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Sono-alkalization pretreatment of sewage sludge containing
phthalate acid esters

YING-SHIH MA1 and JIH-GAW LIN2

1Department of Environmental Engineering and Health, Yuanpei University, Hsinchu, Taiwan
2Institute of Environmental Engineering, National Chiao Tung University, Hsinchu, Taiwan

This work experimentally elucidates the efficiencies of sono-alkalization treatment on municipal sewage sludge. The total solids (TS)
concentration of the sewage sludge was pre-adjusted at 29.7 g/L. Two parameters such as sodium hydroxide (NaOH) dosage and
sonication time were considered by the central composite design (CCD) program to investigate the effect on the degradation of
phthalate acid esters (PAEs) and solubilization of soluble chemical oxygen demand (SCOD). The mean concentrations of dibutyl
phthalate (DBP), di-(2-ethylhexyl) phthalate (DEHP) and butyl benzyl phthalate (BBP) in the sewage sludge were 718, 41 and
8 mg/kg dry weight sludge, respectively. Sono-alkalization process was effective on the degradation of DBP but worthless for DEHP
and BBP. Overall degradation of DBP in sewage sludge was estimated to be 100% at the NaOH dosage of 68 mM and sonication time
of 2.2 min. Sono-alkalization was responsible for 6,000 mg/L increase of SCOD based on the decrease of volatile solids in sewage
sludge.

Keywords: Central composite design, phthalate acid esters, sewage sludge, soluble chemical oxygen demand, sono-alkalization.

Introduction

Widespread occurrence of phthalate acid esters (PAEs) in
the environment raises concerns about their toxicological
effects on living organisms. USEPA listed six PAEs includ-
ing dimethyl phthalate (DMP), diethyl phthalate (DEP),
dibutyl phthalate (DBP), butyl benzyl phthalate (BBP), di-
n-octyl phthalate (DOP) and di-(2-ethylhexyl) phthalate
(DEHP) as the priority pollutants, indicating that the above
six PAEs should be effectively removed from the contam-
inated sources.[1] DEHP was included in class B2 (proba-
ble human carcinogen) while butyl-benzyl phthalate (BBP)
was in class C (possible human carcinogen). Other com-
mercial phthalates (DBP, DEP and DMP) were included
in class D (have not been classified as human carcinogens).
Those PAEs were proven as toxic compounds to human
beings and animals and accumulated in the bio-organisms
to affect the food chains in ecosystems. Once PAEs enter
in the environment they partition between air, water, soil
and sediments.[2–9] However, they would preferentially be
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sorbed to the organic fraction of soil or sediments, as well
as to the organic matter suspended in water based on the
low solubility and highly hydrophobic nature of these com-
pounds.[8–10] Hence efficient removal of phthalate esters in
wastewater treatment plants (WWTP) is becoming an in-
creasing priority in many countries.

During wastewater treatment processes, higher molecu-
lar weight PAEs including DBP, DEHP and BBP could
be easily attached to the surfaces of sewage sludge and
transferred to sludge treatment units. When PAEs contain-
ing wastewater was introduced into a wastewater treatment
plant: (1) part of PAEs was degraded by physical, chemi-
cal and biological treatment during wastewater treatments
and (2) the other part was strongly adsorbed on the sur-
face of sludge.[11–13] Sorbed PAEs that were not degraded
during the anaerobic digestion of sewage sludge would ac-
cumulate in the sewage sludge solids (bio-solids) at con-
centrations several orders of magnitude higher than in the
influent wastewater. Fauser et al.[14] proved the above fact
and indicated that PAEs concentration of 2% was found in
the treated water in which 70% was biodegraded and 28%
was adsorbed in the sludge.

Aerobic and anaerobic biodegradation of PAEs in
sludge, soil and sediment were studied in these decades.
Saeger and Tucker[15] tested the primary and ultimate
biodegradability of phthalic acid, monobutyl phthalate,
and five structurally diverse PAEs in river water and acti-
vated sludge samples. PAEs and intermediate degradation
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Sewage sludge containing phthalate acid esters 981

products readily underwent ultimate degradation in differ-
ent mixed microbial systems in aerobic condition. However,
it was found that 80% of BBP could be readily biodegraded
in the first two weeks and followed by a slow biodegra-
dation. Roslev et al.[12] examined the fate of DMP, DBP,
BBP and DEHP in a full scale activated sludge WWTP
with biological removal of nitrogen and phosphorus. The
mean concentrations of DMP, DBP, BBP and DEHP at the
WWTP inlet were 1.9, 20.5, 37.9, and 71.9 mg/L, respec-
tively. Less than 0.1%, 42%, 35%, and 96% of DMP, DBP,
BBP and DEHP were associated with suspended solids,
respectively. The overall microbial degradation of DMP,
DBP, BBP and DEHP in the WWTP was estimated to be
93%, 91%, 90%, and 81%, respectively. Seven to nine per-
cent of the incoming PAEs were recovered in the WWTP
effluent.

Wang et al.[16] investigated the biodegradation by
anaerobic sludge of three phthalates such as DMP, DBP
and di-noctyl phthalates (DOP). Biodegradation rate
and biodegradability of three phthalates under anaerobic
conditions appeared to be related to the length of the
alkyl-side chains. More than 90% of DMP and DBP
with the short alkyl-side chain phthalates were degraded,
whereas the DOP degradation appeared to be relatively
slow under the same conditions. Gavala et al.[17] studied
the anaerobic biodegradation of DBP, DEP and DEHP
in sludge and calculated their relative degradation rates.
The degradation of DEP, DBP and DEHP was adequately
described by the first-order kinetics. Batch and continuous
experiments showed that DEP and DBP in sludge were
rapidly degraded under mesophilic anaerobic conditions
while DEHP is degraded at a rate between one to two
orders of magnitude lower. Also, accumulation of high
levels of DEHP (more than 60 mg/L) in the anaerobic
digester had a negative effect on DBP and DEHP removal
rates as well as on the biogas production.

Staple et al.[2] proposed a photolysis in UV light wave
length of 290–400 nm to remove PAEs. Shorter wavelengths
were attenuated by passage through the atmosphere and
water column so that the half-lives of photo-degradation
for PAEs removal were as much as shorter than hydroly-
sis. Chen[18] mentioned that the removal of DEHP by the
combination of UV light and hydrogen peroxide was bet-
ter than that by direct UV catalysis. More acid or more
alkaline PAEs containing aqueous solution got the better
photo-degradation than the neutral aqueous solution.[19,20]

However, photo-degradation of PAEs was carried out in
aqueous phase only because of a shadow effect by sus-
pended particles was taking place to prevent the UV light
passing through the sludge particles. Therefore, ultrasonic
technology has been considered as a tool to degrade the
PAEs containing in soil or sludge.

Chang et al.[21] applied the ultrasonic and various treat-
ments before aerobic degradation of DEP, BBP, DBP and
DEHP in sludge. The effect on PAEs degradation of treat-
ing sludge with a 20 min sonication period at a power level

of 0.1 W mL−1 was evaluated, and the degradation rates of
the four PAEs were DBP > BBP > DEP > DEHP. The opti-
mal pH for PAEs degradation in sludge was 7.0 at 30◦C. Ul-
trasonic pretreatment combined with biodegradation was
proven that it could effectively remove PAEs from sludge.
Gonze et al.[22] tried to use a low-frequency (20 kHz) and
high intensity ultrasonic treatment of sewage plant sludge
disrupts the flocs and lyses the bacterial cells. Experimental
results showed that ultrasound treatment caused the disrup-
tion of most particle sizes and led in an efficient release of
free and interstitial water containing organic matters and
proteins and therefore a reduction in the particle volume.

Dewil[9] investigated the application of ultrasonic treat-
ment of waste activated sludge (WAS) and found that
the ultrasonic treatment could reduce WAS quantities,
achieve a better dewaterability, provoke a release of sol-
uble chemical oxygen demand (SCOD) from the bio-solids
and destroy the filamentous microorganisms responsible
for sludge bulking. Not only the ultrasonic treatment but
also the Fenton method was investigated to oxidize the
DEHP in wastewater sludge (WWS). Pham et al.[23] used
the ultrasound and Fenton oxidation individually as the
pretreatments to improve the biodegradability of WWS
and bioavailability of the target compounds for digestion
and fermentation. After 20-day aerobic digestion, DEHP
removal was 72%, 89%, and 85%, respectively for raw, ultra-
sound, and Fenton-oxidized sludge. The results suggested
that aerobic stabilization could remove the phthalates, and
pretreatment of WWS was also effective in improvement of
DEHP biodegradation.

To increase the concentration of SCOD from the treated
sludge was also important during the degradation of PAEs.
Alkalization was effectively used to increase the SCOD
concentration in sludge system, because the hydroxyl ions
produced by alkalization could attack the cell walls of mi-
croorganisms and release intracellular organics to liquid
phase. [24,25] In alkalization treatment, more NaOH dosages
could get more SCOD increase of sludge, because higher
hydroxyl ions enhanced the reaction rate between hydroxyl
ions and organics.

Other researchers pretreated sludge by sonication to
increase the SCOD. Chiu et al.[26] and Wang et al.[27]

combined alkalization and sonication as a treatment to
facilitate the soluble organics increase and remove recalci-
trant and toxic organics. The successful treatment by this
combination facilitated the applications of sludge cake for
land application, composting and landfill. Thiem et al.[28]

demonstrated the effects of degree of disintegration for
SCOD at different ultrasound frequency, where the lower
ultrasound frequency got better degree of disintegration.
In other words, lower ultrasound frequency increased
more soluble organics of sludge.

The sono-alkalization process has been proven as the
useful method in the treatment of waste sludge to increase
the concentration of SCOD. However, how to obtain the
better or optimal reaction condition during the reaction is

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
47

 2
4 

A
pr

il 
20

14
 



982 Ma and Lin

still important for the experiments. In this study, the central
composite design (CCD) program is used to investigate
the effect of reaction conditions on the sludge treatment.
Even the CCD has been used in simplifying the number of
experiments and obtained the better reaction condition,[29]

it is seldom to apply the CCD program in experimental
parameters design in sono-alkalization system. Therefore,
the objectives of this study were to use a combination of
sonication and alkalization, namely sono-alkalization, in
sewage sludge treatment to and apply the CCD program in
examining the effects of NaOH dosage and sonication time
on the degradation of three PAEs (DBP, BBP and DEHP)
and increase of SCOD concentration.

Materials and methods

Materials

The sewage sludge (composing primary and biological
sludge) was collected from the Di-Hua wastewater treat-
ment plant located in Taipei, Taiwan. The pH of the sludge
was 6.70. Prior to the experiments, the sludge was sieved
through a mesh (No.16 with the pore size of 1.5 mm) to
remove impurities and floating matters, then was settled
by gravity to the total solids (TS) concentration was about
29.7 g/L. The pre-adjusted sludge was refrigerated at 4◦C.
The volatile solids (VS) concentration of this concentrated
sludge was 20.8 g/L where the ratio of VS/TS was almost
0.7. The average total COD (TCOD) and SCOD of sludge
samples were 26,500 mg/l and 140 mg/l, respectively. Con-
centrations of DBP, DEHP and BBP in the sludge were
718, 41 and 8 mg/kg dry weight (kg-dw), respectively.

Experimental design

A glass reactor with the working volume of 1 L equipped
with a mechanic mixer was used in this study. In sole
alkalization pretreatment, NaOH (1 M) was added into
the reactor and mixed well for 24 hours at the mixing speed
of 400 rpm then the samples were collected for further
analysis. In sonication pretreatment, a K-Sonic sonicator
(Industrial Technology Research Institute, Taiwan) was
used to conduct with the sewage sludge and the frequency,
power output and surface diameter of horn of this soni-
cator were 20 kHz, 1 kW and 48 mm, respectively, where
the power density and power intensity were 1 W/mL and
55 W/cm.2 During sonication, the distance between the
surface of sludge and the rim of beaker was kept as higher
as possible to avoid the splashing of sludge around the
horn. In sono-alkalization, the alkalization pretreatment
was carried out first then followed by sonication.

Two experimental parameters, NaOH dosage (0–80 mM)
and sonication time (0–15 min) were investigated in CCD
program and the operation conditions for eleven runs were

shown in Table 1. In this table, it was observed that Runs 3,
7 and 8 were carried out in same condition, which could be
considered as the triplicate tests. After sono-alkalization
treatment, sludge sample was collected for analytic mea-
surements such as TS, VS, PAEs concentration (DBP,
DEHP and BBP), COD, SCOD and pH changes. To un-
derstand the treatment efficiency of high strength DEHP
sludge, the DEHP was spiked to the collected sewage sludge
with the level of 200 mg/kg-dw; after spiking, the detected
DEHP concentration was 215 mg/kg-dw.

Analytical methods

Analysis of PAEs followed the steps reported by Heise
and Litz.[30] Sludge was dried at 105◦C for 16 h prior
to extraction, and then the dried sludge was ground by
a grinder. After grinding, 2 g dried sludge was added to
Teflon centrifugal tube, followed by the addition of 10 mL
solvent (n-hexane and dichloromethane at a volume ra-
tio of 1:1). The sample was shaken for 24 hours at ambi-
ent temperature then the extracted sample was centrifuged
by the Harmonic Series centrifuge machine for 10 min at
3,500 rpm. The supernatant of extracted solvent was col-
lected to analyze PAEs concentration by the GC-FID.

A GC-FID (Agilent Technology 7890A) equipped with
a HP-5 capillary column (Agilent 19091J-413, 30 m long,
0.32 mm inner diameter, 0.25 µm film thickness) was used
in this study for PAEs determination. The temperature of
oven was programmed as followed: initial temperature of
120◦C and hold for 1 min, then raise to 300◦C with a rate
of 20◦C/min and hold for 5 min. During GC-FID analysis,
the retention times of DBP, BBP and DEHP were 6.66, 8.42
and 9.17 min, respectively (Fig. 1); their method detective
limits (MDLs) were 0.43, 0.27 and 0.98 mg/l, respectively.
The recovery of spiked DEHP was 85.4%. Analyses of TS,
VS, pH, SCOD and TCOD were according to the standard
methods.

Results and discussion

Changes in sludge qualities after pretreatments

The pH values of sewage sludge before and after treatments
in Table 1 show that NaOH alkalization response for the
increase of the pH values from 6.70 (initial) to 7.88 – 11.50.
In Run 9, the pH value with 80 mM NaOH alkalization
was 11.50, which was higher than other 10 tests; in Runs 2,
3, 6, 7, and 8, the pH value was 8.15 with 40 mM NaOH
dosage. Table 1 also shows the pH change of the sludge
sample after sonication. The pH changed from its initial
value (after alkalization) of 6.70–11.50 to 6.55–11.36 at the
end of runs. It was found that the pH values were limited
decreased by sonication, where the difference before and
after sonication was as high as in order of 0.27 unit. This
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Sewage sludge containing phthalate acid esters 983

Fig. 1. GC-FID spectrum of DBP, BBP and DEHP (a) before pretreatment (b) alkalization in 68 mM NaOH and (c) alkalization in
68 mM NaOH and sonication for 12.8 min (color figure available online).
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984 Ma and Lin

Table 1. Experimental design of NaOH dosage and sonication time in sono-alkalization process and the changes of pH, TS and VS
values before and after alkalization and sonication pretreatments.

TS and VS (g/L)

pH Initial After alkalization After sonication

Run NaOH (mM) Sonication (min) After alkalization TS VS TS VS TS VS

1 68 12.8 10.48 29.7 20.8 28.5 18.9 28.4 18.7
2 40 0.0 8.15 29.4 19.4 29.4 19.4
3∗ 40 7.5 8.15 29.5 19.4 29.4 19.2
4 0 7.5 -∗∗ 29.7 20.6
5 68 2.2 10.48 28.9 18.9 28.9 18.9
6 40 15.0 8.15 29.7 20.8 29.4 19.4 29.4 19.0
7∗ 40 7.5 8.15 29.5 19.4 29.5 19.2
8∗ 40 7.5 8.15 29.4 19.4 29.3 19.2
9 80 7.5 11.50 28.3 18.7 28.3 18.5

10 12 2.2 7.88 29.7 20.2 29.7 20.1
11 12 12.8 7.88 29.6 20.1 29.6 19.8

∗
Runs 3, 7 and 8 could be considered as the triplicate tests.

∗∗
Without NaOH addition.

slight pH decrease might be explained by the production
of soluble organic compounds containing acidic functional
groups from the sewage sludge.[23]

During pretreatments, the solids mass (including TS and
VS) were found to be changed by NaOH dosage and son-
ication. As the NaOH was added into the system, the
sludge was hydrolyzed by NaOH and the TS was reduced
at the end of runs. Li et al.[31] investigated the acidifica-
tion and alkalization of textile chemical sludge to study
the reduction of sludge volume and solid concentration.
Experimental results indicated that reduction of total sus-
pended solids (TSS) increased with increasing pH levels or
alkaline dosages. When the pH level was increased from
6.5 (original) to 9 and 11, 3.5% and 37.6% of TSS reduc-
tion were observed, respectively. In this study, the original
TS concentration was 29.7 g/L. When the NaOH dosage of
12–80 mM were added into the reactor for 24 h alkalization,
TS concentrations were reduced to 29.6 g/L–28.3 g/L.

Table 1 also shows the changes of VS by alkalization. It
was clear that increased NaOH dosages caused the higher
decrease of VS concentrations. When the NaOH was raised
from 12–80 mM, the residual VS concentration decreased
from 20.2 g/L to 18.7 g/L, where the degradation of VS
increased from 2.9% to 10.1%. Many studies proposed that
the VS contained in WAS would be hydrolyzed by NaOH
and the SCOD concentration increased with increasing al-
kaline dosages.[24,25]

Even the above description indicates that addition of
NaOH is available to the SCOD increase in sludge treat-
ment, the effect of mono-valent cation (for example, Na+
and K+) addition of the dewatering property of sludge
should be also noted.[32–34] Higgins and Novak[32] inves-
tigated the effect of cations on the settling and dewatering
of activated sludge using laboratory scale activated sludge
reactors. Addition of the sodium to the feed resulted in a

deterioration in settling and dewatering properties when
the mono-valent to divalent cation ratio exceeded approxi-
mately 2 to 1, expressed on an equivalent basis.

Novak et al.[33] further checked the influence to the
settling and dewatering properties of activated sludge,
especially for industrial wastewaters in which very high
concentrations of mono-valent cations. It was found that
when Na+ and K+ concentrations in the raw wastewater
decreased significantly to less than 10 and 0.1 milliequiv-
alents (meq), respectively, settling and dewatering proper-
ties improved substantially. In this study, degradation of
PAEs and increase o SCOD from sludge was the priority in
the sono-alkalization system, therefore, dosages of NaOH
added in sludge was much higher than above studies.

Bougrier et al.[35] studied the solubilisation of WAS by
sonication, which indicated that sonication did not change
the total matter quantity and the TS were constant. The re-
sults shown in Table 1 indicated that the TS concentrations
were almost constant and the VS concentrations were all
lower than the results before sonication. The degradation
of VS was found to be linearly dependent on the sonication
time. Tiehm et al.[28] treated the WAS by sonication to im-
prove the anaerobic sludge stabilization. Longer sonication
brought about the break-up of cell walls, the sludge solids
were disintegrated and dissolved organic compounds were
released. When the sonication time was raised from 7.5 to
150 min, degradation of VS increased from 21.5% to 33.7%.

PAEs degradation by sono-alkalization

Figure 1 shows the GC-FID spectrum of DBP, BBP and
DEHP before treatment, with a sole alkalization and with
a sono-alkalization (NaOH in 68 mM and sonication for
12.8 min) in sludge. It was found that the peak area of DBP

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
47

 2
4 

A
pr

il 
20

14
 



Sewage sludge containing phthalate acid esters 985

Table 2. Contribution percentages for DBP removal between two pretreatments.

Contribution (%)

Run NaOH concentration (mM) Sonication time (min) Removal of DBP (C0-C/C0)×100 Alkalization Sonication

1 68 12.8 100.0 98.7 1.3
2 40 0.0 58.6 100.0 0.0
3 40 7.5 64.1 91.4 8.6
4 0 7.5 4.2 0.0 100.0
5 68 2.2 100.0 98.7 1.3
6 40 15.0 80.5 72.7 27.3
7 40 7.5 62.9 93.2 6.8
8 40 7.5 64.0 91.6 8.4
9 80 7.5 100.0 100.0 0.0

10 12 2.2 0.8 NA∗ NA
11 12 12.8 0.0 NA NA

∗Not available.

significantly decreased by alkalization. For BBP and
DEHP, the peak areas were comparable before and after
alkalization, which could be explained by the molecular
structures of DEHP and BBP. The phthalate functional
group was presented in DBP, BBP and DEHP. However,
longer alkyl chains with branch structure and benzyl func-
tional group were observed in DEHP and BBP, respectively.
This longer and complex structure led to the difficulty for
the degradation of organics by alkalization. In followed
sonication, almost none DBP was observed in the spec-
trum (Fig. 1(c)), which indicated that the residual DBP was
effectively degraded by the sonication.

In Run 4, the sole sonication (without alkalization)
marginally degraded the DBP from 718 to 687.8 mg/kg-
dw and the DEHP and BBP were almost same before and
after sonication (data were not shown). Yim et al.[28] dis-
cussed the change in the concentration of PAEs (DMP,
DEP and DBP) during the sonication and the pseudo
first-order of degradation of PAEs with irradiation time.
The degradation of DEP and DBP were almost completed
with 60 min of sonication, which indicated that the shorter
branch contained in the molecules was effective on the or-
ganic compounds degradation. Chang et al.[25] proposed
that the PAEs degradation rates were higher with a son-
ication than without a sonication in sterile sludge. It ap-
peared that the more hydrophobic DBP, BBP and DEHP
were readily susceptible to sonochemical degradation and
the less hydrophobic DEP was more recalcitrant. However,
it was found that the degradation rate constant of DBP
was much higher than BBP and DEHP at same ultrasonic
power and reaction time. This was comparable to the results
shown in this study.

Table 2 shows the results of DBP removal in sewage
sludge by the sono-alkalization process for 11 runs. Its com-
plete elimination could be obtained by in Runs 1, 5 and 9,
where the NaOH dosage was higher than 68 mM, notably
upon the application of sono-alkalization. In Runs 3, 7 and
8, they were carried out in same reaction condition, which

could be considered as the triplicate experiments. The aver-
age removal percentage of DBP in the triplicate experiments
was 63.63 ± 0.64%. Also, as high as 92% of DBP was de-
graded by alkalization and only 8% of DBP was degraded
by 7.5 min sonication. In Run 6, the NaOH dosage was
same to Run 3 but the sonication time was extended to 15
min. It was observed that longer sonication provided better
degradation efficiency (from 64.1% to 80.5%) in DBP re-
moval, which was comparable to the results shown in Yim
et al.[36]. The contribution of sonication in DBP removal
increased from 8.6% to 27.3%. In Runs 10 and 11, the re-
moval of DBP was very low by the sono-alkalization, based
upon insufficient NaOH dosage (12 mM) in sludge.

Therefore, the removal percentages of DBP in these two
runs were less than 1%. In Run 4, 4.2% of DBP was
removed by a sole sonication, which was higher than Runs
10 and 11. In Table 1, it was found that the pH values be-
fore sonication in Run 4 and in Runs 10 and 11 were 6.7
and 7.88, respectively. It is well-known that the sonication
can provide more OH radicals in acidic solution. There-
fore, in Run 4, the removal of DBP was slightly higher than
those of Runs 10 and 11. This result could be explained
by the reaction between the hydroxyl ions and DBP, where
the DBP was converted to hydrophilic organics, such as
monobutyl phthalate (MBP) so that the DBP was effec-
tively removed by alkalization.[36] The more hydroxyl ions
lead to more DBP degradation. Since the BBP and DEHP
were not decreased with alkalization, it was understood
that lower molecular weight PAEs such as DBP could be
easily degraded by hydroxyl ions.

Figure 2 shows the contour plots of DBP, BBP and
DEHP removal efficiencies in sewage sludge by the sono-
alkalization process. The response surface equations of
PAEs removal in three contour plots calculated from
Minitab 14 are listed in Table 3. In Figure 2(a) to 2(c),
it was found that the removal of PAEs significantly related
to the dosage of NaOH. However, in Figure 2(b) and 2(c),
the maximum removal percentage of BBP and DEHP were
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986 Ma and Lin

Fig. 2. Contour plot of (a) DBP (b) BBP (c) DEHP removal by
the sono-alkalization pretreatments.

Table 3. Response surface equations of PAEs removal and
SCOD concentration.

Item Response surface equation R2

TDBP z = −16.739 + 2.313x + 0.506y–0.011x 2

+ 0.010y2 + 0.001xy
0.944

DEHP z = 7.725–0.196x–1.151y + 0.002x2

+ 0.036y2 + 0.012xy
0.741

BBP z = 22.656–0.525x–3.556y + 0.004x2

+ 0.122y2+0.038xy
0.405

SCOD z = –288.165 + 125.622x +
599.105y–0.847x2

–24.978y2–1.567xy

0.965

x = NaOH concentration (mM).
y = Sonication time (min).
z = PAEs removal (%) or SCOD concentration (mg/L).

less than 10 and 20%, respectively, resulting in the low R-
square values of both contour plots simulation (lower than
0.75). For DBP removal, the R-square value was as high
as 0.94, which indicated that this simulation could be used
to assume the removal of DBP in designed alkaline dosage
and sonication time.

SCOD change by sono-alkalization

Chu et al.[37] investigated the change in ultrasonically
treated WAS and found that in all the experiments a pro-
gressive increase of SCOD/TCOD was appreciated with
sonication time. The SCOD/TCOD ratio increased from 0
(original) to higher than 0.2 (sonication time of 100 min).
Table 4 shows the result of SCOD concentration,
SCOD/TCOD ratio and contribution of SCOD increase
by alkalization and sonication of sewage sludge, respec-
tively. It was found that the higher NaOH dosages and
longer sonication time showed the higher solubilisation
of VS to SCOD and SCOD/TCOD ratio. The original
SCOD was 140 mg/L. After the sono-alkalization, the to-
tal TCOD concentration were almost same to the original
value, but the SCOD concentration increased to more than
3,000 mg/L, based on the hydrolysis phenomenon by al-
kalization and sonication. Comparison of the results in
Runs 1 and 5 proposed that longer sonication (from 2.2
to 12.8 min) gave better ultrasonic degradation and SCOD
increase in sludge treatments.

Bougrier et al.[32] tried to solubilize the WAS by a son-
ication. For each experiment, while the energy input in-
creased, TCOD was constant but the soluble/particulate
COD repartition varied: SCOD increased strongly for spe-
cific supplied energy. Grönroos et al.[38] applied a sonication
assisted method to increase SCOD of sewage sludge for di-
gestion and found that larger SCOD increase was obtained
with same energy consumption when using high ultrasonic
power together with short treatment time as when using low
ultrasound power with long treatment time. In this study,
after the sono-alkalization, the SCOD/TCOD increased
from 0.5% to more than 19% in Runs 1 and 5, which
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Sewage sludge containing phthalate acid esters 987

Table 4. Results of SCOD change during the sono-alkalization pretreatments.

Contribution (%)

Run NaOH (mM) Sonication (min) SCOD (mg/L) SCOD/COD (%) Alkalization Sonication

1 68 12.8 6,400 23.9 73.6 26.4
2 40 0.0 3,750 14.0 100.0 0.0
3 40 7.5 6,050 22.6 61.2 38.8
4 0 7.5 3,350 12.5 0.0 100.0
5 68 2.2 5,100 19.0 92.9 7.1
6 40 15.0 6,100 22.8 60.5 39.5
7 40 7.5 6,050 22.6 61.1 38.9
8 40 7.5 5,900 22.0 62.7 37.3
9 80 7.5 6,600 24.6 87.6 12.4

10 12 2.2 1,710 6.4 14.6 85.4
11 12 12.8 3,950 14.7 6.0 94.0

indicated that the dosage of NaOH got a better solubi-
lization of sewage sludge and saved the reaction time for
sonication.

Higher dosages of NaOH also played an important
role in the increase of SCOD. In Runs 3, 4 and 9, the
SCOD concentration after the sono-alkalization increased
to 3,350 mg/L (with sole sonication) and 6,600 mg/L (with
NaOH of 80 mM and sonication for 7.5 min), where the
SCOD/TCOD increased to 12.5% and 24.6%, respectively.
Contribution of SCOD concentration increased by alka-
lization and sonication also gave us important information.
Generally, contribution of SCOD increase was greater than
60% by alkalization. However, in Runs 10 and 11, as the
NaOH dosage was 12 mM only, the contribution of SCOD
increase by a sonication was greater than 85%. This re-
sult indicated that sonication could use in the increase of

Fig. 3. Contour plot of SCOD by the sono-alkalization pretreat-
ments.

SCOD when the lower NaOH dosage was carried out in
sludge treatments.

As illustrated in Figure 3, the contour plot of SCOD
at different NaOH dosages and sonication time showed
that the SCOD concentration increased with an increase
of NaOH dosage and sonication time; the response surface
equation with a high R-square value (>0.96) was obtained
and shown in Table 3. Based on this equation, a better
treatment operation condition was obtained as the NaOH
dosage of 68 mM and sonication time of 10 min.

Conclusion

Concluding, DBP, BBP and DEHP were observed in the
sewage sludge collected from the Di-Hua wastewater treat-
ment plant, in an order of DBP > DEHP > BBP. A
complete degradation of DBP was carried out by a Sono-
alkalization at NaOH dosage of 68 mM and sonication
time of 2.2 min. Batch experiments showed that the SCOD
solubilisation increased with an increase of NaOH dosage
and sonication time. The final SCOD was as high as 6,000
mg/L when the sono-alkalization was carried out at NaOH
68 mM and sonication time 10 min obtained from the CCD
experimental tests.
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