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Abstract

Shortchain fatty acids (SCFAs) are the most important intermediate in the waste activated sludge

(WAS) fermentation process. This work explored a novel approach to improve the SCFAs production

from WAS. Experimental results showed that the disintegration and acidification of WAS were

enhanced markedly by using bifrequency (28+40 kHz) ultrasonic pretreatment compared with mono

frequency (28 kHz and 40 kHz) ultrasonic pretreatments. After 28+40 kHz ultrasonic pretreatment,

the SCOD concentration increased from original 363 mg COD l1 to 10810 mg COD l1 which was 1.53

fold and 1.44fold of the values obtained with 28kHz and 40kHz ultrasonic pretreatments,

respectively. The maximum SCFAs production reached 7587 mg COD l1 in the 28+40 kHz test which

was respectively 1.25fold and 1.31fold of that in the 28kHz (6053 mg COD l1) and 40 kHz (5809 mg

COD l1) tests. This was the highest SCFAs production obtained so far using WAS, pretreated by

ultrasonic technology, as the renewable carbon source. SCFAs composition analysis revealed there

was more acetic acid (3992 mg COD l1, accounted for 52.6% of the total SCFAs) for the 28+40 kHz

ultrasonic pretreatment which was beneficial to many subsequent bioprocesses.
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Introduction

Waste activated sludge (WAS) is the main solid

waste produced in the wastewater treatment processes

(Aparicio et al., 2009). In 2008, the generation rate of WAS

(moisture content was 80%) had reached 18 million tons per

year, and its average growth rate was more than 10% in

China. At present, the cost of sludge treatment accounted

for 25-40% of the total disposal cost for the wastewater

treatment plant (WWTP). Meanwhile, sludge disposal was

subjected to ever-stricter legislation requirements. In order

to solve these problems, WAS treatment is inevitable.

Recently, more and more attentions have been attracted on

developing alternative technologies to utilize WAS as a

valuable resource rather than be discarded as a waste all

over the world.

The primary drawbacks of the conventional anaerobic

digestion process for WAS treatment were low microbial

conversion and long hydraulic retention time. Previous

researches had shown that only 30%-50% of the total

chemical oxygen demand (TCOD) or volatile solids (VS) in

WAS would be biodegraded within 30 days if the particulate

organic matter contained in WAS was not properly

disintegrated (Parkin and Owen, 1986). Therefore,

pretreatment is a prerequisite constituent for WAS

hydrolysis into acidification substrates within an industrially

acceptable time frame in these alternative technologies.
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Recently, various sludge pretreatment technologies have

been developed, such as mechanical (Lehne et al., 2001;

Kampas et al., 2007; Soares et al., 2010), biological (Watson

et al., 2004; Ayol et al., 2008; Wawrzynczyk et al., 2008),

physicochemical (Saktaywin et al., 2005; Eskicioglu et al.,

2007; Yoshida et al., 2009; Erden and Filibeli, 2010; He et al.,

2011), thermal (Carrere et al., 2008; Fdz-Polanco et al., 2008;

Phothilangka et al., 2008; Morgan-Sagastume et al., 2011)

and several combination methods (Chiu et al., 1997; Neyens

et al., 2003; Bien et al., 2004; Na et al., 2010). Generally

regarded as non-hazardous to the environment, ultrasonic

processing is an effective disruption technique for microbial

cells disintegration. It can facilitate the release of intracellular

matter and ensure the continuity and availability of the

subsequent acidification process of WAS.

Although it has been documented that sludge

hydrolysis could be enhanced by ultrasonic pretreatment,

most of these studies in the literature were conducted for

biogas production (Zawieja et al., 2008); Dumas et al., 2010;

Yang et al., 2010; Zhang et al., 2010 a).  Short-chain fatty

acids (SCFAs) are the most important intermediate during

WAS fermentation process. Fermenting WAS to produce

SCFAs offers many benefits such as cost-effective reduction

for sludge disposal or carbon footprint decrease (Yuan et

al., 2011). Currently, most researches utilize mono-frequency

ultrasonic treatment for sludge disintegration (Yan et al.,

2010); He et al., 2011). Among these studies, only two

researchers conducted studies aiming at SCFAs production

(Liu et al., 2008; Yan et al., 2010). Nevertheless, problems

still exist with mono-frequency ultrasonic treatment, such

as low SCFAs production, high energy consumption and

long fermentation time. Jiang et al. (2009) designed a bi-

frequency ultrasonic generating trough and investigated

the influence of ultrasonic frequency on sludge

disintegration. However, so far no report has investigated

the effect of bi-frequency ultrasonic treatment on SCFAs

production.

Based on the aforementioned considerations, to

simultaneously improve the SCFAs production and reduce

amount of WAS disposed, this research investigates the

effects of bi-frequency ultrasonic pretreatment on WAS

disintegration, particulate carbohydrate and protein

solubilization and SCFAs production. The composition and

shift of SCFAs are examined, and the possible mechanism

of bi-frequency ultrasonic pretreatment for enhancing

SCFAs production is also discussed.

Materials and Methods

Source of waste activated sludge : The WAS used in this

study was collected immediately from the secondary

sedimentation tank of Taiping WWTP in Harbin, China.

The sludge was concentrated at 4 °C for 24 hr. The main

characteristics of the concentrated WAS are displayed in

Table 1.

Schematic diagram of the batch fermentation experiment:

The ultrasonicator used in this study was customized in

Ningbo Scientz Biotechnology Co., China, which can

implement the conversion of mono-frequency (28 kHz and

40 kHz) and bi-frequency (28+40 kHz). The ultrasonic tank

was made of bright-annealed stainless-steel, and had two

electromagnetic acoustic transducers mounted at the double

sides of the ultrasonic tank. The other ultrasonic

pretreatment parameters were the ultrasonic energy density

(P) (0.5 kW l-1) and the ultrasonic treatment time (t) (10 min).

In order to suppress the activity of methanogens, the initial

pH of ultrasonic-pretreated WAS was adjusted to 10 using

4 mol l-1 NaOH, while the pH value was uncontrolled during

the entire fermentation process.

As shown in Fig. 1, the batch fermentation

experiments were conducted in a series of fermentation

reactors (500 mL, Sichuan Shubo (Group) Co., China). A 3 l

portion of concentrated WAS was divided equally into10

reactors. Four control tests were implemented: (1) blank 1

test, with no initial pH adjustment and no ultrasonic

pretreatment; (2) blank 2 test, with no ultrasonic pretreatment

but an initial pH adjustment; (3) a 28 kHz mono-frequency

ultrasonic pretreatment test and (4) a 40 kHz mono-frequency

ultrasonic pretreatment test. All reactors, maintained at 35±1

°C, were stirred at a speed of 100 rpm (revolutions per minute)

Table 1 : Characterization of the concentrated waste activated

studge (WAS)

Parameter Value

pH 6.73+0.15

Total Solids 29140+228

Volatile Solids 20380+340

Soluble Chemical Oxygen Demand 362.77+23

Total Chemical Oxygen Demand 30284.65+421

Total SCFAs (as COD) 63+5

Solute carbohydrate (as COD) 42+7

Solute protein (as COD) 173+19

*All values are expressed in mg l-1 except pH.

Fig. 1 : Schematic diagram of batch experiments
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to mix the contents. All the fermentation experiments were

carried out in double.

Analytical methods : The performance of the reactors was

assessed by characterizing digested sludge samples from

the reactors. Sludge samples were immediately centrifuged

at a speed of 10000 rpm min-1 and then filtered through a

0.45 μm cellulose nitrate membrane filter and stored at 4°C

prior to analysis. The filtrate was collected and analyzed

periodically for SCFAs, SCOD, carbohydrate and protein.

The SCOD was conducted in accordance with standard

methods (APHA, 1998). Carbohydrate was measured by

the phenol-sulfuric method with glucose as the standard

(Herbert et al., 1971). Protein was measured by bicinconinic

acid method with bull serum albumin as the standard (Smith

et al., 1985).The method of extracellular polymeric

substances (EPS) extraction was conducted by physical

extraction (Yu et al., 2008 b).

To analyze SCFAs, the filtrate was collected in a 1.5

ml gas chromatography (GC) vial, and 3% H
3
PO

4
 was added

to adjust the pH to approximately 4.0. An Agilent 7890 GC

with a flame ionization detector and equipped with a 30 m×

530μm×1μm HP-INNOWax column (crosslinked

polyethylene glycol) was utilized to analyze the composition

of the SCFAs. Nitrogen was the carrier gas with a flow rate

of 10 mL min-1. The flow rates of H
2
 and air were 40 and 400

mL min-1, respectively. The temperature of the injection port

and the detector were maintained at 250 and 300 °C,

respectively. The oven of the GC was programmed to begin

at 70 °C and remained there for 2 min, then to increase to 170

°C at a rate of 25 °C min-1 and hold at 170 °C for an additional

2 min. The sample injection volume was 1.0 μ l. Primary

standard solutions of SCFAs were obtained from Aldrich

Chemical Company (Milwaukee, Wisconsin, USA). The total

SCFAs were calculated as the sum of the measured acetic

(HAc), propionic (HPr), n-butyric (n-HBu), iso-butyric (i-

HBu), n-valeric (n-HVa) and iso-valeric (i-HVa) acids.

In this study, SCFAs, carbohydrate and protein were

expressed in units of mg COD l-1. The COD conversion

factors were 1.5 g COD g-1 protein, 1.06 g COD g-1

carbohydrate, 1.07 g COD g-1 HAc, 1.51 g COD g-1 HPr, 1.82

g COD g-1 HBu and 2.04 g COD g-1 HVa (Grady et al.,  1999).

The calculation formulas were presented as follows:

Intracellular released amount=Increased solute amount-

Decreased EPS polymeric amount (1)

Acidification rate=Total SCFAs/TCOD×100% (Zhao et al.,

2010)         (2)

Eu=P*t/TS         (3)

where Eu represents the specific energy (kJ kg-1 TS); P

represents the ultrasonic energy density (kW l-1); t represents

the ultrasonic treatment time (min).

Results and Discussion

WAS disintegration : Sludge organic matter was mainly

present in particle form. It has been recognized that the

hydrolysis of sludge organic components was the rate-

limiting step in anaerobic digestion of WAS (Eastman and

Ferguson, 1981). The ultrasonic pretreatment can make

intracellular and extracellular polymeric organic matter

release into the liquid phase. In the current study, the change

of SCOD concentration and SCOD/TCOD ratio were applied

to express the disintegration effect of the ultrasonic

pretreatment.

Obviously, the SCOD concentration increased with

the ultrasonic pretreatment, which indicated that the

particulate organics in WAS was disintegrated into soluble

substrates because of the generated physical effects

produced by the collapse of cavitational bubbles. However,

the amounts of SCOD generated under bi-frequency and

mono-frequency ultrasonic pretreatments were quite

different. After the 28+40 kHz ultrasonic pretreatment, the

SCOD concentration increased from original 363 mg COD l-

1 (Blank 1) to 10810 mg COD l-1, which was 1.53-fold and

1.44-fold of that under 28k Hz and 40 kHz ultrasonic

pretreatments, respectively (Table 2). This result

documented that the disintegration effect of bi-frequency

ultrasonic pretreatment was significantly higher than that

of mono-frequency ultrasonic pretreatment. This might be

attributable to the following reasons: (1) Bi-frequency was

the combination of two ultrasound frequencies. Compared

to mono-frequency ultrasonic pretreatment, the mechanical

disturbance was enhanced under bi-frequency ultrasonic

pretreatment, which generated more cavitation bubbles and

then increased the active cavitational volume. (2) Asymmetric

cavitation bubble collapse, created by two different

ultrasonic frequencies, led to the formation of high-speed

micro jets targeted which enhanced the transport rates and

increased the shock waves. These shock waves

Table 2 : Comparison of SCOD concentration and SCOD/TCOD

ratio under bi-frequency and mono-frequency ultrasonic

pretreatments

SCOD (mg COD l-1) SCOD/TCOD (%)

Blank 1 362.77 1.2

Blank 2 2936.90 9.7

40kHz 7488.80 24.7

28kHz 7044.83 23.5

28+40kHz 10810.16 35.7

Note : Blank 1 test, with no initial pH adjustment and no ultrasonic

pretreatment; Blank 2 test, with no ultrasonic pretreatment but

initial pH adjustment.
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were responsible for the rupturing of microbe cell wall.

As the original WAS concentration, i.e., TCOD, was

identical in all of the batch reactors, the ratio of SCOD/

TCOD under bi-frequency ultrasonic pretreatment was much

higher than those under mono-frequency ultrasonic

pretreatments. After ultrasonic pretreatment, the SCOD/

TCOD ratio for the 28+40 kHz test was 35.7%, while it was

only 23.5% for the 28 kHz test, and 24.7% for the 40 kHz test.

In general, the biodegradability of WAS was definitely

enhanced under bi-frequency ultrasonic pretreatment, which

can provide more hydrolysate for the subsequent

acidification process.

Released intracellular carbohydrate and protein : As has

been recognized, microbial cells and EPS are the main

components of bio-aggregates, such as bio-films and sludge

flocs (Nielsen and Jahn, 1999). EPS exhibited a dynamic

double-layer-like structure, which was composed of loosely

bound EPS (LB-EPS) and tightly bound EPS (TB-EPS)

(Ramesh et al., 2006; Li and Yang, 2007). It was known that

the ultrasonic pretreatment can not only disintegrate an

EPS matrix and release extracellular polymeric organic matter

but also disrupt microbial cells and release intracellular

organic matter into the liquid phase (Ji et al., 2010).

Therefore, as carbohydrate and protein are the main

constituents of WAS (Tanaka et al., 1997), the further

analysis is focused on the relationship of soluble,

extracellular polymeric, and intracellular released

concentrations of carbohydrate and protein.

Fig. 2 and 3 show the effect of the ultrasonic

frequency on the carbohydrate and protein concentrations

in different fractions, respectively. As be illustrated,

carbohydrate and protein were predominant in the TB-EPS

layer (316 vs 1056 mg COD l-1), fewer in the LB-EPS layer

(139 vs 445 mg COD l-1) and considerably less in the bulk

solution (42 vs 173 mg COD l -1) before ultrasonic

pretreatment. However, after ultrasonic pretreatment, a large

enhancement of soluble carbohydrate and protein

concentrations appeared. The soluble carbohydrate values

under 28+40 kHz, 40 kHz and 28 kHz ultrasonic pretreatments

were 561, 479 and 419 mg COD l-1, respectively, and the

corresponding soluble protein values were 6197, 3386 and

3237 mg COD l-1.

The amounts of extracellular polymeric carbohydrate

and protein were reduced in the TB-EPS layer but increased

in the LB-EPS layer after ultrasonic pretreatment. The

reasons were analyzed as follows: (1) The TB-EPS layer

was tightly attached to the cell surface. Because of the

disintegration effect caused by ultrasonic cavitation,

extracellular polymeric organics in the TB-EPS layer were

released; (2) The LB-EPS layer was characterized by loose

structure and rheological property. As a consequence, the

LB-EPS layer was less affected by the above two effects.

Furthermore, it easily adsorbed the intracellular and TB-

EPS-released organics which resulted in the increase of the

carbohydrate and protein concentrations in the LB-EPS

layer.

It also can be seen from Fig. 2 and 3 that the increased

amount of soluble carbohydrate and protein were far above

the released amount of bound EPS after the ultrasonic

pretreatment. This proved that the microbial cell walls were

apparently disrupted by ultrasonic pretreatment. The

released intracellular released carbohydrate under 28+40

kHz, 40 kHz and 28 kHz ultrasonic pretreatments were 562,

435 and 378 mg COD l-1, respectively, and the corresponding

intracellular released protein were 6359, 3533 and 3680 mg

COD l-1. Apparently, the disintegration effect of the bi-

frequency ultrasonic pretreatment was much better than

that of the mono-frequency ultrasonic pretreatments.

SCFAs production : The maximum SCFAs production and

the corresponding fermentation time for the five tests during

the anaerobic digestion process are shown in Table 3.

Blank 1 Blank 2 40kHz 28kHz 28+40kHz

Fig. 3 : The effect of ultrasonic frequency on protein concentration
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The SCFAs production was increased obviously in

the ultrasonic pretreatment tests. At the given fermentation

time, the highest SCFAs production occurred in the

28+40kHz bi-frequency ultrasonic pretreatment test

(hereinafter referred to as ‘28+40kHz test’), which was 1.25-

fold, 1.31-fold, 2.40-fold and 4.91-fold higher than those in

the 28 kHz, 40 kHz, blank 2 and blank 1 tests, respectively.

As far as the fermentation time was concerned, the 28+40

kHz and 28 kHz tests required 3 day to reach the maximal

SCFAs production, which was shorter than that for the 40

kHz test (5 d). Meanwhile, it should also be noted that the

required fermentation time for the blank 1 test to reach the

highest value was 9 day, which was much longer than those

under ultrasonic pretreatments. According to the above

discussion, it would be reasonable to believe that bi-

frequency ultrasonic pretreatment can not only significantly

enhance the SCFAs yield but also shorten the fermentation

time for the SCFAs production.

Because of the chemical decomposition of alkaline,

the SCFAs production in the blank 2 test was larger (3161

mg COD l-1) and the required fermentation time was also

shorter (5 day) than for the blank 1 test (1545 mg COD l-1, 9

day). These results demonstrated that alkaline adjustment

can enhance the SCFAs production, the same phenomenon

was also reported by other researchers (Yuan et al., 2006;

Yu et al., 2008 a; Zhang et al., 2010 c). Meanwhile, it can

also be seen that the 28 kHz test can also shorten the needed

fermentation time for SCFAs production, and the maximal

SCFAs production (6053 mg COD l-1) was slightly higher

than that of the 40 kHz test (5809 mg COD l-1). The reasons

for this distinction can be briefly stated. It was believed

that a close relationship existed between the ultrasonic

cavitation threshold in sludge liquid and the ultrasonic

frequency, which underlined the effects of ultrasonic

frequency on disintegration. When the resonant frequency

of ultrasonic waves was consistent with the most probable

distribution of nucleus size in the sludge liquid, the maximum

sonochemical yield was obtained. As mentioned above, we

suppose that 28 kHz has a closer relationship with the

resonant frequency of the sludge system than 40 kHz.

The comparison of SCFAs produced under different

pretreatments is summarized in Table 4. As be presented,

without pretreatment and pH adjustment, the amount of

maximum SCFAs production was much lower and the

required fermentation time was much longer. Yuan et al.

(2006) and Zhang et al. (2009) investigated the effect of pH

on the SCFAs production during ambient, mesophilic and

thermophilic fermentation processes without pretreatment.

Their results showed that the SCFAs production was

enhanced to a certain extent under constant alkaline

condition. Nevertheless, the fermentation time was still

longer (Nos. 3 and 4), and the constant alkaline condition

required not only abundant sodium hydroxide addition but

also high operation cost. Currently, there are only two

studies that discuss the effect of ultrasonic pretreatment

Table 3 : The maximum SCFAs production and the corresponding

fermentation time

Maximum total SCFAs Fermentation

production (mg COD l-1) time (days)

Blank 1 1545 9

Blank 2 3161 5

40 kHz 5809 5

28 kHz 6053 3

28+40 kHz 7587 3

Table 4 : SCFAs accumulated during sludge anaerobic fermentation

No Sludge  Pretreatment method Fermentation parameter Maximum SCFA Reference

        and parameter pH SRT(d) Temp. (ºC) sproduction

1 PS — uncontrolled 6 21±1 884 mg COD l-1 Ji et al. (2010)

2 PS+WAS — uncontrolled 6 21±1 1231 mg COD l-1

3 WAS — 10 8 21±1 2771 mg COD l-1 Yuan et al. (2006)

4 WAS — 9 5 35±2 3844 mg COD l-1 Zhang et al. (2009)

— 8 9 55±2 4748 mg COD l-1

5 WAS Ultrasonic 20kHz; 10 3 21±1 3110 mg COD l-1 Yan et al. (2010)

10min; 1.0kW l-1

6 WAS Ultrasonic- 28kHz; 6 10.5 35±2 1700 mg l-1 Liu et al. (2008)

acid 60min; pH =3.0

Ultrasonic- 28kHz; 6 10.5 35±2 3700 mg l-1

alkaline 60min; pH =12.0

7 WAS SDBS 20 mg uncontrolled 6 35±2 3130 mg COD l-1 Zhang et al. (2010 b)

g-1 TSS

8 WAS SDBS 20 mg g-1 VSS 11 7 60 2561 mg TOD l-1 Cai et al. (2009)

9 WAS Ultrasonic 28+40kHz; uncontrolled 3 35±2 7587 mg COD l-1 This study

10 min; 0.5 kW l-1

Note: SDBS represented sodium dodecylbenzene sulfonate.

Improving SCFAs production of waste bi-frequency ultrasonic pretreatment
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on SCFAs production (Nos. 5 and 6). Although the amount

of SCFAs production was increased somewhat, the effect

was limited to higher imported energy (Nos. 5 and 6). Some

studies investigated the effect of other pretreatment methods

on SCFAs production (Nos. 7 and 8). However, the results

were still unsatisfactory because of the longer fermentation

time and the chemical addition. The production of SCFAs in

this study was higher than that reported in other studies

(No. 9). Also, this was the highest SCFAs production

obtained so far using WAS, pretreated by ultrasonic

technology, as the renewable carbon source.

SCFAs composition : The individual SCFAs production and

percentage accounting for total SCFAs are detailed in Table

5 and Fig. 4, respectively. HAc was an important chemical

reagent in industry. It was also the most suitable substrate

for many bioprocesses, such as biogas production, nutrient

removal wastewater treatment, and biopolymer production.

As be shown, the accumulated HAc in the 28+40 kHz test

reached 3992 mg COD l-1 in only 3 days, which was 1.41-fold

of that in the 28 kHz test for the same amount of time, 1.58-

fold of that in the 40 kHz test with a much longer time (5 day)

and 4.60-fold and 9.68-fold of that in the blank 2 (5 day) and

blank 1 (9 d) tests, respectively. Yuan et al. (2006)

investigated the effect of pH on the SCFAs production from

WAS. They found that HAc (1191 mg COD l-1) accounted

for 43.0% of the total SCFAs on the 4th day and for 53.8%

on the 20th day. In this study, HAc was apparently enhanced

and the fermentation time was also shortened with the bi-

frequency ultrasonic pretreatment.

SCFAs composition analysis (Fig. 4) revealed that

HAc, HPr and i-HVa were the three main products

irrespective of the test. However, the order of the three

SCFAs was different between the ultrasonic pretreated tests

and the blank tests. The order was HAc > HPr > i-HVa in the

ultrasonic pretreated tests, while it was changed to HPr >

HAc > i-HVa in the blank 1 and blank 2 tests. Yan et al.

(2010) also used ultrasonic technology as a pretreatment

method for the WAS treatment but found the top three

SCFAs (HAc, HPr and i-HVa) were in a different order: HAc

> i-HVa > HPr. This change can perhaps be explained by the

different ultrasonic frequencies used which determined the

degree of mechanical and chemical disruption, and the

different WAS source investigated which affected the types

of particulates being hydrolyzed and consequently the

types of SCFAs produced (Jiang et al., 2009). The data in

Fig. 5 also indicated that the percentage of HAc in the 28+40

kHz, 28 kHz, 40 kHz, blank 2 and blank 1 tests decreased

orderly from 52.6 to 26.7%, while HPr increased from 18.4  to

40.4% and i-HVa also increased from 11.6 to 22.1%. The

other SCFAs (i-HBu, n-HBu and n-HVa) in 28+40, 28 and 40

kHz tests were almost same (approximately 6.0%).

Shift of acidification product : The shift of acidification

product (mainly including C2, C4 and C5 SCFAs) under

different ultrasonic frequency pretreatments is shown in

Fig. 5. The rates of HBu (n-HBu plus i-HBu) /HAc and HVa

(n- HVa plus i- HVa)/HAc in the ultrasonic pretreated tests

were much lower than that in the pH adjustment test (blank

2). Apparently, more HBu and HVa were transformed into

HAc by H
2
-producing acetogens (HPA) in the ultrasonic

pretreated tests shown in Table 5. It can be demonstrated

that the concentration of HAc and HPr, as the degradation

products of HBu and HVa, were obviously elevated in the

ultrasonic pretreated tests. The specific transformation

equations of HBu and HVa degradation are shown as :

CH
3
CH

2
CH

2
COOH + 2H

2
O � 2CH

3
COOH + 2H

2
(4)

CH
3
CH

2
CH

2
CH

2
COOH+2H

2
O�CH

3
CH

2
COOH+

CH
3
COOH +2H

2
 (5)

Fig. 4 : Percentage of individual SCFA accounting for SCFAs at

different ultrasonic frequency and given fermentation time when the

maximal SCFAs accumulation was reached
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Fig. 5 : Shift of acidification product at different ultrasonic frequency

and given fermentation time when the maximal SCFAs accumulation
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However, the amounts of transformed HBu and HVa

were quite different in the ultrasonic pretreated tests.

Specifically, the percentages of HBu were 14.9, 16.4 and

12.1 in the 40 kHz, 28 kHz and 28+40 kHz tests, respectively,

and the corresponding percentages of HVa were 22.3, 16.5

and 16.8%. The transformation rates of HBu and HVa in the

28+40 kHz test were faster than those in the 40 kHz and 28

kHz tests. Furthermore, the transformation rates of HBu

were much faster than that of HVa in the 40 kHz and 28+40

kHz tests. But the transformation rate of HBu was basically

accord with that of HVa in the 28 kHz test. The reason for

these results might attribute to the fact that HAc, HPr and

HBu can be produced directly from the fermentation of

carbohydrate and protein. However, HVa was mainly

produced by the fermentation of protein (Batstone et al.,

2002). Therefore, the different amounts of soluble

carbohydrate and protein, produced by WAS disintegration

under different ultrasonic pretreatments, can directly

influence the production of HBu and HVa. Meanwhile,

competitive inhibition existed between the transformation

of HBu and HVa, which were degraded by the same HPA

(Batstone et al., 2002).

Acidification efficiency : The acidification rate was

commonly used to assess the extent of acidification

(Dinopoulou et al., 1988). The effects of ultrasonic frequency

and fermentation time on the acidification rate calculated as

formula (2) were shown in Fig. 6. Obviously, the acidification

rate was firstly increased along with extension of the

fermentation time because of the sufficient hydrolysate and

the inhibition of methanogen activity under alkaline

condition and then decreased with a further increase of the

fermentation time because the pH value gradually tended

toward neutral, which reduced the inhibition of methanogen

activity.

As be revealed, the acidification rate of ultrasonic

pretreated tests was higher; the needed fermentation time

was shorter than that for the untreated test. Specifically, the

maximal acidification rate was 24.9% (fermentation time of 3

days) in the 28+40 kHz test, while that in 28 kHz and 40 kHz

tests were 20.2% (3 days) and 19.7% (5 days), respectively.

In the case of the untreated test (blank1), the maximal

acidification rate was only 5.3%, and a longer fermentation

time was required (9 days).

Further investigation revealed that the acidification

rate rapidly increased with fermentation time following an

exponential curve as a function of time during the prophase

Table 6 : The linear growth function of acidification rate

The linear growth function R2 k (d-1) F Value Prob>F

Blank 1 R =5.44 -5.23 exp (-0.351t) (t<9 d) 0.9900 0.351 3059.98 5.04 E-11

Blank 2 R =10.16 -9.61 exp (-1.677t) ( t<5 d) 0.9754 1.677 521.59 1.54 E-4

40 kHz R =18.59 -17.63 exp (-0.953t) (t<5 d) 0.9573 0.953 272.29 4.06 E-4

28 kHz R =20.85 -19.14 exp (-0.955t) (t<3 d) 0.9902 0.955 305.75 0.04

28+40 kHz R =25.07 -23.14 exp (-1.194t) (t<3 d) 0.9934 1.194 463.46 0.03

Note : R = acidification rate (%); t = fermentation time (days).

Table 5 : Individual SCFA concentrations at different ultrasonic frequency and given fermentation time when the maximal SCFAs

accumulation was reached

HAc HPr i-HBu n-HBu i-HVa n-HVa

Blank 1 412±86 624±2 95±5 32±8 342±5 60±4

Blank 2 868±6 880±7 293±3 405±0 496±5 221±2

40 kHz 2522±61 1127±17 450±7 416±3 844±14 452±5

28 kHz 2826±10 1219±4 390±8 599±15 590±12 406±6

28+40 kHz 3992±7 1400±16 504±4 416±2 882±16 395±2

Note: The unit of individual SCFA is mg COD l-1. The values are mean of three replicates + SD
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Fig. 6 : Evolution of the acidification rate of WAS pretreated by

mono-frequency and bi-frequency ultrasonic
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of fermentation for all tests. The exponential growth

functions and analysis of variance (ANOVA) results are

presented in Table 6. The results showed that the growth

rate of the bi-frequency ultrasonic pretreated test (k=1.194

d-1) was much faster than that of the mono-frequency

ultrasonic pretreated tests (40 kHz, k=0.953 d-1; 28 kHz,

k=0.955 d-1). The ANOVA results indicated that there were

significant effects for all exponential growth functions

because the value of ‘Prob > F’ less than 0.05. The correlation

coefficients of the five functions were all significant (R2 >

0.95).

Energy efficiency : One of the challenges for ultrasonic

pretreatment technologies is energy efficiency. Climent et

al. (2007) drew the conclusion that the optimal specific

energy (Eu) for ultrasonic treatment of WAS was 40000 kJ

kg-1 SS. In this study, the energy input of bi-frequency and

mono-frequency ultrasonic pretreatment was controlled to

the same degree. The specific energy was only 10300 kJ kg-

1 TS, which was much less than the optimal energy used.

Bi-frequency ultrasonic pretreatment displayed

outstanding advantages for the disintegration and

acidification of WAS. Higher SCFAs was produced by bi-

frequency ultrasonic pretreatment during shorter

fermentation time compared with mono-frequency tests.

The reasons that WAS disintegration and acidification were

significantly improved by the bi-frequency ultrasonic

pretreatment were attributed to the increase in the cavitation

and sonochemical yield. The energy input of bi-frequency

and mono-frequency ultrasonic pretreatment was much

less than the reported optimal energy used, which showed

the feasibility of bi-frequency ultrasonic technology for

industrial applications.
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