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a b s t r a c t

The effect of pH in the range of 3.0–11.0 on anaerobic fermentation of primary sludge (PS) was investi-
gated at room temperature. The experimental results showed that the concentrations of soluble chemical
oxygen demands (SCOD), soluble protein and carbohydrate and short-chain fatty acids (SCFAs) under
alkaline conditions were significantly higher than those under other pHs. At fermentation time of 5 days,
vailable online 4 July 2009
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rimary sludge (PS)
H
ydrolysis
hort-chain fatty acids (SCFAs)

the average SCFAs concentration increased from 968 to 3511 mg COD/L with the increase of pH from 3.0
to 10.0. However, further increasing pH to 11.0 resulted in the decrease of SCFAs. At pH 10.0, acetic, propi-
onic and iso-valeric acids were the three main products, and the volatile suspended solids (VSS) reduction
reached 38%. It was also observed that at any pH value investigated, there were obvious ammonia and
phosphorus releases during fermentation. According to this study it is obvious that alkaline pH benefited
the soluble organic carbon production from PS.
utrient removal

. Introduction

As we all known, the chemical oxygen demands (COD) concen-
ration of wastewater, especially soluble chemical oxygen demands
SCOD) plays an important role on biological nutrients removal
BNR). However, the influent water contains insufficient carbon
ource in some wastewater treatment plant, particularly in urban
astewater treatment plant. Accordingly, it becomes necessary

o add extra carbon source to such wastewater to achieve satis-
ying BNR performance. Recently, production of SCOD, especially
hort-chain fatty acids (SCFAs) by fermentation of sludge generated
n municipal wastewater treatment plants (MWTP) has attracted

uch attention, because it can not only take advantage of organic
astes for reclamation but also improve the SCOD concentration of

nfluent.
Primary sludge (PS) and waste activated sludge (WAS) are the

wo different wastes generated in MWTP. Most of the studies on
S fermentation especially for SCOD and SCFAs production were
onducted under uncontrolled pH (i.e. natural). During the fer-
entation of sludge, the protein and carbohydrate, the key organic
ompounds of sludge, are hydrolyzed, which results in the decrease
f sludge volatile suspended solids (VSS) and increase of SCOD.
aharaj and Elefsiniotis [1] achieved the highest values of the

CFAs, SCOD concentrations and specific production rates in the
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uncontrolled pH experiment. Banister and Pretorius [2] investi-
gated the ways of optimizing the performance of primary sludge
acidogenic fermentation system without any pH adjusted; results
showed that retention time, seeding, solids concentration and mix-
ing were the important variables governing SCFAs production, and
most of potential SCFAs yield was reached within the fermentation
time. Furthermore, it had been revealed by Elefsiniotis et al. [3] that
naturally-produced SCFAs provided an excellent carbon source for
denitrification and SCFAs were preferred over other soluble organic
carbon forms, and among SCFAs, acetic acid were preferred by den-
itrifiers over other SCFA species. The next most favored SCFA types
were butyric acid and propionic acid. In addition, in fermentation
experiences conducted without pH control, Cokgor et al. [4] had
also found that PS fermentation could generate SCOD with a corre-
sponding SCFAs generation in the uncontrolled condition of pH.

The studies on PS fermentation under pH adjustment with an
aim at the SCFAs generation, however, are still largely focused on
acidic, neutral or near neutral pH. Elefsiniotis and Oldham [5] has
indicated that although acid production is not affected by a decrease
in pH from 5.1–4.5, the production is significantly lower (25–30%)
at pH of about 6.0. It has also been revealed that the specific rates
of SCFAs production and COD solubilization, in either a completely
mixed reactor (CMR) or an upflow anaerobic sludge blanket (UASB)

unit, were not affected by the variation in pH between 4.3 and
5.2, but at higher pH values (5.9–6.2) a significant decline in both
parameters was observed [6]. Gomec and Speece [7] investigated
the effect of pH on anaerobic solubilization of domestic PS; results
showed that the destruction of VSS was better and its reductions

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yangdianhai@tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.06.146
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The oven of GC was programmed to begin at 110 C and to remain
there for 2 mins, then to increase at a rate of 10 ◦C /min to 220 ◦C,
and to hold at 220 ◦C for an additional 2 mins. The sample injection
volume was 1.0 �L. The filtrate was also used for analyzing soluble
protein and carbohydrate. Soluble protein was determined by the

Table 1
Characteristics of the primary sludge.a.

Parameter Mean SDb

pH 6.0 0.2
TSS 19 300 165
VSS 11 641 32
SCFAs (as COD) 52 1
SCOD 1 759 88
TCOD 20 631 631
BOD5 106 4
PO4

3−–P 12 1
NH4

+–N 53 4
H. Wu et al. / Journal of Hazar

as found to be 32% in the pH-controlled reactors of PS. When
S was used as substrate, the same reactors removed VSS with a
orresponding production of SCFAs and SCOD and their produc-
ions stopped earlier as compared with pH-uncontrolled reactor.
n addition, Yu et al. [8] indicated that VSS decreased with a cor-
esponding SCFAs increase with a pH changing from 4.0 to 6.5.

hen pH ranged in 5.5–6.5, Wu and Wang [9] observed identi-
ally SCFAs production. Also, it was observed that pH adjustment
nd control in the range of 5.5–6.0 had a negative effect on fermen-
ation efficiency, mainly observed as lower SCFAs generation and
elay in acidification and longer fermentation times. A similar neg-
tive effect was also observed when the pH was increased to 7.5,
hich only improved hydrolysis but not acidification. Identically,

H control in the 6.5–7.0 range, close to the initial pH of the pri-
ary sludge essentially yielded the same results and did not prove
eaningful. Nutrient releases were also observed with increase of

COD and SCFAs [4].
In recent years, more attentions have been paid to the effect of

H on sludge fermentation especially on SCFAs generation. Most
f the studies are, nevertheless, mainly focused on the effect of
H on WAS fermentation. Gomec and Speece [7] also investigated
he effect of pH on WAS anaerobic solubilization and observed the
olubilization was occurring and acetic acid was the main SCFA pro-
uced. The production of SCFAs from activated sludge fermentation
ad also been evaluated at different pH values ranging from 4.0 to
1.0; the result showed that the production of SCFAs at pH 10.0 was
56 mg COD/gVSS, which was over 3 or 4 times that at pH 5.0 and
ncontrolled [10].

With the reduction of VSS, apart from the production of SCOD
nd SCFAs by hydrolysis and acidification of sludge, nitrogen and
hosphorus releases are also observed during fermentation of PS.
sually, the nitrogen release comes from the hydrolysis of sludge
rotein, and the phosphorus release generates from the degrada-
ion of intracellular polyphosphate by polyphosphate accumulating
rganisms (PAOs). The organic nitrogen and phosphorus releases
ad ever been observed by Moser-Engeler et al. [11]. Compared with
he above result, Banister and Pretorius [2] found relatively high
evels of ammonia and phosphate in the fermentation liquor of PS.
okgor et al. [4] achieved lower NH4

+–N concentration in pH con-
rolled experiments as compared to uncontrolled sets, especially
t pH levels of 5.5 and 6.0. Soluble P release, however, was practi-
ally the same for experiments with pH controlled and uncontrolled
uns. The reverse results were reported that lower N and P release
t pH in the range of 9.0–11.0 [12,13].

PS and WAS have different biodegradation characteristics. WAS
s a settling material produced at the secondary sedimentation tank
f the wastewater treatment plant after biological treatment. It con-
ains small amounts of nonhydrolyzable particulate materials and
iomass by bacteria due to biological metabolism. In contrast, PS
onsists of a high portion of organic matter such as feces, vegeta-
les, fruits, textiles and paper, a significant organic carbon fraction
or the subsequent nutrient removal processes [14–16]. Meanwhile,
S has different biodegradation characteristics in comparison with
AS. Some researchers had drawn a conclusion that the VSS in

S were more biodegradable than in secondary sludge (87% versus
3%) and biodegradable fraction in the VSS contained more viable
iomass in PS than in secondary sludge [14]. In the light of research
esults of Yuan et al. [10] in the WAS fermentation, we think if
H is adjusted to the alkaline range during PS fermentation, the
onclusions different from the previously reported on PS fermen-
ation can be attained, which can be due to different properties

f PS from that of WAS. Therefore, this text studied in detail the
ffluences of pH 3.0–11.0 on the hydrolysis of PS and its substitu-
ional products. Moreover, the releases of nitrogen and phosphorus
s well as VSS variations in the process of PS fermentation were
nvestigated.
aterials 172 (2009) 196–201 197

2. Material and methods

2.1. PS source

The PS used in this study was obtained from the primary sed-
imentation tank of a MWTP in Shanghai, China. The sludge was
concentrated by settling at 4 ◦C for 24 h and adjusted to the required
concentration, and its main characteristics are shown in Table 1.
As shown in Table 1, proteins and carbohydrates are the two pre-
dominant types of organic compounds in primary sludge and they
account for about 69% of the VSS.

2.2. Batch fermentation experiments

In order to investigate the effect of pH on anaerobic fermentation
of PS, 10 identical reactors, each with working volume of 3 L, inter-
nal diameter of 120 mm, and height of 350 mm, were maintained
at room temperature. A 30 L portion of PS was divided equally into
10 reactors. All the reactors were mixed with a mechanical stirrer
operated at a rate of 70 rpm (revolutions per minute) to sustain
homogenous mixing during fermentation. From reactors 1–9, the
pH was adjusted and maintained at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0 and 11.0, respectively. Meanwhile, the pH in reactor 10 was not
adjusted and was set as the blank test. The pH was adjusted using
2 M NaOH or 2 M HCl stock solution. Samples were periodically
taken from the reactors to monitor SCFAs, SCOD, total suspended
solids (TSS), VSS, soluble protein, carbohydrate, ammonia nitrogen
(NH4

+–N) and ortho-phosphate (PO4
3−–P). This experiment was

conducted in triplicate, and one way analysis of variance (ANOVA)
at the 0.05 level was used to analyze the data.

2.3. Analytical methods

The analyses of COD, SCOD, BOD5, TSS, VSS, NH4
+–N, and

PO4
3−–P were conducted in accordance with standard methods

[17]. After sludge samples from reactors were centrifuged and then
filtered through a Whatmann GF/C glass microfiber (0.45 �m pore
size), the filtrate was collected in a 1.5 mL gas chromatography
(GC) vial, and 3% H3PO4 was added to adjust the pH to approx-
imately 3.0. SCFAs compositions were analyzed by means of gas
chromatography (Agilent 6890N GC) with flame ionization detec-
tor and DB-WAXETR column (30 m × 1.0 �m × 0.53 mm). Nitrogen
was the carrier gas and the flux was 25 mL/min. The injection port
and the detector were maintained at 220 and 250 ◦C, respectively.

◦

Total carbohydrate (as COD) 312 12
Total protein (as COD) 7 718 144

a All values are expressed in mg/L except pH. The data are the averages in triplicate
tests.

b SD: standard deviation.
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Fig. 2. Effect of pH on the observed concentrations of soluble protein. Error bars
represent standard deviations of triplicate tests.
98 H. Wu et al. / Journal of Hazar

owry-Folin method with bovine serum albumin (BSA) as standard
18]. Carbohydrate was measured by the phenol-sulfuric method
ith glucose as standard [19].

SCFAs concentrations were converted to COD by using appropri-
te conversion factors as 1.07 for acetic acid, 1.51 for propionic acid,
.82 for butyric and iso-butyric acids, and 2.04 for valeric and iso-
aleric acids. Protein and carbohydrate, however, were converted to
OD with the conversion factors of 1.5 and 1.07, respectively [20].

. Results and discussion

.1. Effect of pH on SCOD production

Sludge hydrolysis can be expressed by the changes of SCOD
oncentrations [21,22]. The effect of pH on the observed SCOD con-
entrations at different fermentation times is shown in Fig. 1. It
as obvious that concentrations of SCOD at different pHs had a

imilar trend with change in time except at pH 11.0. The average
COD increased from the initial 1759 mg/L to their respective max-
mum on the 5th day (pH 10.0 (5755 mg/L) > pH 9.0 (5690) > pH
.0 (4450) > pH 6.0 (4083) > pH 7.0 (4003) > pH 5.0 (3914) > pH 4.0
3775) > pH 3.0 (3577) > blank test (2771)) in all reactors except
H 11.0 (F = 980, Fcrit = 2, P = 4 × 10−22 < 0.05), which indicated that
ore and more particulate organics in PS became soluble sub-

trates. The SCOD concentration on the 5th day was about 3.3 times
igher than the initial at pH 10.0. After the 5th day, the SCOD con-
entration in all reactors decreased with fermentation time. At pH
1.0, however, the average concentration of SCOD was up to its max-
mal value (6931 mg/L) on the 14th day, which was very different
rom that at other pHs.

Obviously, the SCOD at alkaline pH (pH 9.0, 10.0 and 11.0) was
ignificantly higher than that at near neutral pH (pH 6.0, 7.0 and 8.0)
r acidic pH (pH 3.0, 4.0 and 5.0), and the blank test (without pH
djustment) showed the lowest SCOD concentration, which stated
learly that controlling the fermentation pH was more beneficial for
ydrolysis of PS and the alkaline pH was more efficient than acidic
nd neutral pHs. At any fermentation time, the same observations
ould be made (Fig. 1). Apparently, the PS hydrolysis rate was accel-
rated under alkaline conditions, which has also been observed by
ther researchers [23,24].

.2. Effects of different pHs on the concentrations of soluble

rotein and carbohydrate

During PS fermentation, the sludge protein and carbohydrate
ere firstly converted to soluble protein and carbohydrate (compo-

itions of SCOD), respectively. Fig. 2 shows the effect of pH on the

ig. 1. Effect of pH on the observed SCOD concentrations at different fermenta-
ion times (@t = 0, SCOD = 1 759 mg/L). Error bars represent standard deviations of
riplicate tests.
Fig. 3. Effect of pH on the observed concentrations of soluble carbohydrate. Error
bars represent standard deviations of triplicate tests.

observed concentrations of soluble protein. Fig. 3 shows the effect of
pH on the observed concentrations of soluble carbohydrate. As seen
in Fig. 2 and Fig. 3, the concentrations of these two substrates under
alkaline conditions were greater than other conditions. Obviously,
pH had almost the same effect on soluble protein and carbohy-
drate concentrations as on SCOD concentration. It was observed
that concentrations of soluble protein (Yprotein) and carbohydrate
(Ycarbohydrate) under alkaline pH (8.0–11.0) increased linearly with
pH on the 5th day (F = 1454, Fcrit = 4, P = 3 × 10−11 < 0.05 and F = 1370,
Fcrit = 4, P = 4 × 10−11 < 0.05), respectively for soluble protein and
carbohydrate (Eq. (1), Eq. (2)).

Yprotein = 486.8 pH + 284.7, R2 = 0.99 (1)

Ycarbohydrate = 85.7 pH − 17.1, R2 = 0.99 (2)

At pH 10.0, their average values were respectively 1747 mg COD/L
and 226 mg COD/L. The concentrations of soluble protein and car-
bohydrate, on the contrary, fluctuated slightly with the increase of
fermentation time. This might be explained that the observed con-
centrations of soluble protein and carbohydrate were the result of
a net balance between competing rates of release and degradation.
When the degradation rate exceeded the release, the concentra-
tions were observed to decline.

It could be concluded from the above that alkaline conditions
were similarly helpful to solubilization of protein and carbohydrate

which were the main constituents of sludge [25,26]. This might
be attributable to the reason that the alkaline pH resulted in the
dissociation of acidic groups in extracellular polymeric substances
(EPS) of sludge which mainly consisted of protein and carbohy-
drate and repulsions between the negatively charged EPS, and
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Table 2
Effect of pH on the percentage of individual SCFA accounting for total SCFAs at 5-day
fermentation time.

pH HAc (%) HPr (%) i-HBu (%) HBu (%) i-HVa (%) HVa (%)

Blank test 39 31 3 16 6 5
3.0 38 38 1 17 2 4
4.0 46 32 1 16 2 3
5.0 44 32 2 13 5 4
6.0 34 35 4 14 8 5
7.0 34 36 5 11 10 4
8.0 38 35 5 11 8 3
9.0 42 31 5 9 9 4
10.0 45 25 4 13 10 3
H. Wu et al. / Journal of Hazar

olubility of protein and carbohydrate in water therefore increased
27].

.3. Effect of pH on total SCFAs concentration

The effect of pH on SCFAs concentration at different fermen-
ation times is shown in Fig. 4. It could be seen that the average
CFAs concentrations at pH 3.0–10.0 increased from the initial
2 mg COD/L to their respective maximum on the 5th day (pH 10.0
3511 mg COD/L) > pH 9.0 (3390) > pH 8.0 (3361) > pH 7.0 (3135) > pH
.0 (2536) > pH 6.0 (2401) > pH 4.0 (1693) > pH 3.0 (968)) (F = 1507,
crit = 3, P = 2 × 10−21 < 0.05), and then decreased gradually. For pH
1.0 and the blank test, however, the maximum SCFAs (with the
verage of 3643 mg COD/L and 2216 mg COD/L) occurred on the
4th day and 9th day, respectively.

It was obvious that the SCFAs concentrations at alkaline pHs (pH
.0, 9.0, 10.0 and 11.0) were significantly higher than that at near
eutral pHs (pH 6.0 and 7.0) or acidic pHs (pH 3.0, 4.0 and 5.0)
r in the blank test, similar to the results observed with SCOD. In
ddition, although the highest SCFAs production as mean value in
he pH range 3.0–11.0 was 3643 mg COD/L appearing at pH 11.0,
t took a much longer time to produce the same mount of SCFAs
s that produced at pH 10.0. One can calculate the SCFAs pro-
uction rate at pH 10.0 (60 mg COD/g VSS·d) and pH 11.0 (22 mg
OD/g VSS·d) in terms of investigated VSS concentration, which

ndicated that the production of SCFAs at pH 10.0 was more effi-
ient than at pH 11.0. Thus, pH 10.0 and fermentation time 5 days
ere regarded as the optimal conditions for SCFAs production

rom PS. Besides, it can be seen from Fig. 4 that the concen-
ration of SCFAs at pH 3.0 was extremely low, which might be
ue to the inhibition of strong acidity on the activity of acido-
enic bacteria. In the blank test, however, SCFAs production was
lose to that at neutral pH, which might attribute to the pH in
he blank test varying from 5.95 to 7.07 during the fermentation
ime.

At pH 10.0, the average of specific SCFAs production was 302 mg
OD/g VSS, which was much higher than others reported in the

iterature. Banerjee et al. [28] showed that acidogenesis was feasible
nd the net SCFAs production ranged from 66 to 137 mg COD/gVSS
s pH value varied from 5.1 to 6.2 when industrial wastewater and
S were fermented together. Chen et al. [12] investigated the effect
f pH from 4.0 to 11.0 on the hydrolysis and acidification of WAS, and

xperimental results showed that alkaline conditions were helpful
o the production of SCFAs, the concentration of SCFAs on the 8th
ay of fermentation at pH 4.0, 7.0 and 10.0 was 33, 78 and 250 mg
OD/g VSS, respectively.

ig. 4. Effect of pH on total SCFAs production at different fermentation times (@t = 0,
otal SCFAs = 52 mg COD/L). Error bars represent standard deviations of triplicate
ests.
11.0 48 26 4 13 6 3

Note: HAc = acetic, HPr = propionic, i-HBu = iso-butyric, HBu = n-butyric, i-HVa = iso-
valeric, HVa = valeric. The data reported are the average of triplicate tests.

3.4. Effects of pH on the constituents of SCFAs

Six SCFAs, i.e., acetic, propionic, iso-butyric, n-butyric, iso-
valeric, and n-valeric acids were all detectable in pH controlled (pH
3.0–11.0) and in blank tests. Table 2 summarizes the effect of pH
on the percentage of individual SCFA accounting for total SCFAs at
5-day fermentation time; Table 3 shows the percentage of indi-
vidual SCFA accounting for total SCFAs with time at pH 10.0. As
seen in Table 2, acetic acid had the highest percentage (34–48%)
at pH 3.0–11.0 and in the blank test. Also, the concentration of
acetic acid maintained the following order: alkaline > acidic > blank
test > neutral pH. The percentage of propionic acid ranged between
25% and 38% in either pH controlled or in the blank test on the
5th day. In most cases, the order of individual SCFAs concen-
tration was acetic > propionic > n-butyric > iso-valeric > (n-valeric,
n-butyric). Additionally, acetic, propionic and n-butyric acid were
the three main products at any pH investigated in 5-day fermenta-
tion time. At pH 5.0, 7.0 and 10.0, the averages of these three SCFAs
accounted for 89%, 80% and 83% of total SCFAs, respectively.

As shown in Table 3, although acetic acid was the dominant SCFA
with the mean percentage of more than 45% in most fermentation
time, the percentage of propionic acid increased gradually and even
exceeded that of acetic acid at the end of fermentation time (34%
and 27%, respectively). With the further increase of fermentation
time, as seen in Table 3, the percentages of propionic and iso-valeric
acid increased gradually whereas the percentage of n-butyric acid
decreased rapidly. Thus, in most cases, acetic, propionic and iso-
valeric acids were the three main products at pH 10.0, and their
average total amount accounted for 83% of total SCFAs. This was con-
sistent with the findings of prior studies on WAS by Chen et al. [12].
Wang et al. [29] also revealed that the top three SCFAs were acetic,
propionic and iso-valeric acids and the decomposition rates of the
SCFAs (C2–C6) with a straight chain (normal form) were greater

than those of their respective isomers with a branched chain (iso
form).

According to the above study, it is obvious that alkaline condi-
tion had more advantage over improvement of yields of acetic acid

Table 3
Variations of percentage of individual SCFA accounting for total SCFAs with time at
pH 10.0.

Time (d) 2 5 9 14 20

HAc (%) 44 45 49 45 27
HPr (%) 23 25 26 29 34
i-HBu (%) 6 4 7 7 15
HBu (%) 9 13 3 0 0
i-HVa (%) 15 10 12 13 18
HVa (%) 3 3 3 6 6

Note: HAc = acetic, HPr = propionic, i-HBu = iso-butyric, HBu = n-butyric, i-HVa = iso-
valeric, HVa = valeric. The data reported are the average of triplicate tests.
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ig. 5. Effect of pH on VSS reduction at different fermentation time (@t = 0, VSS = 11
41 mg/L). The data reported are the average of triplicate tests.

han acidic or neutral condition. In the operation, the propionic
ercentage was significantly improved to more than 23%, which
ere much more than those in WAS fermentation (less than 20%

s shown by Yuan et al. [10]). Thus, when PS fermentation liquid
as used as the carbon source of enhanced biological phosphorus

emoval (EBPR), its performance would be better than pure acetic
cid. It had also been found that propionic acid-enriched wastewa-
er was much more efficient for EBPR and had a higher phosphorus
emoval rate in the long-term cultured experiment [30,31].

.5. Effect of pH on VSS reduction

When PS was fermented with the production of SCOD, the
orresponding VSS reduction was observed, which has also been
eported by other researchers [4,32]. As seen from Fig. 5, there was
ifferent VSS reduction at different pHs in spite of the same initial
SS. Generally, a higher rate in the initial period of fermentation
ompared to the later fermentation time was observed. Besides, it
as easy to see that there was no significant VSS reduction at pH

.0, which is consistent with few SCFAs produced. The highest VSS
eduction was at pH 10.0 with an average of 49% on the 20th day.

hen the fermentation time was 5 days and pH 10.0, there was a
8% VSS reduction.

.6. Effects of pH on soluble NH4
+–N and PO4

3−–P concentrations
It has been reported that both nitrogen and phosphorus were
eleased during sludge fermentation [11,13], but very few discussed
he influence of pH on their releases. The effects of pH on the
bserved nitrogen and phosphorus concentrations are shown in
igs. 6 and 7, respectively.

ig. 6. Effect of pH on the observed NH4
+–N concentration. The data reported are

he average of triplicate tests.
Fig. 7. Effect of pH on the observed soluble PO4
3−–P concentration. The data

reported are the average of triplicate tests.

As shown in Fig. 6, the concentrations of NH4
+–N in pH con-

trolled (pH 3.0–11.0) and in blank tests were all kept increased
during fermentation. A sequencing of even NH4

+–N concentration
at near neutral pH (pH 6.0 and 7.0) > acidic pH (pH 5.0) > alkaline pH
(pH 8.0, 9.0, 10.0 and 11.0) > blank test > strong acidic pH (pH 3.0 and
4.0) was observed after 9 days of fermentation (P < 0.05). The data
in Fig. 7 showed a different order with regard to the even concen-
tration of phosphorus, acidic pH (pH 3.0, 4.0, 5.0) > near neutral pH
(pH 6.0 and 7.0) > blank test > alkaline pH (pH 8.0, 9.0, 10.0 and 11.0)
after 9 days of fermentation (P < 0.05). Seen as both Figs. 6 and 7, the
NH4

+-N releases were greater than PO4
3−–P in most cases. The same

result was observed in the literature [2,12]. Also, the effects of pH on
the concentrations of released nitrogen and phosphorus were dif-
ferent with those of SCOD and SCFAs. The concentrations of NH4

+–N
and PO4

3−–P under alkaline pHs were lower than those under other
pHs, which might be due to their precipitation in the formation of
struvite at alkaline pHs, which need further investigation.

4. Conclusion

Based on the experimental results outlined in the previous sec-
tions, the conclusions of this study could be summarized as follows:

Compared with the studies on PS fermentation under condi-
tions of acidic or near neutral pHs reported in the literature, it
was observed in this paper that an alkaline pH greatly improved
the hydrolysis of PS, and produced more SCOD, especially solu-
ble protein and carbohydrate. The first and second maximal SCOD,
occurring at pH 11.0 on the 14th day and at pH 10.0 on the 5th day,
were up to more than 4 and 3 times than the initial, respectively.

Also, it was found in this study that due to more soluble hydrol-
ysis products provided for acidification, the accumulation of SCFAs
under alkaline pH was significantly greater than that at acidic or
near neutral pHs. At pH 10.0 and fermentation time of 5 days, the
average concentration of total SCFAs was 3511 mg COD/L with acetic
acid percentage of around 45% and propionic acid percentage of
25%. The corresponding VSS decrease was of 38% under the same
condition. In most fermentation time, acetic, propionic and iso-
valeric acids accounted for the majority (with an average of 83%) of
SCFAs at any pH value investigated. Meanwhile, releases of soluble
ammonia and phosphorus were observed.
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