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Short-chain fatty acids (SCFAs) are the intermediate products of anaerobic digestion. The alkaline fer-
mentation of primary sludge (PS) for ambient accumulation of SCFAs and mechanism were investigated
in the present study. The results showed that the maximum SCFAs yields from PS fermentation was
312.9 mg COD/g VSS at pH 10.0–11.0 after 5 days reaction time, which was 1.8 times of that at neutral
and acid pHs. The composition and distribution of SCFAs generated from PS anaerobic fermentation were
studied, the maximum ratio of acetic, propionic, iso-butyric, n-butytic, iso-valetic and n-valetic acids was
determined as 49.4%, 34.4%, 14.6%, 12.2%, 17.9% and 6.3%, respectively. In addition, the accumulation of
lkaline pH
CFAs
ompositions
echanism

SCFAs related with soluble organic compounds fermentation and methane production during PS fermen-
tation was also investigated. The concentration of SCFAs generated from PS fermentation was found to
be positive with the concentration of soluble organic compounds but negative with the production of
methane. The accumulation of SCFAs at alkaline pHs can be attributed to the enhanced hydrolysis of PS
at alkaline pHs which lead to more soluble protein and carbohydrate generation. At the same time, the

ould
activity of methanogens c

. Introduction

It has been well acknowledged that biological removal of nutri-
nts (phosphorus and nitrogen) from wastewater is an effective
echnique to mitigate the eutrophication of water body. Nowa-
ays the influent of many municipal WWTPs in China, particularly

n the south of China, is characterized by very low organic car-
on concentration, which significantly limits the nutrients removal
fficiency. In order to enhance the nutrients removal, methanol,
thanol and acetic acid are normally used as organic carbon source
uring the wastewater treatment process [1–3]. However, the addi-
ion of organic chemicals as carbon source increases the operation
ost of WWTP.

During the past several years, waste containing rich of readily
iodegradable COD has been proposed as extra available organic
arbon source for the enhanced nutrients removal [4]. It has been
eported that SCFAs could be produced from the fermentation

f primary or waste activated sludge [5–10]. PS generating from
rimary settling tank in WWTP is quite distinct from the WAS
roduced at the secondary sedimentation tank. The PS normally

nvolves a high portion of organic matter such as vegetables,

∗ Corresponding author. Tel.: +86 21 65982692; fax: +86 21 65986313.
E-mail address: yangdianhai@tongji.edu.cn (D. Yang).
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be inhibited at alkaline pHs which resulting in less SCFAs consumption.
© 2010 Elsevier B.V. All rights reserved.

fruits, feces, paper, textiles, etc. [11]. Additionally, it owns different
biodegradation characteristics from WAS. According to the litera-
ture, PS contained more easily biodegradable organic matter and
more living biomass was involved in the biodegradable fraction of
VSS in PS compared to that of WAS [12]. Therefore, it can be feasible
to produce more SCFAs as carbon source using PS as fermentation
substrate.

In the sludge anaerobic fermentation process, pH is an impor-
tant factor which can significantly affect the hydrolysis of sludge as
well as the production of SCFAs. Yuan et al. [8] reported that high
SCFAs production was obtained under the alkaline condition dur-
ing WAS fermentation process. It was proposed that the high SCFAs
production was due to more SCOD was generated and methanogens
was inhibited under alkaline pH. Our previous study also indicated
that alkaline condition was beneficial for SCFAs production during
PS fermentation process [13]. However, the mechanism of SCFAs
accumulation for PS fermentation under alkaline pH is still unclear
up to now.

The aim of the present study was to investigate the alka-
line fermentation of PS for SCFAs accumulation and to explore

the mechanism of SCFAs accumulation under alkaline pH. In this
study, the production of SCFAs from PS fermentation at differ-
ent pHs was systematically investigated. The composition and the
distribution of SCFAs generated from the PS fermentation were
studied. In addition, the accumulation of SCFAs related with soluble

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:yangdianhai@tongji.edu.cn
dx.doi.org/10.1016/j.cej.2010.02.012
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Nomenclature

BNR biological nutrient removal
BSA bovine serum albumin
Cprotein total protein (mg COD/L)
COD chemical oxygen demand (g/L)
EBPR enhanced biological phosphorus removal
GC gas chromatography
HCl hydrochloric acid (M (mol/L))
IN inorganic nitrogen (mg/L)
NaOH sodium hydroxide (M (mol/L)
NH4

+-N ammonia nitrogen (mg/L)
NO2

−-N nitrite nitrogen (mg/L)
NO3

−-N nitrate nitrogen (mg/L)
PS primary sludge
SCFAs short-chain fatty acids (mg COD/L)
SCOD soluble chemical oxygen demand (g/L)
SRT solid retention time
TCD thermal conductivity detector
TKN total Kjeldahl nitrogen (mg/L)
TSS total suspended solids (g/L)
VSS volatile suspended solids (g/L)
WAS waste activated sludge
WWTP wastewater treatment plant
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Ytotal protein total protein concentration (mg COD/L)
Ytotal SCFAs total SCFAs concentration (mg COD/L)

rganic compounds fermentation and methane production during
S fermentation was also investigated. Finally, the mechanism of
CFAs accumulation under alkaline pH was discussed. Hopefully,
he present study could provide guidance for the preparation of
xtra available organic carbon source from the PS fermentation for
nhanced nutrients removal.

. Materials and methods

.1. PS source

The PS used in this study was obtained from the primary set-
ling tank of a municipal WWTP in Shanghai, China. The source
S was concentrated by settling for 24 h and stored in a fridge at
◦C. Three samples of concentrated PS were analyzed and the main
haracteristics of the concentrated PS are shown in Table 1. It can be
een from Table 1 protein and carbohydrate were two main organic
ompounds in the PS with approximately 63.0% of VSS.
.2. Batch experiments

In order to investigate SCFAs production from PS at different
Hs and to dig out the reasons of alkaline pH increasing SCFAs

Table 1
Characteristics of the concentrated PS.

Parameters Mean ± SDa

pH 5.54 ± 0.03
TSS (g/L) 27.45 ± 0.42
VSS (g/L) 18.98 ± 0.22
SCFAs (mg COD/L) 141.60 ± 9.49
SCOD (g/L) 5.86 ± 0.38
Total COD (g/L) 29.27 ± 1.69
Total carbohydrate (g/L) 3.77 ± 0
Total protein (g/L) 8.09 ± 0.16
Lipid and oil (g/L) 0.67 ± 0.04

a SD, standard deviation of triplicate analyses.
Fig. 1. Schematic diagram of experimental set-up.

production, the following experiments (each with triplicate) were
developed.

2.2.1. PS fermentation at different pHs
To investigate the SCFAs production from PS fermentation at

different pHs, 10 identical anaerobic reactors (Fig. 1) were used in
this study. The reactors were made of plexiglass and each reac-
tor had a working volume of 3.0 L (120 mm internal diameter,
300 mm height and 3.4 L total volume). All reactors were equipped
with stainless-steel stirrers for mixing the sludge. A portion of
settled PS was taken and diluted to 30 L with tap water (control-
ling VSS concentration at 11,000 mg/L), and then 30 L prepared
PS solution was equally divided into 10 anaerobic reactors. Dur-
ing the fermentation test, all reactors were continuously stirred at
an approximate speed of 70 rpm in order to sustain homogenous
mixing. The temperature of the reactors was maintained at room
temperature (25 ± 1 ◦C). We defined the first reactor as blank reac-
tor which was with no pH control, the natural pH was tested at
5.5. The pH in another 9 reactors was controlled at 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, 10.0 and 11.0, respectively, by adding appropri-
ate dosage of 2 M NaOH or 2 M HCl. The NaOH and HCl solution
was automatically added according to the pH changes of the PS
solution.

2.2.2. Comparison between alkaline and acidic pH affecting SCFAs
accumulation with synthetic wastewater of protein and
carbohydrate

In order to explore whether the production of SCFAs was directly
related to the fermentation of protein and carbohydrate under
acidic or alkaline conditions, batch fermentation experiment with
BSA (model protein compound used in this study) and glucose
(model carbohydrate compound) were conducted at two represen-
tative pH of 5.0 and 10.0, respectively. Four tapered glass bottles
with tight covers and working volume of 1000 mL were used as
reactors instead of the anaerobic reactors mentioned above. A
certain amount of BSA (456.0 or 1262.7 mg) or glucose (73.8 or
183.2 mg) was dissolved into 900 mL of tap water before 100 mL
PS was added to each bottle as inoculums. The initial concen-

tration of BSA or glucose in the four bottles was controlled at
684 mg COD/L BSA (pH 5 reactor), 79 mg COD/L glucose (pH 5
reactor), 1894 mg COD/L BSA (pH 10 reactor) and 196 mg COD/L
glucose (pH 10 reactor), respectively, which approximated to the
COD concentration of soluble protein or carbohydrate at pH 5.0
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SCFAs concentrations was 215.2, 249.7 and 312.9 mg COD/g VSS on
the 5th, 9th and 13th days, respectively, and then decreased slightly
with the extension of fermentation time. In the blank test, it was
found that the SCFAs concentration complied with the tendency as
that at pH 3.0–10.0, but on the 9th day it attained the maximum.
H. Wu et al. / Chemical Eng

r 10.0. Then the pH in the four bottles was adjusted to 5.0 or
0.0 by adding 2 M NaOH and 2 M HCl solution. Finally, the four
ottles were put in a thermostatic water bath shaker for mix-

ng and sustaining constant temperature (25 ± 1 ◦C) in the whole
ermentation process. The concentrations of SCFAs, BSA and glu-
ose in the four bottles were detected at different fermentation
ime.

.2.3. Methane production during PS fermented at different pHs
Reduced activity of methanogens could lead to an increase of

CFAs as well as a reduction of methane production [14]. Batch
xperiment on methane production from PS fermentation was
onducted in 10 identical glass culture bottles with tight rubber
toppers, each bottle was with a working volume of 250 mL. A 2.5 L
S solution was equally divided into ten 250 mL bottles, the gas in
he headspace of the bottle was removed by nitrogen gas sweeping
or 30 s. A thermostatic water bath shaker was used to mix sludge
stirring speed of 70 rpm) and the temperature was maintained at
oom temperature (25 ± 1 ◦C). One bottle with no pH controlling
as defined as the blank reactor, the pH in another bottles was

ontrolled at 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 and 11.0, respec-
ively.

.3. Analytical methods

All analyses were conducted in triplicate. Sludge samples taken
rom the reactors were centrifuged at 3500 rpm for 10 min and
hen filtered through normal quantitative paper. The filtrate was
romptly analyzed for SCOD, soluble carbohydrate and soluble
rotein. TSS, VSS, total COD were measured according to stan-
ard methods [15]. For the quantification of SCFAs, the filtrate was
urther filtered through a Whatmann GF/C glass microfiber filter
0.45 �m pore size) and acidified with 3% H3PO4 to pH 2.0–3.0
efore analyzed by GC [16]. An Agilent 6890N GC with flame ioniza-
ion detector and DB-WAXETR column (30 m × 1.0 �m × 0.53 mm)
as used for the analysis of SCFAs. Nitrogen was the carrier gas
ith a flow rate of 25 mL/min. The temperature of the injec-

ion port and the detector were maintained at 220 and 250 ◦C,
espectively. The initial oven temperature was programmed at
10 ◦C and remained for 2 min, and then the oven tempera-
ure was increased to 200 ◦C at a rate of 10 ◦C/min and held
t 200 ◦C for 2 min. The injection volume of the sample was
.0 �L.

Carbohydrate was measured by the anthrone method with glu-
ose as standard [17]. Soluble protein was determined by the
owry–Folin method with BSA as standard [18]. Sludge lipid was
xtracted by the Bligh–Dyer method from the acidified sample,
nd then was measured gravimetrically after the solvent was
vaporated at 80 ◦C [15]. The total protein content of sludge was
stimated from the corresponding TKN concentration by sub-
racting IN (NH4

+-N, NO3
−-N, NO2

−-N, etc.) concentration and
ividing the difference by 0.16 (conversion factor of protein to
H4

+-N), then multiplying the result by 1.5 (COD conversion
actor of protein) [19], Eq. (1). TKN was determined by titri-

etric method after distillation from Chinese standard methods
20].

protein = (TKN − IN) × 1.5
0.16

(1)
The methane production was analyzed by GC (Model 14B, Shi-
adzu, Japan) equipped with a TCD and a 3 m stainless column

acked with Porapak Q (80/10 mesh). The temperature of the injec-
ion port, oven column and detector were set at 40, 50 and 90 ◦C,
espectively. Nitrogen was used as the carrier gas at a flow rate of
0 mL/min.
g Journal 160 (2010) 1–7 3

3. Results and discussion

3.1. Effect of pH on total SCFAs production

According to previous reports, pH can significantly affect the
digestion efficiency of the digester for treating high concentra-
tion of solids and played an important role during the anaerobic
solubilization of domestic PS. In this study, the effects of pH and
fermentation time on total SCFAs accumulation are shown in Fig. 2.
The total SCFAs (expressed by mg COD/g VSS) includes acetic, propi-
onic, iso-butytic, n-butyric, iso-valeric and n-valeric acids, they are
converted to COD by using appropriate conversion factors as 1.07,
1.51, 1.82, 1.82, 2.04 and 2.04, respectively [10]. The initial total
SCFAs concentration in the reactor was about 4.5 mg COD/g VSS
(not shown in Fig. 2). As seen in Fig. 2, the production of SCFAs had
a similar trend with fermentation time at different pHs except at pH
11.0. When pH was between 3.0 and 10.0, the average concentra-
tion of SCFAs increased rapidly with fermentation time and reached
individual maximum on the 5th day, which followed the order:
pH 10.0 (301.6 mg COD/g VSS) > pH 9.0 (291.2 mg COD/g VSS) > pH
8.0 (288.7 mg COD/g VSS) > pH 7.0 (269.3 mg COD/g VSS) > pH
5.0 (217.8 mg COD/g VSS) > pH 6.0 (206.3 mg COD/g VSS) > pH
4.0 (145.4 mg COD/g VSS) > pH 3.0 (83.1 mg COD/g VSS). Further
increasing the fermentation time did not result in the increase of
total SCFAs. Instead, the total SCFAs decreased with fermentation
time after 5 days in most cases except at pH 11.0. Further investi-
gation revealed that the total SCFAs concentration (Ytotal SCFAs) was
linearly increased with pH from 3.0 to 5.0 (Eq. (2)) and from 7.0 to
10.0 (Eq. (3)) on the 5th day of fermentation. After 5 days, however,
total SCFAs concentration in pH 7.0–10.0 was linearly decreased
with fermentation time (Eq. (4)–(7)).

Ytotal SCFAs = 67.3pH + 14.1, R2 = 0.99 (2)

Ytotal SCFAs = 9.9pH + 262.8, R2 = 0.91 (3)

Ytotal SCFAs (pH 7.0) = −45.9t + 312.9, R2 = 0.99 (4)

Ytotal SCFAs (pH 8.0) = −43.3t + 326.3, R2 = 0.99 (5)

Ytotal SCFAs (pH 9.0) = −35.1t + 317.4, R2 = 0.98 (6)

Ytotal SCFAs (pH 10.0) = −35.5t + 344.6, R2 = 0.98 (7)

As seen in Fig. 2, the SCFAs concentration at pH 11.0 was still
increased with time from 5 to 13 days. At pH 11.0, the average of
Fig. 2. Effect of pH and fermentation time on total SCFAs accumulation.
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oreover, during the entire fermentation time, the SCFAs concen-
ration in the blank test was greater than that at pH 3.0 and 4.0,
nd similar with that at pH 7.0 at the end of fermentation. It was
lso found that the pH in the blank test changed from 5.0 to 6.0
nd then near to 7.0 in the late phrase of fermentation. Apparently,
ore SCFAs produced at pH 5.0–7.0 and in the blank test than that

t pH 3.0–4.0. Additionally, the SCFAs produced at pH 3.0 was obvi-
usly much less than that at other pHs and even decreased to zero
t the end of operation, which indicated that low pH (less than or
qual to 3.0) was unsuitable for PS fermentation to produce SCFAs.

The above results revealed that when the fermentation pH was
ontrolled at 10.0, SCFAs yield could be significantly enhanced and
aintained stable, the SCFAs yield observed in this study was also

igher than that reported in the previous literature. Yuan et al. [8]
eported that high SCFAs production of 256.2 mg COD/g VSS was
btained at pH 10.0 on the 8th day of WAS fermentation, which
as 3–4 times of SCFAs production at pH 5.0 or uncontrolled pH.
ompared to WAS, more SCFAs with 301.6 mg COD/g VSS was pro-
uced from PS fermentation at a shorter fermentation time (5 days).

n other words, the PS fermentation tank just needs a small SRT
o generate the same amount of SCFAs. Thus, smaller volume of
ermentation tank was required when designed and less opera-
ion cost was consumed. From the above, it seemed that for more
CFAs accumulation the suitable condition could be controlled at
H 10.0–11.0 and with a fermentation time of 5–9 days in the
resent study, the optimum conditions were still considered as pH
0.0 and fermentation time 5 days. The reason for less SCFAs pro-
uced at pH 11.0 or 3.0 during the initial 5 days might be attributed
o the toxic inhabitation of extreme alkaline or acidic condition to
cidogenic bacteria. As observed in Fig. 2, an obvious SCFAs con-
umption was observed after 9 days of fermentation at pH between
.0 and 10.0 as well as in the blank test, which might be due to part
f SCFAs consumed by methanogens in the fermentation.

.2. Compositions of SCFAs produced at the representative pH of
0.0

Increasing evidence suggests that the performance of EBPR
elied on not only the total amounts but also the composition
f SCFAs. According to the result of Mclnerney [21], SCFAs pro-
uced from PS fermentation consisted mainly of straight-chain or
ranch-chain SCFAs from 2 to 5 carbon atoms, i.e., acetic, propionic,

so-butyric, n-butyric, iso-valeric, and n-valeric acids. Figs. 3(a) and
b) shows the distribution of individual SCFAs and the percentage of
ndividual SCFAs accounting for the total SCFAs at pH 10.0, respec-
ively. As seen from Figs. 3(a) and (b), acetic acid was the most
revalent species in the initial 17 days with an average of 103.4 mg
OD/g VSS or 43.8% of SCFAs. Its average production increased
apidly from 62.6 to 136.0 mg COD/g VSS when the time increased
rom 5 to 9 days, and then decreased to 67.5 mg COD/g VSS on the
7th day, which was less than that of propionic acid. The average
ercentage of acetic acid accounting for total SCFAs, during the ini-
ial 9 days, increased from 44.4% to 49.4%, which was higher than
hat of any other SCFA. However, it was found that the proportion
f acetic acid began to decline and lower than that of propionic acid
fter 17 days. Rapid decrease of acetic acid might be the result of
ts fast utilization by acidogenic bacteria.

Propionic acid was the second major SCFA, its concentration
ncreased from the beginning of fermentation and the average was

ore than 70.0 mg COD/g VSS in the fermentation of 5–17 days.
t can be seen from Fig. 3(a) that the average content of propi-

nic acid was higher than that of acetic acid in the fermentation
f 17–21 days. Its maximum production occurred on the 5th day
75.0 mg COD/g VSS or 24.9% of total SCFAs). Instead of occurring at
he 5th day, it was on the 17th day of fermentation that the max-
mum proportion (34.0%) of propionic acid was achieved. Higher
Fig. 3. Composition of SCFAs at pH 10.0: (a) individual SCFAs production and (b)
percentage of individual SCFAs accounting for total SCFAs (acetic (A), propionic (P),
iso-butyric (iso-B), n-butyric (n-B), iso-valeric (iso-V), and n-valeric (n-V)).

ratio of propionic acid (24.9–34.4%) in SCFAs produced from PS
fermentation, far different from the result of less than 20.0% from
WAS fermentation, could significantly promote EBPR performance
if fermentation liquid with more propionic acid was used as carbon
source of BNR in the light of previous reports by Chen et al. [16,22].

Iso-valeric acid and iso-butyric acid were relatively stable dur-
ing the entire fermentation process and their maximum values
were 32.5 mg COD/g VSS on the 9th day and 23.2 mg COD/g VSS
on the 21st day, respectively, whereas their individual maximum
percentage reached 17.9% and 14.6% on the 21st day. The maximum
concentration of n-butyric and n-valeric acids was 39.9 and 14.6 mg
COD/g VSS, respectively, or 13.2% and 7.0%. The higher percent-
ages of iso-valeric and iso-butyric acids over n-butyric and n-valeric
acids were observed, which might be due to their lower biodegra-
dation rate compared with the corresponding SCFAs with linear
chain.

3.3. Mechanisms of SCFAs accumulation during alkaline
fermentation

Theoretically, during anaerobic fermentation SCFAs with 3–6
carbon atoms can be readily decomposed to acetic acid and acetic
acid is gradually degraded into CH4 and CO2 by methanogens,
which will cause less SCFAs accumulation. In this study, however,
the reverse results were observed. It was found that higher pH of
8.0–10.0 caused higher SCFAs accumulation as compared to that

at pH 3.0–7.0, which was different from the previous studies per-
formed on the study of PS fermentation. Therefore, it was very
necessary to investigate the reasons for SCFAs accumulation from
PS fermentation under alkaline conditions.
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ig. 4. Changes of SCOD during the sludge hydrolysis process at a 5-day fermenta-
ion time.

During anaerobic fermentation of particulate organic matter,
he first step (hydrolysis) is usually the rate limiting in the overall
egradation sequence [23,24]. Hydrolysis can be expressed by the
hange of SCOD [25]. Fig. 4 shows the changes of SCOD during the
ludge hydrolysis process at a 5-day fermentation time. The average
COD concentration increased significantly under alkaline condi-
ions: pH 11.0 (346.8 mg SCOD/g VSS) > pH 10.0 (343.3 mg SCOD/g
SS) > pH 9.0 (337.7 mg SCOD/g VSS) > pH 8.0 (231.2 mg SCOD/g
SS) > pH 6.0 (199.6 mg SCOD/g VSS) > pH 7.0 (192.8 mg SCOD/g
SS) > pH 5.0 (185.1 mg SCOD/g VSS) > pH 4.0 (173.2 mg SCOD/g
SS) > pH 3.0 (156.2 mg SCOD/g VSS) > blank test (87.0 mg SCOD/g
SS). Hence, alkaline sludge hydrolysis was of more advantage than
cidic one.

Domestic sludge usually contains three main constituents: pro-
ein, carbohydrate and lipid [26], and the formation of SCFAs
uring sludge anaerobic fermentation has been supposed to be
elated to the fermentation of these organic compounds [27]. In this
tudy protein and carbohydrate were the two major constituents
nvolved in the PS with the average ratio of 42.6% for protein and
9.9% for carbohydrate accounting for VSS. Thus, the compositions
f SCOD, mainly on soluble protein and soluble carbohydrate, were
urther analyzed. Fig. 5 shows the changes of soluble protein and
arbohydrate under different pHs at sludge fermentation time of 5
ays. As seen in Fig. 5, higher productions of both soluble protein
nd carbohydrate under alkaline conditions were obtained com-
ared to those under neutral pH or in the blank test, and especially
t pH 9.0, 10.0 and 11.0, the values of soluble protein and carbohy-

rate observed were higher than that at any other condition. At any
H from 3.0 to 11.0, more soluble protein produced as comparison
ith carbohydrate. The concentration of soluble protein and car-

ohydrate was 150.0 and 19.5 mg COD/g VSS at pH 10.0, 189.3 and

ig. 5. Changes of soluble protein and carbohydrate under different pHs at sludge
ermentation time of 5 days.
Fig. 6. Percentage of SCFAs in SCOD at different pHs on the 5th day of fermentation.

28.4 mg COD/g VSS at pH 11.0, respectively. At the same pH 10.0
and 11.0, individual hydrolysis rate could be improved to 31.2% and
41.4% for soluble protein, 64.7% and 97.9% for soluble carbohydrate.
The higher hydrolysis rate obtained during alkaline fermentation
might be attributed to predominant association of protease and
phosphatase enzyme activities with the organic particulate matter
of the sewage sludge and a broad range of proteolytic activities with
prominent enzyme activity at pH 10.0 [28]. At pH 10.0, more hydrol-
ysis products, soluble protein and carbohydrate, would provide
inevitably substrates for the subsequent acidification to produce
more SCFAs.

It is well known that the percentage of SCFAs in SCOD can be
deemed as an indicator of acidogenesis activity [29]. SCFAs/SCOD
ratio varied greatly according to previous studies conducted using
PS [30,31]. The percentage of SCFAs in SCOD at different pHs on
the 5th day of fermentation is shown in Fig. 6. It was observed
that in most cases the ratio of SCFAs/SCOD under alkaline con-
ditions was much higher than that under acidic conditions. This
proved degree of acidification to be greater under alkaline con-
ditions than others. For fermentation at pH 7.0 and in the blank
test, however, the relatively high SCFAs/SCOD ratios did not cause
more SCFAs accumulation because of the lower initial SCOD con-
centration produced in the hydrolysis process. At pH 10.0, it had a
maximum SCFAs/SCOD percentage of 87.6% which indicated that
a great amount of SCOD generated from PS hydrolysis was con-
verted to more SCFAs via acidification. Therefore, alkaline condition
especially at pH 10.0 was similarly helpful to sludge acidogenesis
compared to other conditions in this study.

To further investigate whether the produced SCFAs were
directly originated from the conversion of sludge soluble protein
and carbohydrate, batch tests with BSA (a simulation compound
of protein) and glucose (a model carbohydrate) were performed
(Fig. 7), respectively. As shown in Fig. 7, SCFAs generation was
observed when sole BSA or glucose was fermented at either pH 5.0
or pH 10.0. The SCFAs concentrations increased initially and then
decreased with time, which might be caused by the consumption of
some sludge microbes after 4 or 6 days of fermentation. Apart from
fermentation with BSA as substrate at pH 10.0, the curves of SCFAs
variation with time in other three cases had a similar trend. The
observed SCFAs concentration at pH 10.0 was significantly higher
than that at pH 5.0. Also, the data in Fig. 7 showed that BSA had
higher SCFAs accumulation than glucose at either pH 5.0 or 10.0.
The above results revealed that even at pH 10.0 the production of
SCFAs from PS was associated with its fermentation of protein and

carbohydrate, but more protein was contributed to produce more
SCFAs due to its higher content in PS.

In theory, if particular strategies could be adopted to reduce
or prevent the conversion of SCFAs to methane during sludge fer-
mentation, it would lead to more SCFAs accumulation as well. The
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Fig. 7. Comparison between SCFAs production from BSA and glucose.
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Fig. 8. Methane production at different pHs at the fermentation of 5 days.

ethane production at different pHs is shown in Fig. 8. As seen in pH
.0–6.0, the methane production increased with the increase of pH,
ut it decreased with further increasing pH from 7.0 to 10.0. Much
igher methane yields were observed at pH 6.0 and 7.0 than other
onditions. This might be caused by most methanogenic archaea
unctioning in a neutral or near neutral pH range [32,33]. Also, fur-
her investigation revealed that the methane production (Ymethane)
inearly decreased with pH from 6.0 to 9.0 expressed by Eq. (8).

methane = −5.0pH + 43.9, R2 = 0.96 (8)

In the blank test, about 2.5 mL/g VSS of methane, similar to that
t pH 5.0, was achieved. The reason generating similar amount of
ethane in these two cases might be attributed to almost the same

mount of SCFAs previously produced being consumed in the blank
est as well as at pH 5.0. Also, it can be seen in Fig. 8 that there was
lmost no methane generated at pH 10.0, 11.0 and 3.0. Thus, alka-
ine pH or acid pH was not beneficial to methane generation. The
ctivity of methanogens decreased drastically or even completely
ost at pH 10.0 and 11.0. Therefore, less SCFAs were consumed,

hich resulted in the significant accumulation of SCFAs.
From the mechanism aforementioned, it was not difficult to

nderstand the reason of significant SCFAs accumulation in this
tudy. Alkaline fermentation significantly promoted the hydroly-
is of PS which provided more soluble fermentation substrates to
roduce more amounts of SCFAs via inhibiting or preventing its
onversion to methane.
. Conclusion

The present study indicated that alkaline pHs could enhance
he PS anaerobic fermentation and SCFAs accumulation, the suit-

[

[
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able condition for more SCFAs accumulation in PS anaerobic
fermentation was determined at pH 10.0–11.0 and with a fer-
mentation time of 5–9 days. The maximum yields of SCFAs at
pH 10.0 and 11.0 was achieved 301.6 and 312.9 mg COD/g VSS,
respectively. Soluble organic compounds concentration was found
to be increased with the increase of pH from 7.0 to 11.0. The
average concentration of SCOD at pH 10.0 and 11.0 was 343.3
and 346.8 mg SCOD/g VSS, respectively. The concentration of
SCFAs generated from PS fermentation was found to be posi-
tive with the concentration of soluble organic compounds. It can
be concluded that more SCFAs accumulation at alkaline pHs was
because more soluble protein and carbohydrate were available
to generate more SCFAs at alkaline pHs than that at neutral or
acidic pHs. Additional no methane production was detected for
the case at pH 10.0–11.0, which indicated that the activity of
methanogens could be inhibited and less SCFAs be consumed at
alkaline pHs.
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