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a b s t r a c t

The objective of this research was to develop an alkali pretreatment process prior to anaerobic digestion
(AD) of pulp and paper sludge (PPS) to improve the methane productivity. Different concentrations of
sodium hydroxide solution were used to pretreat PPS, and then followed by AD of PPS and monosodium
glutamate waste liquor (MGWL).

Laboratory-scale experiments were carried out in completely mixed bioreactors, 1 L capacity with
eywords:
ulp and paper sludge
naerobic digestion
ethane production

lkali pretreatment
aOH

700 mL worked. Optimal amount of sodium hydroxide for organics solubilization in the step of pre-
treatment was 8 g NaOH/100 g TSsludge. Under this condition, the PPS flocs structure was well disrupted
resulting in the void rate and fiber size decreased after pretreatment, and SCOD increased up to 83% as
well as the peak value of VFA concentration attained 1040 mg acetic acid/L during AD. The AD efficiency
of PPS with and without pretreatment was evaluated. The highest methane yield under optimal pretreat-
ment condition was 0.32 m3 CH4/kg VSremoval, 183.5% of the control. The results indicated that alkali/NaOH

effec
pretreatment could be an

. Introduction

Anaerobic digestion (AD) of solid organic waste has gained
ncreased attention as a means of producing energy-rich biogas,
estructing pathogenic organisms and reducing problems associ-
ted with the disposal of organic waste [1]. AD is a multiple-stage
rocess which is basically considered as three steps: hydroly-
is, acidogenesis (fermentation) and methanogenesis [2]. In the
ydrolysis step, insoluble organic material and higher molecu-

ar compounds such as lipids, polysaccharides, proteins, fats and
ucleic acids are transformed into soluble organic materials. These
maller molecules are further broken down during the acidogene-
is; the final products of this step are acetate, hydrogen and carbon
ioxide. These molecules are the precursors of the methanogene-
is; in this step, two groups of methanogenic organisms are involved
nto the methane production; one group splits acetate into methane
nd carbon dioxide, and the second group uses hydrogen as electron
onor and carbon dioxide as electron acceptor to produce methane.

However, the application of AD to bio-solids were often limited

y very long retention times (20–30 days) and a low overall degra-
ation efficiency of the organic dry solids (30–50%). Those limiting

actors are generally associated with the hydrolysis stage [3]. Dur-
ng hydrolysis, cell walls are ruptured and extracellular polymeric
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tive method for improving methane yield with PPS.
© 2009 Elsevier B.V. All rights reserved.

substance are degraded resulting in the release of readily available
organic material for the acidogenic microorganisms. This mecha-
nism is particularly important in the digestion of sludge, since the
major constituent of its organic fraction are cells, being a relatively
unfavorable substrate for microbial degradation [4,5]. The cell enve-
lope of microorganisms is a semi-rigid structure which provides
sufficient intrinsic strength to protect the cell from osmotic lysis.
Microbial cell walls contain glycan strands cross-linked by peptide
chains, causing resistance to biodegradation. Several authors, e.g.
Refs. [6,7] have indeed identified hydrolysis as the rate-limiting step
in AD of sludge.

Various sludge disintegration methods have hence been stud-
ied as a pretreatment to reduce the rate of the limiting step. These
pretreatment methods that achieve a significant result in a lysis or
disintegration of sludge cell have the potential to enhance the bio-
gas production. Several methods have been studied in literatures
with respect, including thermal [8–10], chemical [11–13], ultra-
sonic [14], mechanical [15] and biological [16–20]. While thermal
pretreatment of sludge results in an increase in biodegradabil-
ity, the thermal process consumes a substantial amount of energy
in comparison to chemical consumption. Ultrasonic and enzyme
pretreatment is also considered to be very expensive to get the

high biodegradability rate. Previous studies have pointed out that
alkali pretreatment is the best known method for enhancing the
biodegradation of complex materials, such as lignocellulosic mate-
rials, thus rendering the most significant benefits [21]. Special
attention is afforded to the use of alkali pretreatment for increasing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yqlin@scau.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.04.086
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Table 1
General characterization of the different waste used in the anaerobic test.

TS (%) VS (% of TS) pH OC (%, based on dry weight) TN (%, based on dry weight) C/N ratio
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ulp and paper sludge 31.45 62.3 7.82
onosodium glutamate waste liquor 43.00 68.5 5.36

noculum sludge 9.17 53.2 7.85

he efficiency of anaerobic digestion of complex waste [22,23]. The
referred chemical, in the case, was sodium hydroxide (NaOH),
hich at relatively low dosage level is effective in solubilizing
unitions-grade nitrocellulose into soluble organic carbon forms

24]. Lin et al. [13] demonstrated how alkali addition alone is
apable of solubilizing waste activated sludge (WAS); tests were
erformed with sludge at 20 mg equivalent per liter (meq/L) NaOH
1% TS), 40 meq/L (1% TS) and 20 meq/L NaOH (2% TS) and the gas
roductions increased by 33%, 30% and 163%, respectively.

Pretreatments are to disintegrate the floc structure of sludge and
xtract both intracellular (within the microbial cell) and extracellu-
ar (within the polymeric network) materials before sludge is sent
o the digesters. In most of the studies, pretreatments solubilized

AS, which subsequently improved anaerobic digestion of sludge.
hile AD is commonly practiced in the municipal sector, it has not
ainly gained popularity in the pulp and paper industry. To the best

f our knowledge, there is no full-scale anaerobic digestion facility
n the pulp and paper sector for the digestion of solid residues [25].

In the late 1980s and early 1990s, several investigations were
onducted to explore the use of anaerobic digestion treating pulp
nd paper solid residues [26–28]. The studies were performed on
oth laboratory and pilot-scale systems. The results of these stud-

es generally showed that AD of pulp and paper bio-solids could
educe solid waste by 30–70%, with the benefit of methane pro-
uction. Otherwise, due to the large amount of slowly digestible
rganics in PPS (e.g. lignin) and its long sludge residence times,
igh operating and requirement capital costs appeared to be the
eason for the lack of subsequent mill installations. One fairly
ecent technological advancement that reduced the retention time
equirement has been the development and establishment of pre-
reatment. Feasibilities of most of these pretreatment technologies
ave been demonstrated using municipal activated sludge (MAS).
owever, pulp and paper sludge (PPS) contains protein (22–52%),

ignin (20–58%), carbohydrate (0–23%), lipid (2–10%), and cellulose
2–8%) [29]. Biological treatment of PPS has gradually become the

ain way instead of land filling and incineration [30]. In addition,
ompared with MAS, PPS contains higher volatile fraction which
ould make them more amenable to pretreatment technologies.

The objective of this study was to evaluate the biogas production
apacity when pretreating PPS with alkali/NaOH prior to AD in a
atch anaerobic digester, compared with untreated PPS (CK). Biogas
roductivity, organic removal and reactor stability were examined.

. Methods

.1. Materials collection and experimental procedure

PPS samples were collected from the primary and secondary
larifiers (normally settling tanks) of the Guangzhou Pulp & Paper
lant (China), which was usually dewatered to 60–70% moisture
ontent at the end process of waste water treatment. Meanwhile,
he seed sludge was obtained from the anaerobic digester of
PS started 3 months ago. In order to get the optimal C/N ratio,

onosodium glutamate waste liquor (MGWL) was applied, which
as collected from the Ao-Sang Monosodium Glutamate Factory

Guangzhou, China). For alkali pretreatment, 0.3%, 0.6% and 1.2%
odium hydroxide solution were prepared to soak PPS in the dosage
f 4 g NaOH/100 g TSsludge, 8 g NaOH/100 g TSsludge, 16 g NaOH/100 g
32.75 1.09 30.05
29.5 11.83 2.49
26.70 0.71 37.61

TSsludge, according to the other study results [13,31,32]. PPS and
MGWL were collected prior to each experiment, stored in the refrig-
erator (−4 ◦C) and analyzed for total solids (TS), volatile solids (VS),
organic carbon (OC), total nitrogen (TN) and pH according to the
standard methods for the examination of water and waste water
[33]. Sodium hydroxide solution was made before the day when
PPS pretreatment test carried out.

The first approach was the alkali pretreatment of PPS. In this
step, PPS was divided into four portions with the same weight of
61 g. The first portion, the control sludge, was returned to the refrig-
erator for storage again. From the second to the forth portion, they
were all soaked in 122 mL sodium hydroxide solution with the con-
centration of 0.3%, 0.6% and 1.2%, respectively. The solubilizations
were carried out in 1000 mL Erlenmeyer flasks with working vol-
ume of 700 mL at 37 ◦C water bath for 6 h. Each reactor was kept in
anoxia without the rubber stopper and stirring was done to ensure
sufficiently dispersing the sodium hydroxide solution. After pre-
treatment, the control sludge was taken out from the refrigerator
and all portions were ready to AD.

The second attempt was to carry out a batch AD experiment
with PPS after pretreatment, MGWL and seed sludge. The chemical
characterization of feedstocks was presented in Table 1. Changes in
sodium hydroxide dosage and activity were shown in Table 2, which
also displayed the dosage of other different waste to bioreactors
(A–D). All bioreactors were filled with the same weight of feed-
stock at the amount of 700 g, in which distilled water was added in
the end to keep the total amount up to 700 g. The chemical char-
acterization of feedstocks was presented in Table 2. The feedstock
for bioreactor A with no sodium hydroxide solution was a control
(CK). AD of all four bioreactors began at the same time. The ini-
tial fermentation condition of AD experiment was C/N = 20, TS = 3%,
inoculation amount = 10% of TS according to the feasibility study
before [34]. The temperature was always maintained at 37 ◦C dur-
ing this stage. Methane yield, alkalinity, total and volatile solids (TS
and VS), soluble COD (SCOD), pH and volatile fatty acid (VFA) were
measured during the period of AD experiment.

2.2. AD experimental set-up

8 lab-scale single-stage digesters were employed. Each bioreac-
tor (used in pretreatment) had a gas-tight rubber stopper with an
outlet equipped with methane collection and was flushed with N2
for 5 min to replace the air (oxygen). The bioreactors were main-
tained at 37 ◦C in a water bath and shook by hand several times per
day to assure the sufficient mixing to keep the feedstock from set-
ting. The volume of methane from each bioreactor was measured by
using a measuring cylinder, which was connected to the bioreactor.
To remove CO2, NH3 and H2O produced, an absorption flask with
Ca(OH)2 powder and a collecting gas bottle with 3% NaOH solution
were collected between the two elements (Fig. 1). The methane pro-
duced displaced a measurable volume of water from the collecting
gas bottle, which was equivalent to the methane volume [35]. All
experiments were run in duplicate for 42 days.
2.3. Experimental analyses

The routine parameters were analyzed twice a week and all
analyses were done by triplicate. TS, VS, pH, SCOD and alkalinity
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Table 2
Composition of the feedstock used to pretreated PPS and then fed to four bioreactors digesting of PPS.

Bioreactor Concentration of NaOH solution (%) NaOH solution (mL) Pulp and paper sludge (g) MGWLa (g) Inoculum sludge (g) Distilled waterb (mL)

A 0 0 61 2 23 122+492
B 0.3 122 61 2 23 122+492
C 0.6 122 61 2 23 122+492
D 1.2 122 61 2 23 122+492
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a MGWL: monosodium glutamate waste liquor.
b Distilled water was divided into two part (connection with “+”); the first part w

.6% and 1.2%, respectively for PPS pretreatment and the latter part was added to ea

ere determined according to the standard methods [33]; there-
nto, SCOD were measured by potassium dichromate method. VFA

ere analyzed by distillation–titration method and the result was
xpressed in acetic acid [36]. The contents of cellulose, hemicellu-
ose and lignin were measured by modified method of Wang and
u [37]. Weighed 1 g sample into a 300 mL iodine flask, and then
pplied 100 mL neutral detergent. The iodine flask was placed into
n autoclave sterilizer to heat insulated for 1 h, and then filtrated
y 3# filter funnel buchner. The residue 1 was obtained after being
ashed by distilled water and acetone. The weight of residue 1 (W1)
as obtained after dried at 60 ◦C for 72 h. Place the residue 1 into
300 mL iodine flask, and then added 100 mL 2 M HCl. The sam-
le was placed into an autoclave sterilizer and heat insulated for
0 min at 100 ◦C. Residue 2 was obtained after filtrated by 3# filter
unnel buchner, thereafter washed by distilled water to adjust the
H to 6.5–7.0. The weight of residue 2 (W2) was got after dried at
2 ◦C for 72 h. Residue 2 was washed twice by acetone, thereafter
ried at 60 ◦C, and placed into a 300 mL iodine flask. After added
0 mL 72% H2SO4, residue 2 was hydrolyzed for 3 h at 20 ◦C and
hen 90 mL by tap water was applied to keep in room temperature
vernight. Residue 3 was obtained after filtrated by the weighted
# filter funnel buchner and watered to adjust the pH to 6.5. The
eight of residue 3 (W3) was got after dried at 60 ◦C for 72 h. The W4
as obtained after ashing the residue 3 at 550 ◦C. The calculation

ormula were as follows: hemicellulose (%) = (W1 − W2)/sample
eight × 100%; cellulose (%) = (W2 − W3)/sample weight × 100%;

ignin (%) = (W3 − W4)/sample weight × 100%.

. Results and discussion

.1. Pretreatment

.1.1. The effect on chemical characterization of PPS
Table 3 showed the chemical characterization of PPS after

io-pretreatment. As organic matter in PPS was hydrolyzed dur-
ng pretreatment; the increase of SCOD from 1664.0 mg/L to
0472.7 mg/L was noticed when the concentration of sodium

ydroxide solution was increased to 1.2% (Table 2), and the greatest
oncentration of SCOD was 12 times more than CK. Under this con-
ition, a destruction of sludge flocs was observed (Fig. 2). On the
ther hand, the concentration of volatile suspended solids (VSS)
as decreased in the range from 6% to 19% after pretreatment,

Fig. 1. The set-up of AD process.
d to make 122 mL NaOH solution at three different kinds of concentration of 0.3%,
reactor to dilute total solids to 3% for PPS anaerobic digestion.

which may be due to the progressive hydrolysis of the complex
organic matter present in the feeding. This result was consistent
to the change of SCOD. Pumping filtration was needed to separate
soluble substance away from the sludge before VSS was measured
by drying samples in an oven until there was no any water in sludge
(more SCOD, less VSS). Throughout the assay, the addition of sodium
hydroxide caused an increase in NH3-N on 45.9–62.4%, which can
be produced by protein decomposition. Such behavior was also
noticed by other authors [38]. Alkalinity in system results from
the presence of the hydroxides, carbonates and bicarbonates of ele-
ments such as calcium, magnesium or ammonia [39]. The alkalinity
helps to resist changes in pH caused by the addition of acids. In this
pretreatment experiment, alkalinity of bioreactors with pretreated
PPS were 2.5–19.6 times higher than CK. Pretreatment helped to
lyse various kinds of inorganic matter such as carbonates ammonia
and phosphates seemed to be a cause of the increased alkalinity, and
the increase of NH3-N also led to the increase of alkalinity. Higher
alkalinity afford higher buffer capacity to avoid the decrease of pH
[40].

The settling performance of sludge was expressed as sludge
settling ratio (SV). The SV of bioreactors with sodium hydroxide
were 56–192% higher than CK, which indicated that great swelling
happed to PPS after pretreatment and the swelling intensified with
the increase of sodium hydroxide solution concentration; the sur-
face area of complex organic matter increased that made it more
susceptible to enzymatic attack by microorganisms during AD.
What is more, the supernatant after pretreatment was more turbid
than that before pretreatment (the picture of gravity settlement was
not shown in this paper), which indicated that more small molec-
ular compounds produced after pretreatment, resulting in the
colloids and dissolved solids in PPS increasing after pretreatment
and remaining in supernatant which were not removed by settling.

3.1.2. The effect on flocs structure of PPS
Fig. 2 indicated that PPS flocs structure was disrupted, which

became more compact with a little void ratio, and the crude fiber
was obviously degraded into small units after pretreatment. Fur-

thermore, the void ratio of sludge and the size of the fine fiber
decreased with the increase of the alkali dosage. The result showed
that alkali made sludge swelling and the structure loose; and then
most of the macromolecule of PPS was degraded into monomers

Table 3
Chemical characterization of PPS after pretreatment.

Bioreactor Aa Bb Cc Dd

Alkalinity (MgCaCO3/L) 504.19 2294.05 5256.15 10915.64
SCOD (mg/L) 1664.0 9028.8 14778.6 20472.7
VSS (of TSS) 39.93 37.60 35.76 32.15
NH3-N (g/L) 0.85 1.24 1.38 1.24
SVave (%) 12.5 19.5 27.75 36.5

a AD of PPS without pretreatment (the control treatment).
b AD of PPS with 0.3% NaOH pretreatment.
c AD of PPS with 0.6% NaOH pretreatment.
d AD of PPS with 1.2% NaOH pretreatment.
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more soluble organic material contained. Additionally, the methane
Fig. 2. Microphotograph of PPS before (a) and after (b

hich would be easier to be decomposed by microorganism to
ncrease the methane yield in the stage of AD. The same reports
n the literatures were given by other authors [12,41].

.2. Anaerobic digestion

.2.1. Methane yield
The bioreactor fed with pretreated PPS had greater methane

ield, and the methane yield increased as the concentration
f sodium hydroxide solution increased (Fig. 3). The fractional
ncrease of methane yield in bioreactors B, C and D was 54%, 83% and
8% over the control, respectively. The reason was that alkali pre-
reatment should increase not only organic solubilization, but also
urface area available for enzymatic action as a result of improv-
ng anaerobic digestion performance. The concentration of sodium
ydroxide solution in bioreactor D was the greatest, which caused a
reatest methane yield. Similar results were summarized by other

uthors [12,13]. Comparing bioreactors C and D, the methane yield
nly changed a little (2.2%) between them; in contrary, the concen-
ration of sodium hydroxide solution to pretreat PPS in bioreactor

was 2 times more than bioreactor C. The reason was that more

ig. 3. Cumulative methane production (STP) for each bioreactor with PPS pre-
reated by different concentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�)
.6% NaOH and (�) 1.2% NaOH (STP stands for standard conditions of temperature
nd pressure).
retreatment at 30 bar (400×) (a–d: bioreactors A–D).

Na+ in bioreactor D could produce sodium toxicity to methanogens,
which could be reduced by simultaneous addition of calcium and
potassium in suitable concentration [32,42]. Taking economic (cost)
and methane yield into consideration, the optimal sodium hydrox-
ide dosage was 8 g NaOH/100 g TSsludge. The cumulative methane
production was shown in Fig. 3. The sequence of methane yield
of each bioreactor on days 5–10 almost ranked in the order of
H1 > CK > H2 > H3 instead of CK > H1 > H2 > H3 on days 0–4, but it
changed to H3 > H2 > H1 > CK during the period of 11–42 days. The
reason was that the bioreactor was unstable at the beginning of
the anaerobic digestion which was the environmental adaptation
stage for methane bacteria; more alkali added, more time was
needed to adapt the new environment. The high concentration of
sodium would inhibit the activity of the microorganisms and inter-
fere with their metabolism [43,44]. When the system was stable,
more methane yield was attained with bioreactor D because of
production rate in each bioreactor with pretreated PPS reached
the maximum on day 10 in the range from 97 to 219 mL/d, but
the peak value was attained on day 19 at 80 mL/d in bioreactor

Fig. 4. Methane generation rate (STP) for each bioreactor with PPS pretreated by
different concentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�) 0.6% NaOH and
(�) 1.2% NaOH (STP stands for standard conditions of temperature and pressure).
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Table 4
Comparison of the methane yield under different conditions.

Tiehm et al. [3] Chulhwan et al.
[46]

Chulhwan et al.
[46]

Lopez Torres et
al. [12]

Sun et al. [47] Lin et al. [34] This study

Waste WAS WAS WAS OFMSW-not
SSa

OFMSW-SSa PPS PPS

Pretreatment Ultrasonicb Biologicalc Thermochemicald Chemicale –f Biologicalg Chemicalh

CH4 yield (m3 CH4/kg VS) 0.30 0.29 0.52 0.15 0.39 0.23 0.32

a SS: source selected.
b Waste activated sludge (WAS), ultrasonic disintegration.
c WAS, aerobic bacteria and acidogenic process with selected bacteria.
d WAS, thermal treatment with NaOH.
e a(OH)
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hydrolysis and solubilization achieved by the acidogenic bacteria.
It was a little lower in this study than López Torres and Espinosa

T
C

R

L
L
C
W
T

Organic fraction of municipal solid waste (OFMSW), chemical hydrolysis with C
f No pretreatment.
g Pulp and paper sludge (PPS), biological treatment with mushroom compost.
h PPS, chemical hydrolysis with NaOH.

(Fig. 4), which indicated that alkali/NaOH pretreatment could
ncrease methane yield and decrease the retention time of AD.

The peak value of methane yield was 0.32 m3/kg VSremoval
t the standard temperature and pressure, which was higher
han that from PPS, WAS and organic fraction of municipal solid
aste (OFMSW) (not source selected) studied by other authors

12,34,45], but it was lower than that produced from source selected
FMSW which relied on a higher pretreatment cost and WAS with
ombination pretreatment which depended on the waste sorting
ollection (Table 4). The result showed alkali/NaOH pretreatment
as effective to enhance methane yield for PPS anaerobic digestion.
enerally speaking, organic carbon (OC) of PPS is mainly existed

n cellulose, hemicellulose and lignin (Table 5), which are macro-
olecule and have complex structure; and they are difficult to be

egraded directly by microorganism. Otherwise, alkali pretreat-
ent could hydrolyze most of the organic material into solution

o be used immediately in the anaerobic digestion process. Com-
ared two different pretreatments to PPS (chemical and biological,
ee Table 4), the former enhanced more methane yield than the lat-
er with a higher pretreatment cost, because the price of NaOH was

uch higher than EWMC which was extracted from the mushroom
ompost—a kind of solid waste from mushroom plants.

.2.2. Organics removal
The bioreactors had varied rates of substrates removal in terms

f SCOD, SCOD/TCOD, the content of cellulose, hemicellulose and

ignin. Effective biodegradation in bioreactors was evidence in
erms of SCOD removal efficiency, which attained the range of
3–93% in bioreactors with pretreated PPS compared with the
ontrol of 70% removal. Pretreatment offered advantage to obtain

able 5
ercentage of cellulose, hemicellulose and lignin in PPS before and after anaerobic
igestion (% of TS).

ioreactor Before AD After AD

A B C D

ellulose 23.35 18.27 12.89 10.66 8.09
emicellulose 8.55 12.09 12.01 12.14 13.34
ignin 16.51 15.98 15.90 15.55 15.58

able 6
omposition of organics removal under different pretreatment methods.

eference Waste Pre

ópez Torres and Espinosa Llorens [12] OFMSW Alk
in [13] WAS Alk
ristina [51] Swine manure Alk
eemaes [50] WAS Ozo

his study PPS Alk
2.

greater volumetric removal of organics. The peak values of actual
SCOD concentration in each bioreactor were 2928.0 mg/L (bioreac-
tor D), 2824.0 mg/L (bioreactor C), 2490.0 mg/L (bioreactor B) and
2290.0 mg/L (bioreactor A—CK), which reflected the hydrolysis of
substrate was consistent to the alkali amount used to pretreat PPS.

As Fig. 5 showed, SCOD concentration of each bioreactor firstly
increased and then decreased. The result was similar to other
authors [48,49]. Compared with four bioreactors, the SCOD con-
centration increased in the bioreactor with the increasing sodium
hydroxide dosage during the first period of AD (days 0–10); on days
11–32, the SCOD concentration decreased in the bioreactor with
higher sodium hydroxide concentration used to pretreat PPS. The
reason was that more sodium hydroxide produced more SCOD dur-
ing pretreatment; so there were much more SCOD in the bioreactor
D at the beginning of AD even though SCOD was further achieved by
the acidogenic bacteria during this period; this phenomenon domi-
nated and lasted about 10 days; on the other hand, there was much
macromolecular compounds in PPS, such as cellulose, hemicellu-
lose, lignin, etc. (Table 5) which could be hydrolyzed in a certain
extent; so after 10 days, there was more hydrocarbons to be decom-
posed by extracellular enzyme in CK than other bioreactors, ranked
in the order of CK > H1 > H2 > H3; the SCOD content in the control
bioreactor was also higher than others.

SCOD removal is a parameter that represents the degree of
Llorens [12], mainly because there was more biodegradable organ-
ics in OFMSW than in PPS; but SCOD removal in this study was
generally higher than those from others (Table 6), which indicated

Fig. 5. SCOD changes in effluent for each bioreactor with PPS pretreated by different
concentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�) 0.6% NaOH and (�) 1.2%
NaOH.

treatment Comments during anaerobic digestion

aline/Ca(OH)2 Increase SCOD removal up to 93–94%
aline/NaOH 38–52% enhancement of SCOD degradation
aline/NaOH SCOD increased by 57%
nation Increase of COD degradation up to 64%
aline/NaOH Improved SCOD destruction ranged from 83% to 93%
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there was only a little difference of alkalinity among bioreactors B,
ig. 6. The hydrolysis rate of PPS in each bioreactor. (�) CK, (�) 0.3% NaOH, (�) 0.6%
aOH and (�) 1.2% NaOH.

hat alkali/NaOH pretreatment was more suitable to improve PPS
ydrolysis before AD.

TCOD decreased by 21–24% during AD for four bioreactors
the data was not shown in the paper), resulting in continuous

ethane production (Fig. 3). The decrease rate was lower than
COD (70–93%) mainly because there is some refractory organics
n TCOD. SCOD/TCOD represented the hydrolysis rate of organics,

hose change curve was similar to SCOD. On days 0–15, the SCOD
oncentration was higher in the average range from 830 mg/L to
920 mg/L (Fig. 5), which was consistent with the greater hydrolysis
ate on days 0–18 (Fig. 6), and the peak value of methane production
er day was also attained on day 10.

Additionally, the cellulose contents of PPS in each bioreactor
ll decreased after AD (Table 5); the decrease rate was in detail of
1.76% (bioreactor A), 44.80% (bioreactor B), 54.35% (bioreactor C)
nd 65.35% (bioreactor D), which increased with the increased alkali
mount; the result showed that applying alkali/NaOH to pretreat
PS would be favorable to degrade cellulose during AD. However,
here was only a little difference of lignin contents in PPS after AD
mong each bioreactor and the lignin content of original PPS only
aried a little after AD, which indicated that it was very hard to
ecompose lignin even though NaOH was added. Otherwise, the
emicellulose contents of PPS in each bioreactor all increased after
D and the same result was obtained in another literature [34],
hich should be studied further.

.2.3. VFA concentration
Fig. 7 presented the VFA concentration of each bioreactor, which

ollowed the same trend of SCOD curve (Fig. 5), as well as increas-
ng firstly and then decreasing. The VFA concentration varied in a
ange of 365–1040 mg/L during anaerobic digestion. When VFA con-
entration started to decrease, methane generation rate increased
52]. The peck value of VFA concentration for each bioreactor was
lmost attained on day 8 (Fig. 7), which was uniform to the greatest
ethane generation rate occurred on day 10 (Fig. 4). For control run,

s well as for bioreactors fed with pretreated PPS, the highest perfor-

ance of VFA production in terms of concentrations were observed

n bioreactor C, and the lowest VFA concentration was observed in
ioreactor A (CK), as well as the average VFA concentration of each
ioreactor during the period of AD was 599.5 mg/L (bioreactor A),
26.0 mg/L (bioreactor B), 681.3 mg/L (bioreactor C) and 648.0 mg/L

ig. 7. VFA changes in effluent for each bioreactor with PPS pretreated by different
oncentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�) 0.6% NaOH and (�) 1.2%
aOH.
Fig. 8. pH value changes in effluent for each bioreactor with PPS pretreated by dif-
ferent concentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�) 0.6% NaOH and
(�) 1.2% NaOH.

(bioreactor D). The average VFA concentration in bioreactor D was
4.9% lower than bioreactor C, but the average SCOD concentration
of bioreactor D was 13% higher than bioreactor C (Fig. 5). The rea-
son may be that too high concentration of sodium inhibited the
acetogenesis in bioreactor D.

3.2.4. pH values and alkalinity
The fermentative microorganisms can function in a wider range

of pH between 4.0 and 8.5 [53]. pH values in this experiment
remained in the range from 7.7 to 8.7 during AD (Fig. 8), which
were all more than 7 because the pH of original material added
to the bioreactor was alkaline except for MGWL which addition
amount was only 2 g. The pH curves of four bioreactors were sim-
ilar, with dropping on days 0–15 and then rising on days 16–32; it
was related to the variation of VFA concentration, that is, VFA pro-
duced during AD to reduce pH. During the initial digestion phase,
pH dropped with VFA concentration increasing and continued to
do so until reaching the lowest value on day 15, corresponding to a
pH slightly above 7.7; with VFA consumption, pH values increased
steadily until to 8.7.

pH cannot be an effective measure of the stability of an anaero-
bic process when there is a high buffering capacity. Small changes
in pH occur when there are large changes in process performance
[54]. Under this condition, alkalinity is used to reflect the process
performance directly. The alkalinity of a steady system is between
1000 mg and 5000 mg CaCO3 L−1 [40]. In this experiment, the alka-
linity of the bioreactors with pretreated PPS were all much more
than CK at the beginning of AD mainly in that sodium hydrox-
ide solution was added to those bioreactors during pretreatment
(Fig. 9). On days 0–4, the alkalinity of bioreactors B, C and D
decreased sharply by 38.4%, 38.8% and 43.6% respectively, until to
1000 mg CaCO3/L or so, which indicated the process was unstable in
this stage; on days 5–12, the alkalinity steadily increased to the peak
value in details of 1583 mg CaCO3 L (bioreactor B), 1795 mg CaCO3/L
(bioreactor C) and 1788 mg CaCO3/L (bioreactor D); additionally,
C and D, even though the concentration of sodium hydroxide solu-
tion used to pretreatment changed a lot; on the other hand, the
alkalinity of the control bioreactor always increased from 120 mg
CaCO3/L to 1324 mg CaCO3/L on days 0–12. The alkalinity of all

Fig. 9. Alkalinity changes in effluent for each bioreactor with PPS pretreated by
different concentration of NaOH solution. (�) CK, (�) 0.3% NaOH, (�) 0.6% NaOH and
(�) 1.2% NaOH.
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ioreactors reduced very slowly after day 12, simultaneously keep-
ng in a higher value (more than 1000 mg CaCO3/L) until the end
f AD to assure the steady of the process. In fact, the increase of
lkalinity was normally due to the activity of the methanogenic bac-
eria, which could produce alkalinity in the form of carbon dioxide,
mmonia and bicarbonate [55].

. Conclusions

Four bioreactors were employed to evaluate the methane pro-
uctivity when pretreating PPS with alkali/NaOH prior to AD at
etention times of 42 days on 37 ◦C. Bioreactor A was fed with
riginal PPS (as a control); bioreactors B, C and D was fed with
PS pretreated with different concentration of sodium hydrox-
de solution. PPS after bio-pretreatment had greater SCOD, VSS,
Vave, NH3-N and alkalinity. Methane productivity was enhanced
y 54–88% when alkali/NaOH was employed as a pretreatment.
he methane production of each bioreactor ranked in the order of
≈ C > B > A.

This study revealed that the best amount of sodium hydrox-
de used to pretreat PPS was 8 g NaOH/100 g TSsludge, increasing

ethane productivity on 83% at a lower cost compared with other
retreatments. On the other hand, there may be sodium toxicity to
he microorganisms which could interfere with their metabolism
t the amount of 16 g NaOH/100 g TSsludge to pretreat PPS.

Since the alkali pretreatment of PPS has shown promising
esults, more research will be carried out.
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