
batch experiment was conducted to assess the potential impact
of PHA on the anaerobic digestion performance of sludge
containing no detectable levels of PHA (this sludge hereafter is
called non-PHA sludge). Two identical reactors with working
volumes of 1 L were operated in this batch test. One received
60 mL of inoculum and 540 mL of non-PHA sludge, while the
other received 60 mL of inoculum, 394 mL of non-PHA sludge,
and 1.24 g of exogenous PHA (88% PHB and 12% PHV). The
inoculum used here was collected from the same anaerobic
sludge digester, as described above. The non-PHA sludge was
withdrawn from the 1000 mg/L influent COD fed reactor at 6
h of aeration as it was measured that PHA was nondetectable at
this time. After 12 h of settling at 4 °C, it was detected that this
non-PHA sludge contained 12210 ± 370 mg/L VSS, 14460 ±
410 mg/L total COD, 582 ± 35 mg/g of VSS of protein, and
243 ± 20 mg/g of VSS of carbohydrate. The two digestion
systems had approximately the same total COD (7.8 g of COD
except for the inoculum). The pH in each reactor was also
controlled at 7.0 ± 0.1. Both reactors were capped, sealed, and
placed in an air-bath shaker (120 rpm) at 37 ± 1 °C after
removal of oxygen with nitrogen gas. All other digestion
conditions were also the same as those described for the other
batch tests above. It took about 25 d for the two reactors to
achieve maximal methane production.

Methane Production from WAS Anaerobic Digestion
When the PHA-Based Method Was Combined with
Other Pretreatment Strategies. Six reactors were used in
this batch experiment. Three of the reactors (group I) were
operated for the digestion of non-PHA sludge, while the other
three (group II) were operated for the digestion of sludge V,
taken directly from the parent reactor, which was enriched with
PHA (Table S1). The sludges in reactor 1 of both groups were
not pretreated and were set as the controls, whereas the sludges
in the other two reactors of each group were pretreated either
by incubation at 70 °C for 9 h or by incubation with FNA at
2.13 mg of FNA/L for 24 h according to the methods
previously reported.13,15 After pretreatment, the pH value in
these four reactors was adjusted to 7.0 ± 0.1, and then 60 mL
of inoculum was added to each reactor. All other operational
conditions of the six reactors were the same as those described
for the batch experiments depicted above.

Analytical Methods. The methane fraction in the gas
samples was determined by use of a gastight syringe to inject
0.2 mL of the samples into a gas chromatograph (GC112A,
China) equipped with a thermal conductivity detector and a 4
mm × 32 m stainless column with nitrogen as the carrier gas
(flow rate 30 mL/min). The temperatures of the injection port,
column, and detector were controlled at 40, 40, and 80 °C,
respectively. The measurements of COD, VSS, and TSS were
performed in accordance with standard methods.30 The sludge
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levels of PHA, protein, carbohydrate, lipid, and volatile fatty
acids were determined according to the methods reported in
previous publications.31,32 The molecular weight (Mw)
distribution of the digestion liquid was determined by a gel-
filtration chromatography analyzer (Shimadzu Co., Japan) as
previously described.6,7 The measurements of microbial EPSs
including loosely bound EPSs and tightly bound EPSs of the
sludge were the same as described in the literature.33 The
carbon, hydrogen, and nitrogen elemental compositions of the
sludge were analyzed by an elemental analyzer (Elemental
Analyzer NA 2500). Fluorescence in situ hybridization (FISH)
was used to quantify the abundance of methanogenic Archaea
in the sludges of the two long-term reactors as described in the
Supporting Information. The oligonucleotide probe, ARC915,
was employed to target Archaea, while the fluorescent stain
4′,6-diamidino-2-phenylindole (DAPI) was used to stain the
total cells. In addition, the detailed analytical procedures of
protease, acetate kinase, and coenzyme F420 activities are also
provided in the Supporting Information.
Statistical Analysis. All measurements were performed in

triplicate. An analysis of variance was used to evaluate the
significance of the results, and p < 0.05 was considered to be
statistically significant.

■ RESULTS AND DISCUSSION
Effect of the Sludge PHA Levels on Methane

Production. Figure 1 shows the time curve of cumulative

methane production from the anaerobic digestion reactors fed
with sludges containing different PHA contents. The methane
yield in the lowest PHA sludge (i.e., sludge I) reactor increased
gradually with the digestion time from day 1 to day 25, and no
significant increase occurred between 25 and 27 d (p < 0.05).
The optimal digestion time for sludge I (21 ± 4 mg of PHA/g
of VSS, Table S1) was 25 d, and at this time the maximal
methane yield of 168.0 ± 4.2 mL/g of VSS was detected. It is
seen that, with an increase of the sludge PHA, the methane
production levels increased (Figure 1). For example, when
sludge V (184 ± 16 mg of PHA/g of VSS, Table S1) was
digested, the maximal methane yield of 246.1 ± 4.1 mL/g of
VSS was determined at 19 d, which was 1.46 times that from
sludge I digestion. However, the time required for maximum
methane production for the high-PHA sludge was shorter than
that required for the low-PHA sludges (Figure 1). A similar
observation was made in the other high-PHA sludge reactors.
Further investigation determined that the maximal methane
yield correlated well with the starting PHA levels in the sludges
(R2 = 0.9834, Figure S1). All these results showed that the PHA
levels in the sludge could affect methane production, which is
consistent with the results obtained previously.27 In the
following experiments, the mechanisms of how PHA affects
the methane production will be explored.

Does PHA Have a Higher Biochemical Methane
Potential on a Unit VSS Basis Than the Other Main
Cell Components? It is reported that PHA can be completely
degraded and used as a substrate to produce methane under
anaerobic conditions.27,34,35 By determining the variation of the
sludge PHA with the digestion time, it was also found that
more than 96% of the sludge PHA was degraded already within
the initial 84 h of the anaerobic digestion for all of the PHA-
enriched sludges investigated in this study (Figure S2).
However, it is unknown whether PHA has a higher methane
production potential on a unit VSS basis in comparison to the
other main constituents of the sludge. Protein and carbohydrate
are generally considered to be the major components of a
sludge cell. Apart from PHA, they are also the top two organic
compounds, with their contents above 60% in all tested sludges
in the current study (Table S1). Thus, the biochemical methane
potentials among PHA, protein, and carbohydrate were first
compared.
Table 1 shows the methane production from dextran (a

model polysaccharide compound), BSA (a model protein
compound), and PHA digestion. It can be seen that all three of
these organic matters were progressively degraded in the
anaerobic digestion over time. After 25 d of digestion, 97.5 ±
2.2% of BSA was degraded, while dextran and PHA were
completely decomposed. On a unit VSS basis, the methane
yield from PHA digestion was 260.5 ± 15.1 mL, whereas the

Figure 1. Cumulative methane production from anaerobically digested
WAS containing different levels of PHA. Error bars represent the
standard deviations of triplicate tests.

Table 1. Comparison of the Degradation Percentage and Methane Yield during Anaerobic Digestion of Dextran, BSA, and
PHAa

digestion time (d) dextran BSA PHAb

1 degradation percentage (%) 48.6 ± 4.2 29.1 ± 2.3 28.5 ± 3.6
2 degradation percentage (%) 72.9 ± 5.4 53.8 ± 5.6 53.4 ± 4.7
3 degradation percentage (%) 89.4 ± 4.3 69.6 ± 3.9 67.8 ± 4.5
4 degradation percentage (%) 92.6 ± 3.7 82.3 ± 5.1 83.9 ± 6.7
25 degradation percentage (%) 100 ± 0 97.5 ± 2.2 100 ± 0

methane yield (mL) 214.7 ± 13.5 233.9 ± 15.7 260.5 ± 15.1

aResults are the averages and their standard deviations of triplicate tests. bPHA used here contained 88% PHB and 12% PHV.
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corresponding yields from dextran and BSA digestion were
214.7 ± 13.5 and 233.9 ± 15.7 mL, respectively. Consequently,
per gram of substrate digested, PHA will generate more
methane than dextran and BSA.
Anaerobic sludge digestion involves internal redox reactions

that convert organic substrates to CH4 and CO2; the amounts
of these gases produced are related to the composition of the
digested sludge. For the digestion of protein and carbohydrate,
the ideal stoichiometry can theoretically be written as eqs 2 and
3, respectively, such that for the digestion of 1 g of protein or
dextran, the respective theoretical methane yields are 0.318 and
0.296 g (or 445.5 and 414.4 mL). In general, the biomass
composition without PHA accumulation in wastewater and
WAS treatment can be expressed as C5H7O2N,

36 and its
theoretical stoichiometry can be further written as eq 4. On the
basis of this equation, it can be calculated that 0.249 g (or 349
mL) of methane will be produced per gram of sludge that is
completely degraded.

+

→ + +

C H O N (protein) 3.5H O

5.25CH 4.75CO 2NH
10 20 6 2 2

4 2 3 (2)

+ → +C H O (dextran) H O 3CH 3CO6 10 5 2 4 2 (3)

+ → + +C H O N (cell) 3H O 2.5CH 2.5CO NH5 7 2 2 4 2 3
(4)

According to the theoretical stoichiometry of PHB and PHV
degradation presented in eqs 5 and 6, it can be calculated that
the theoretical methane production from PHB digestion is
0.419 g/g degraded (or 586.0 mL/g degraded), while 0.48 g/g
degraded (or 672 mL/g degraded) of methane can be produced
from PHV degradation. This value will reach 0.526 g/g
degraded (or 736.8 mL/g degraded) if 1 g of PH2MV is
completely degraded according to eq 7. It is seen that all
components of PHA show higher biochemical methane
potential than protein, dextran, and sludge not enriched with
PHA, which is one reason for PHA promoting methane
production.

+ → +C H O (PHB) 1.5H O 2.25CH 1.75CO4 6 2 2 4 2 (5)

+ → +C H O (PHV) 2H O 3CH 2CO5 8 2 2 4 2 (6)

+ → +C H O (PH2MV) 2.5H O 3.75CH 2.25CO6 10 2 2 4 2
(7)

How Does PHA Affect the Process of Anaerobic
Digestion? The following five steps are often included in
sludge anaerobic digestion: solubilization, hydrolysis, acid-
ification, acetogenesis, and methanogenesis. Methane is
generated in the last step. If the four former steps are affected,

the methane yield will inevitably be influenced. Thus, how PHA
affects these processes of anaerobic digestion was investigated
second.
Microbial PHA is typically accumulated intracellularly, and

this suggests that the microbial cells need to be disrupted prior
to the degradation of PHA to methane. Additionally, in general,
cell disruption is a major limiting step in anaerobic digestion.
Therefore, one hypothesis to explain the increased methane
production is that intracellular PHA makes the cells more
amenable to disruption. To investigate this possibility, we
compared the ratio of soluble protein (carbohydrate) to total
protein (carbohydrate) and the VSS reduction among the
reactors fed with different PHA sludges after 1 d of digestion,
and the results are summarized in Table 2. As the sludges tested
in this study contained almost the same levels of protein and
carbohydrate in the EPSs (Table S1), the change of the ratio
soluble protein (carbohydrate) to total protein (carbohydrate)
was used to indicate cell breakage. It was found that, with an
increase of the sludge PHA, the ratio of soluble protein
(carbohydrate) to total protein (carbohydrate) increased, which
indicated that the increased PHA was beneficial to cell
disruption. Another possible explanation is that PHA associates
with protein in its biogenesis and degradation, and the
degradation of PHA will increase the solubilization of protein.
Further verification was provided by the VSS reduction data.
Also, as seen in Table 2, both the reduction of total VSS and
the reduction of VSS of non-PHA composition increased as the
PHA content of the sludge increased. It has been observed
previously that microbial cells are more fragile with increasing
levels of intracellular PHA.35,37,38 As a result, more soluble
productions were released from these sludges containing higher
PHA, which could thereby provide more substrates for the
subsequent hydrolysis, acidification, and methanogenesis
processes. It should be emphasized that the sludges used here
were taken from different bioreactors. These sludges might
have different microbial compositions and disruption thresh-
olds, which might also affect cell disruption. However, a
previous study showed that a PHA-rich sludge had a higher
soluble protein rate and VSS reduction even using the sludge
wasted from the same bioreactor.7

To further evaluate the potential impact of released PHA on
the disruption of non-PHA cells, a batch test was performed on
non-PHA sludge in the presence and absence of added PHA. It
can be seen from Table 3 that although the total VSS reduction
at 1 d of digestion in the non-PHA sludge with added PHA was
greater than that in the non-PHA sludge alone, differences in
both the reduction of non-PHA cell composition and the
soluble carbohydrate to total carbohydrate ratio between the
two reactors were insignificant (p > 0.05). These results

Table 2. Comparison of Soluble Substrates and VSS Reduction among the Reactors Fed with Different PHA Sludges after 1 d of
Digestiona

parameter sludge I sludge II sludge III sludge IV sludge V

soluble carbohydrate/total carbohydrate (%) 5.4 ± 0.3 6.2 ± 0.3 6.4 ± 0.6 6.8 ± 0.7 7.2 ± 0.8
soluble protein/total protein (%) 6.3 ± 0.4 7.1 ± 0.5 7.4 ± 0.4 7.9 ± 0.8 8.6 ± 0.9
soluble COD (mg/L) 161 ± 12 184 ± 11 193 ± 15 201 ± 18 209 ± 21
reduction of total VSS (%) 8.7 ± 0.8 13.1 ± 1.2 15.3 ± 1.5 17.8 ± 2.1 18.8 ± 1.9
VSS reduction of non-PHA compositionb (%) 8.1 ± 0.6 9.5 ± 0.9 10.3 ± 1.1 10.7 ± 1.6 11.4 ± 1.7

aResults are the averages and their standard deviations of triplicate tests. bThese values were calculated according to the following equation: total
VSS (g) × measured VSS reduction ratio (%) = PHA reduction (g) + non-PHA cell composition (g) × VSS reduction ratio of non-PHA
composition (%).
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indicated that the lysis of non-PHA cells was unaffected by the
released PHA.
After cell lysis, the released substrates undergo hydrolysis,

acidification, and acetogenesis processes before they are finally
bioconverted to methane. It may be that the hydrolysis rate of
released PHA may be different from that of other cell
components, which would affect the digestion time. Addition-
ally, the released PHA may bring some positive or negative
impacts on the digestion of other substrates, which would affect
the methane yield.
It is seen that more than 96% of PHA was degraded within

the first 84 h of digestion, irrespective of the initial PHA level in
the sludge (Figure S2). However, only 92.6 ± 3.7% of dextran
(model polysaccharide compound) and 82.3 ± 5.1% of BSA
(model protein compound) were degraded after 96 h of
digestion (Table 1). A similar observation has been made in
other digestion studies. For example, Zhao et al. found that
only 54.5% of BSA and 84% of dextran were degraded after 84
h during an alkaline anaerobic fermentation,39 although Wang
et al. observed that more than 94% of sludge PHA was
decomposed within the initial 72 h of the same alkaline
fermentation conditions.7 It seems that intracellular PHA is
hydrolyzed faster than the other main cell components of
protein and carbohydrate. The degradation rate of PHA
presented in Table 1, however, showed an inconsistent result.
It was observed that the degradation rate of PHA was similar to
that of BSA but lower than that of dextran. The reason for these
inconsistent observations might be the different types of PHA
tested. PHA used in the former experiments was intracellular
PHA accumulated in activated sludge, whereas exogenous PHA
was utilized in the latter test. It is reported that exogenous PHA
tends to be crystallized, which may be more resistant to
enzymatic attack in comparison to the intracellular PHA.7

Figure 2a shows a COD mass balance of the five digestion
reactors at the time of maximal methane production. There is
no significant variation between input and output COD (p >
0.05). With an increase of the sludge PHA, the COD output of

Table 3. Comparison of Anaerobic Digestion from Non-
PHA Sludge with and without Addition of Exogenous PHAa

digestion
time (d)

non-PHA
sludge

non-PHA sludge +
exogenous PHAb

1 total VSS reduction (%) 8.5 ± 0.7 12.9 ± 1.1
reduction of non-PHA cell
compositionc (%)

8.5 ± 0.7 8.6 ± 0.9

soluble carbohydrate/total
carbohydrate (%)

5.3 ± 0.3 5.1 ± 0.6

25 total VSS reduction (%) 39.3 ± 3.1 51.7 ± 3.4
reduction of non-PHA cell
compositionc (%)

39.3 ± 3.1 39.1 ± 2.7

soluble protein
(mg of COD/L)

663 ± 43 375 ± 15

protein consumption ratio
(%)

32.6 ± 1.4 45.4 ± 3.6

soluble carbohydrate
(mg of COD/L)

15.0 ± 1.2 13.4 ± 1.0

carbohydrate consumption
ratio (%)

38.2 ± 1.4 38.4 ± 2.2

methane produced
(mL/g of VSS)

172 ± 6 197 ± 10

aResults are the averages and their standard deviations of triplicate
tests. The measured C/N ratio was 7.06 ± 0.25 in non-PHA sludge
and 9.32 ± 0.37 in exogenous-PHA-added non-PHA sludge. bThe
total VSS included both the non-PHA sludge and exogenous PHA.
The exogenous PHA used in this study contained 88% PHB and 12%
PHV. cThese values were calculated on the basis of the following
equation: total VSS (g) × total VSS reduction (%) = PHA reduction
(g) + non-PHA cell composition (g) × reduction of non-PHA cell
composition (%).

Figure 2. COD mass balance analysis (a), composition of output
COD (b), and correlation between the PHA content and protein
consumption ratio (c) in different digestion reactors at the time of
maximal methane production. The input COD includes inoculum and
WAS. The COD conversion coefficients are 1.42 g of COD/g of VSS,
4 g of COD/g of CH4, 1.5 g of COD/g of protein, 1.06 g of COD/g of
carbohydrate, 1.07 g of COD/g of acetic acid, 1.51 g of COD/g of
propionic acid, 1.82 g of COD/g of butyric acid, and 2.04 g of COD/g
of valeric acid.
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methane production increased, accompanied by a decreased of
the remaining VSS ratio (Figure 2b). The amounts of volatile
fatty acids and soluble carbohydrate were almost the same and
at very low levels (<1%). The soluble protein showed a
decreasing trend with an increase of the PHA level.
There are two possibilities that can cause this decrease. As

the protein level in the higher PHA sludge is lower than that in
the lower one, one possibility is that the released protein in the
higher PHA sludge digestion reactor is lower, as compared with
that in the lower one. The alternative explanation is that the
higher PHA reactor consumed more soluble protein. Further
analysis revealed that protein consumption had a linear positive
correlation with the PHA levels (R2 = 0.9899, Figure 2c).
Similar results were also observed in the batch test of the non-
PHA sludge in the presence and absence of added PHA (Table
3). This result supported the latter but not the former and
indicated that the increased PHA level in the sludge benefited
the conversion of released protein and methane production. It
was seen that the C/N ratio in the sludge increased with
increasing sludge PHA (Table S1), which may be the reason for
the increased protein conversion. Previous publications have
reported that an increase of the C/N ratio benefits the
conversion of protein.7,40 Additionally, it is seen that, as the
sludge C/N ratio was increased or decreased, an improved or
declined methane yield was consequently obtained during its
anaerobic digestion.12

Verification of the above analysis regarding the hydrolysis
process could be further provided by the Mw distribution of
solubilized substrates. As shown in Figure 3a, solubilized
substrates with low Mw in the sludge V (i.e., the highest PHA
sludge) reactor were at higher levels than those in the sludge I
(i.e., the lowest PHA sludge) reactor. Further study showed
that the fraction of small soluble substrates with Mw < 1000 at 2
d of digestion correlated well with the sludge PHA (R2 =
0.9673, Figure 3b). It is clear that the increased PHA level was
beneficial to the hydrolysis process of solubilized substrates,
which was another reason for the higher PHA sludge generating
more methane.
Figure 3c presents the production of total volatile fatty acids

in different PHA sludge reactors at the time of maximal
methane production rate, and the concentration of individual
volatile fatty acids among these reactors is detailed in Table S2.
It can be seen that the levels of total volatile fatty acids and
acetate were greater in the high-PHA sludge reactors than those
in the lower ones. For example, 215.0 ± 12.6 mg of COD/g of
VSS of total volatile fatty acids and 121.9 ± 7.9 mg of COD/g
of VSS of acetate were measured in the sludge I reactor, while
the corresponding levels were respectively 291.2 ± 15.9 and
165.7 ± 11.3 mg of COD/g of VSS in the sludge V reactor. It
can be concluded that an increase of the PHA level also
benefited sludge acidification and acetogenesis processes.
According to our investigations above, it can be found that

the increased PHA in WAS not only enhanced cell disruption
of PHA cells but also benefited the conversion of soluble
protein of both PHA- and non-PHA cells, which thereby
improved the sludge hydrolysis process. In addition, the reactor
fed with the higher PHA sludge system showed greater sludge
acidification and acetogenesis than that fed with the lower ones.
Consequently, this provides an understanding to explain why
the reactor fed with the higher PHA sludge produced more
methane.
Comparison of Archaea Abundances and Key Enzyme

Activities between the Two Long-Term Reactors. The

abundance of methanogenic Archaea and the activities of key
enzymes are directly relevant to the methane yield. Thus, we
finally compared them in the two long-term reactors fed with
different PHA sludges. It was detected that Archaea accounted
for 34.5 ± 4.2% of the total cells in the lowest PHA sludge (i.e.,
sludge I) reactor (Figure 4a). When the reactor was fed with
sludge V (the highest PHA sludge in this study), the abundance
of Archaea increased to 52.6 ± 5.7% (Figure 4b). Figure 4c
further exhibits the relative activities of key enzymes involved in
hydrolysis, acidification, and methanogenesis processes. Pro-
tease, acetate kinase, and coenzyme F420, which are key
enzymes for protein hydrolysis, acetate generation, and
methane production, respectively, were selected to be assayed
here. It can be seen that the activities of protease, acetate
kinase, and coenzyme F420 in the sludge V reactor were 20.5%,
31.7%, and 48.7% higher than those in the sludge I reactor,
respectively. All these observations are in accord with the above
measured methane yield.

Improved Methane Production When Other Pretreat-
ment Strategies Were Implemented. As demonstrated
above, increased levels of intracellular PHA enhanced the
methane production by modifying the characteristics of the

Figure 3. Mw distribution of soluble substrate in the sludge I and
sludge V reactors (a), correlation between the sludge PHA content
and percentage of soluble substrate with Mw < 1000 at 2 d of digestion
time (b), and production of total volatile fatty acids in the different
PHA sludge reactors at the time of maximal methane production rate,
i.e., 12 d of digestion time (c). The data are the averages and their
standard deviations of triplicate tests.
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sludge. Thus, there is the possibility to further improve the
methane production by application of other operational
strategies of digestion. To investigate this hypothesis, two
pretreatment methods, FNA and thermal, were tested, and the
results are summarized in Table S3. When FNA and thermal
pretreatments were applied, the sludge reduction and methane
yields in the sludge V (high-PHA sludge) reactor increased
from 56.4 ± 2.1% and 243.2 ± 4.5 mL/g of VSS to 65.3 ± 2.1%
and 273.4 ± 4.8 mL/g of VSS and to 67.3 ± 2.5% and 291.7 ±
3.9 mL/g of VSS, respectively. It is clear that combining the
PHA-enriched sludge approach with other digester strategies to
improve methane production is feasible.
Implications for WWTPs. The phenomenon that PHA

affects digestion, as explored in this work, provides a new
approach to promote methane production from anaerobic
sludge digestion. This is a recently found phenomenon; until
now there has been little understanding of the microbial
process. This study, for the first time, reveals details of how the
intracellular PHA contributes to the increased methane
production.
It is likely that this PHA effect has already had an

unintentional impact on wastewater and WAS treatments. For
example, a process configuration with two stages, called the A−
B process, has been used for wastewater treatment for some
time.41 In such a process, most of the organic matter is
adsorbed and stored by biomass at the A stage, and then the
adsorbed/stored carbon is sent to the anaerobic digester for
bioenergy recovery. Since volatile fatty acids are the main
carbon sources in wastewaters, PHA is inevitably the major
constituent of biomass storage. It is reported that the VSS
reduction during the anaerobic digestion of an A-stage sludge
was at ∼70%, whereas the corresponding value during digestion
of the general WAS was only around 40%.13,42 This difference
could be partly due to the effect of PHA storage on the
digestion. Therefore, this work reveals an explanation for a
previously unrecognized feature of sludge digestion, which may
be of importance for future operation of WWTPs.
With the growing worldwide energy crisis, WWTPs are

increasingly recognized as places for energy recovery rather
than waste removal.43 As a result, there is an ongoing paradigm
shift in the operation of WWTPs from pollutant removal to
energy recovery. The findings obtained in this work can
enlighten and further guide engineers to develop improved

strategies for WWTP operation to enhance energy recovery,
which provide strong support to this ongoing paradigm shift.
Consequently, we suggest a scheme for “wastewater treat-
ment−WAS digestion” that includes the PHA-enriched sludge
approach in an integrated environmental and economic
perspective (Figure S3). In bioreactors of the proposed
WWTP, organic compounds in wastewater are designed to be
mainly removed by PHA accumulation instead of by CO2
formation and cell growth. Following that, the sludge
containing a high level of PHA is sent to the anaerobic
digester for methane production. In such a WWTP operation,
aeration costs are reduced, the amount of sludge for dewatering
and final disposal is decreased, and the methane yield is
enhanced.
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