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ABSTRACT
Biogas recovery by anaerobic digestion was seen as an ideal way to treat biomass waste-sewage
sludge, but has some limitations, such as the low efficient biogas production. In this paper, the
combined (alkaline and ultrasonic) pretreatment was proposed for effective sludge anaerobic digestion
and the effect of these pretreatments was investigated. It can be seen that this treatment effectively
led to the increase of soluble chemical oxygen demand (SCOD) and volatile fatty acids (VFA)
concentration. The high concentration of VFA led to an increase in biogas production. Under the
optimum combined pretreatment condition (under 6000 kJ/kg TS and with 0.15 mol/L NaOH), the biogas
production was nearly 8 times higher than the raw sample. Besides, the SV of sludge was reduced
and the settling characteristics of sludge were improved. The results indicated that the combined
pretreatment could be an effective method for improving biogas yield.
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INTRODUCTION

Sewage sludge is the main by-product of wastewater treat-
ment plants. In China, annual production of moist sewage
sludge was about 11 million tones in 2010 (Lin et al. 2012),
and it is expected that wastewater treatment percentage will
reach 75% by 2015, thus production of sewage sludge in
China will continuously increase (Deng et al. 2009). Due to
the considerable increase in the amount of sewage sludge
production, development of new technologies for the re-
duction of sewage sludge discharge is of great importance.
Anaerobic digestion can be considered the most promising
way to reclaim energy from materials of high organic matter
concentration. This can transform organic matter of sewage
sludge into biogas, thereby reducing the amount of final
sewage sludge solids that need to be disposed off, while
destroying most of the pathogens in the sludge. Other ben-
eficial features include the stabilization of the sludge, the
improvement of sludge dewaterability, and the potential to
limit odour problems associated with residual putrescible
matter. However, the application of anaerobic digestion was
often limited due to relatively low digestion efficiencies.

Anaerobic digestion process follows four major steps:
hydrolysis, acidogenesis, acetogenesis and
methanogenesis (Gavala et al. 2003). Since the hydrolysis
of sludge particles is the rate-limiting step, pretreatment
to disintegrate the sludge is used to accelerate the sludge
anaerobic digestion or increase the degree of degradation
in a fixed digestion time. Many pretreatment methods have
been suggested in literature, including mechanical (Nah

et al. 2000, Hwang et al. 1997, Tedesco et al. 2013), ther-
mal (Dhar et al. 2012, Yang et al. 2010, Guo et al. 2014,
Eskicioglu et al. 2006), chemical (Lin et al. 2002,
Eskicioglu et al. 2008, Chen et al. 2014) and ultrasonic
(Tiehm et al. 1997, Pilli et al. 2011, Le et al. 2013, Xu et al.
2011, Zhang et al. 2013) pretreatments and most of them
have been shown to have a positive effect on sludge anaero-
bic digestion. With the advantages of a simple device,
convenient operation and high efficiency, alkaline pre-
treatment is a commonly used method.

Ultrasound is a sound wave with frequency beyond the
normal hearing range of humans (>15-20 KHz). When ultra-
sound waves propagate in a liquid medium, they can pro-
duce cavitation and acoustic streaming. The cavitation will
generate powerful shear forces while the acoustic streaming
will increase the convection of solution. Based on these
merits, ultrasound has been widely utilized in many bio-
logical processes to improve the reactions. In most reports,
alkaline treatment and ultrasonic pretreatment were stud-
ied independently as pretreatment of anaerobic digestion.
Since alkaline pretreatment and ultrasonic pretreatment
are based on different mechanisms of sludge dissolution,
the combination of these two methods may achieve better
efficiency and more biogas. In this work, the combined
effect of alkaline and ultrasonic treatment on anaerobic
digestion of sewage sludge was studied. The objectives of
this research were exploring the impact of the pretreat-
ment on anaerobic digestion of sewage sludge and the
suitable combination of these two methods for increasing
the biogas production.
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MATERIALS AND METHODS

Sludge sample: The sewage sludge used was collected from
the wastewater treatment plant of Hanxi, Wuhan city and
stored at 4°C before use. The main characteristics of sludge
are listed in Table 1.

Combined alkaline+ultrasonic pretreatment: In the
alkaline pretreatment, sewage sludge was performed in a
3.0 L batch mixed reactor, which was placed in a water bath
to adjust the reaction temperature to (20±2)°C. The sewage
sludge sample was mixed with sodium hydroxide (NaOH)
at different doses (0, 0.05, 0.10, 0.15, 0.20, 0.25 mol/L). All
samples were put at ambient temperature for 24 h and then
pretreated by ultrasonic treatment.

The ultrasonic treatment was performed using a Branson
2000 series bench-scale ultrasonic unit (FS-600, Shanghai
Sonxi Co., Ltd., China) for 10 min. The ultrasonic unit had
a maximum power output of 2.2 KW and operated at a con-
stant frequency of 20 KHz. The components of the ultra-
sonic system included the booster (gain 1:2) and the
catenoidal titanium horn (gain 1:8) with a flat 13 mm diam-
eter face. For exposure, the horn was put 2 cm deep into 500
mL samples with the specific energy input set to 3000, 6000,
12000, 30000 kJ/kg TS.

Anaerobic digestion experiment: Plastic bottles of 1.5 L
size were used as the digesters for anaerobic digestion of the
pretreated sludge. 1 L of the pretreated samples were placed
in the bottle and mixed with 200 mL activated sludge serv-
ing as inoculum. The bottles were capped and closed tightly
with tubing protruding from it which is connected to a gas
holder. The biogas volume produced was measured by dis-
placement method.

Analytical methods: The digester performance was assessed
through the examination of soluble chemical oxygen
demand (SCOD), volatile fatty acids (VFA) concentration,
settling velocity (SV) and cumulative biogas production.
SCOD was determined by the potassium dichromate/ferrous
ammonium sulphate method by a detector (ET3150B). VFA
concentrations were analysed by a High Performance Liq-
uid Chromatograph (GP40, Dionex, CA) with an absorb-
ance detector (AD20, Dionex) and a 300 mm-7.8 mm
Metacarb 67 H column (Varian, CA) using 0.05 M H

2
SO

4
 as

a mobile phase. SV is one of the sludge’s most important
settling parameter in the routine process control. SV was

calculated as the volume ratio of concentrated sludge to the
initial sample after 30 min settlement in a 100 mL measur-
ing cylinder. As mentioned above, the cumulative biogas
production was measured by displacement method.

RESULTS AND DISCUSSION

Effect of NaOH dose variation on anaerobic digestion
process: Fig. 1 and Fig. 2 present the increase of SCOD and
VFA concentration of sludge with different NaOH dose when
the specific energy input was 3000 kJ/kg TS. As seen in Fig.
1, the SCOD of raw sewage sludge was 210 mg/L. With the
increase of NaOH addition, the SCOD climbed rapidly to
350 mg/L, 470 mg/L and 590 mg/L when the NaOH dose
increased from 0.05 to 0.15 mol/L. However, the increase in
SCOD was very limited when the dose increased further
from 0.2 mol/L to 0.25 mol/L. SCOD of sludge after com-
bined pretreatment was greatly improved, suggesting that a
large amount of insoluble organics of sludge flocs were trans-
ferred into soluble organics and it will promote the biogas
production. However, the high dose of NaOH may lead to
the recalcitrant soluble organics or toxic/inhibitory inter-
mediates produced. Besides, the increase in SCOD may also
result from the destruction of flocs structure after ultrasonic
pretreatment, promoting the release of colloidal and solu-
ble organics into the solution. It can be inferred that the
optimum dose of NaOH may be 0.15 mol/L.

As seen in Fig. 2, VFA concentration clearly increased
with NaOH dose reaching a value of 410 mg/L for sludge
pretreated with 0.25 mol/L. In anaerobic digestion process,
acidogenic and acetogenic microorganisms transform the
soluble organic matter into VFAs and further into acetic
acid, thereby causing an increase in VFA concentrations.
These VFAs are degraded in the following step by
methanogenic microorganisms into methane and CO

2
, both

determining the volume of the biogas. It is clear that VFA is
a critical material for biogas production. However, the high
VFA concentration may also be inhibiting microbial activity
to some extent, leading to a lower production of biogas.
Thus 0.15 mol/L may be a suitable dose for biogas
production.

Effect of specific energy input variation on anaerobic
digestion process: As in the above experiments, the opti-
mal NaOH dose was 0.15 mol/L, the following combined
pretreatment was carried out with 0.15 mol/L NaOH, and
the ultrasonic pretreatment was performed with the specific
energy input set to 3000, 6000, 12000 and 30000 kJ/kg TS.

The cumulative biogas production results of the
combined-pretreated samples and untreated sample in sludge
anaerobic digestion experiments are shown in Fig. 3. As it
can be observed, the specific biogas production of

Table 1: Main characteristics of the sewage sludge.

Moisture [%] Total solid pH Organic
(TS) [mg/L] matter[%]

98.5 20200 7.07 79.5
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combined-pretreated sludge was noticeably higher with
respect to the one obtained with the same untreated sludge.
Under the condition of 3000 and 6000 kJ/kg TS, the biogas
productions were nearly 5 times and 8 times of the raw
sludge, respectively. The differences of biogas production
are great, demonstrating that combined pretreatment greatly
affect the sludge anaerobic digestion process. As a
consequence of ultrasound action on the treated sludge, an
increment in the temperature of the sludge under treatment
is observed. Therefore, the effect of ultrasonic treatment may
be considered as a joint effect of ultrasound itself and the
raise in sludge temperature. The effect of sludge temperature
raise on biogas production may be related to the cell structure
of the sewage sludge, cells disrupted by the heating process,
and massive soluble organic matters released, causing higher
biogas production for the treated, rather than the raw sample.

As shown in Fig. 3, the biogas production of combined-
pretreated samples increased insignificantly in the first three
days, followed by a remarkable biogas production increase
from day 4 to 21, and no significant increase was observed
with further digestion. Besides, the biogas yield increased
as the specific energy input. At low specific energy input,
the total biogas produced increased significantly by 33.3%
when the applied specific energy input was changed from
3000 to 6000 kJ/kg TS. However, the enhancements in the
biogas yield were only 6.67% and 2.67% respectively, when
the applied specific energy input was changed from 6000 to
12000 kJ/kg TS and 12000 to 30000 kJ/kg TS. It was shown

Fig. 1: SCOD of combined pretreated sludge as a function
of NaOH dose.

Fig. 2: VFA concentration of treated sludge as a function
of NaOH dose.

Fig. 3: Cumulative biogas production of different combined-treated
sludge samples and raw sludge sample as a function of time.

Fig. 4: SV of combine-treated sludge and untreated sludge
as a function of time.
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that 6000 kJ/kg TS was the optimum specific energy input
for the combined pretreatment.

Effect of combined pretreatment on sludge settling char-
acteristics: In order to evaluate the effect of the combined
pretreatment (with 0.15 mol/L NaOH dose and the specific
energy input set to 6000 kJ/kg TS) on sludge settling char-
acteristics, one parameter of the sludge, namely, SV was
studied. Fig. 4 shows the trend of changes of SV of treated
and untreated sludge. According to this graph, sludge using
ultrasonic waves reduces SV and therefore, improves the
settling characteristics of the sludge.

CONCLUSIONS

The combined (alkaline+ultrasonic) pretreatment of sludge
has a significant effect on the sludge biodegradability dur-
ing the anaerobic digestion that increases the SCOD and
VFA concentration as well as biogas generation. The opti-
mum combined pretreatment condition was adding 0.15
mol/L NaOH and with the specific energy input of 6000 kJ/
kg TS. Under the optimum condition, the cumulative biogas
production was nearly 8 times of raw sludge and the settling
characteristic of the sludge was also improved. The results
indicated that the impact of the rate-limiting step was re-
duced by pretreatment, and digestion efficiencies of the sew-
age sludge were consequently improved. Although both
NaOH and ultrasonic pretreatment could cause extra cost,
high digestion efficiency means the cost in subsequent
sludge dewatering, drying or landfilling could be reduced.
Furthermore, current energy prices and targeted reduction
of fossil fuel combustion will draw increasingly more atten-
tion towards sludge anaerobic digestion.

ACKNOWLEDGEMENT

This research has been supported by the Scientific Technol-
ogy Research Project of Education Department of Hubei
Province (D20171704) China .

REFERENCES
Chen, X.H., Gu, Y., Zhou, X.F. and Zhang, Y.L. 2014. Asparagus

stem as a new lignocellulosic biomass feedstock for anaerobic
digestion: Increasing hydrolysis rate, methane production and
biodegradability by alkaline pretreatment. Bioresource Technol.,
164: 78-85.

Deng, W.Y., Yan, J.H., Li, X.D., Wang, F., Lu, S.Y., Chi, Y. and Cen,
K.F. 2009. Measurement and simulation of the contact drying of
sewage sludge in a Nara-type paddle dryer. Chem. Eng. Sci.,
64(24): 5117-5124.

Dhar, B.R., Nakhla, G. and Ray, M.B. 2012. Techno-economic evalu-
ation of ultrasound and thermal pretreatments for enhanced
anaerobic digestion of municipal waste activated sludge. Water
Manag., 32(3): 542-549.

Eskicioglu, C., Kennedy, K.J. and Droste, R.L. 2006. Characteriza-
tion of soluble organic matter of waste activated sludge before
and after thermal pretreatment. Water Res., 40(20): 3725-3736.

Eskicioglu, C., Prorot, A., Marin, J., Droste, R.L. and Kennedy, K.J.
2008. Synergetic pretreatment of sewage sludge by microwave
irradiation in presence of H2O2 for enhanced anaerobic diges-
tion. Water Res., 42(18): 4674-4682.

Gavala, H.N., Yenal, U., Skiadas, I.V., Westermann, P. and Ahring,
B.K. 2003. Mesophilic and thermophilic anaerobic digestion of
primary and secondary sludge. Effect of pre-treatment at el-
evated temperature. Water Res., 37: 4561-4572.

Guo, J.B., Wang, W., Liu, X., Lian, S.J. and Zheng, L. 2014. Effects
of thermal pre-treatment on anaerobic co-digestion of munici-
pal biowastes at high organic loading rate. Chemosphere, 101:
66-70.

Hwang, K.Y., Shin, E.B. and Choi, H.B. 1997. A mechanical pre-
treatment of waste activated sludge for improvement of anaero-
bic digestion system. Water Sci. Technol., 36(12): 111-116.

Le, N.T., Julcour, C., Ratsimba, B. and Delmas, H. 2013. Improving
sewage sludge ultrasonic pretreatment under pressure by chang-
ing initial pH. J. Environ. Manag., 128: 548-554.

Lin, C.Y. and Lee, Y.S. 2002. Effect of thermal and chemical
pretreatments on anaerobic ammonium removal in treating
septage using the UASB system. Bioresource Technol., 83(3):
259-261.

Lin, Q.H., Cheng, H. and Chen, G.Y. 2012. Preparation and charac-
terization of carbonaceous adsorbents from sewage sludge us-
ing a pilot-scale microwave heating equipment. J. Anal. Appl.
Pyrol., 93: 113-119.

Nah, I.W., Kang, Y.W., Hwang, K.Y. and Song, W.K. 2000. Me-
chanical pretreatment of waste activated sludge for anaerobic
digestion process. Water Res., 34(8): 2362-2368.

Pilli,  S.,  Bhunia , P., Yan, S., Le Blanc, R.J., Tyagi, R.D. and
Surampalli R.Y. 2011. Ultrasonic pretreatment of sludge: A re-
view. Ultrason. Sonochem., 18(1): 1-18.

Tedesco, S., Benyounis, K.Y. and Olabi, A.G. 2013. Mechanical
pretreatment effects on macroalgae-derived biogas production
in co-digestion with sludge in Ireland. Energy, 61: 27-33.

Tiehm, A., Nickel, K. and Neis, U. 1997. The use of ultrasound to
accelerate the anaerobic digestion of sewage sludge. Water Sci.
Technol., 36(11): 121-128.

Xu, H.C., He, P.J., Yu, G.H. and Shao, L.M. 2011. Effect of ultra-
sonic pretreatment on anaerobic digestion and its sludge dewater
ability. J. Environ. Sci., 23(9): 1472-1478.

Yang, X.Y., Wang, X. and Wang, L. 2010. Transferring of compo-
nents and energy output in industrial sewage sludge disposal by
thermal pretreatment and two-phase anaerobic process.
Bioresource Technol., 101(8): 2580-2584.

Zhang, Z.L., Zhang, L., Zhou, Y.L., Chen, J.C., Liang, Y.M. and
Wei, L. 2013. Pilot-scale operation of enhanced anaerobic di-
gestion of nutrient-deficient municipal sludge by ultrasonic pre-
treatment and co-digestion of kitchen garbage. J. Environ. Chem.
Eng., 1(1-2): 73-78.


