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Phthalates (PAEs) are commonly detected in discharge of municipal wastewater treatment plants. This study investigated the
removal of six typical PAEs with activated sludge and the results revealed that concentrations of aqueous PAEs decreased rapidly
during the beginning 15min and reached equilibriumwithin 2 hours due to the adsorption of activated sludge.The process followed
first-order kinetic equation, except for dioctyl phthalate (DOP). The factors influencing the adsorption were also evaluated and it
was found that higher initial concentrations of PAEs enhanced the removal but affected little the adsorption equilibrium time.
The adsorption of PAEs favored lower operating temperature (the optimum temperature was approximately 25∘C in this research),
which could be an exothermic process. Additionally, lower aqueous pH could also benefit the adsorption.

1. Introduction

Phthalates (PAEs), a group of artificial chemicals, are char-
acterized with low water solubility, low volatility, and low
temperature resistance, which are widely used in agriculture,
cosmetics, coatings, and so forth [1]. Multiple studies have
reported that PAEs enter human body through breathing,
eating, and skin contacting and possibly cause mutagens,
teratogens, and carcinogens [2]. Major developed countries
recognized PAEs as a group of serious pollutants. The com-
pounds were found in atmosphere [3], water [4], soil [5], and
biological agents, including human body [6]. Owing to the
long half-life time in environment and strong bioaccumula-
tion tendency, PAEs are thought to be a group of persistent
organic pollutants (POPs).TheUS EPA listed six PAEs as pri-
ority toxic pollutants, including dimethyl phthalate (DMP),
diethyl phthalate (DEP), dibutyl phthalate (DBP), benzyl
butyl phthalate (BBP), di-2-ethylhexyl phthalate (DEHP),
and dioctyl phthalate (DOP), and China also regulated three
PAEs (DEP, DMP, and DOP) as environmental priority
control pollutants. Previous researchers have reported that
municipal sewage treatment plants are major pathway of
PAEs into the environment [7–9].

To control the pollutants, adsorption is a popular and
effective method to separate PAEs from aqueous phase and
many sorbents have been considered, such as activated
carbon, polymeric adsorbent, carbonnanotube, chitosan, and
seaweed.The adsorption of DBP on activated carbon is spon-
taneous and endothermic and favors higher temperatures
[10]. Polymer resinswere described to eliminate aqueousDEP
and the adsorption processes are limited by both film and
intraparticle diffusions [11]. Nanomaterials, such as carbon
nanotube, were also found to adsorb DMP and DEP, and the
performance is influenced by nanotube size, surface mod-
ification, and adsorption temperature [12]. Chen et al. [13]
conducted a pilot column test of six PAEs removal by chitosan
and the breakthrough times vary from 4.5 to 8 hrs. Seaweed, a
biomass adsorbent, could remove DEHP with the adsorption
capacity of 5.68–6.54mg/g in a batch test [14]. Although the
mentioned adsorbents could effectively eliminate aqueous
PAEs, the economic cost must be considered in practical
application and cheaper alternative is preferred.

One substitution would be activated sludge, yellowish-
brown flocculants and particulates, which was confirmed
to adsorb and accumulate PAEs from municipal wastew-
ater [9, 15, 16], due to the composition of microbial
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communities characterized with porous structure and extra-
cellular polymers resulting in large surface area, strong
adsorption, and plentiful biological activities. Previous
research [17] showed DEP (0.73mg/g) and DBP (17.6mg/g)
are substantially adsorbed by activated sludge and higher
hydrophobicity of PAEs promotes the process. Additionally,
the high octanol/water partition coefficient of PAEs assists the
accumulation in biomass [18], resulting in greater tendency
to attach on activated sludge. Besides, as a solid waste,
sludge was an economic method to control the aqueous
PAEs.

This research symmetrically investigated the adsorption
of six PAEs on activated sludge and the influencing factors to
improve the removal rate. The partitions between sludge and
water were also studied.

2. Method and Materials

2.1. Chemicals and Sample Preparation. The regents used in
this research were listed as follows: 2000𝜇g/L of six PAE
standard solutions, including DMP, DEP, DBP, DEHP, DOP,
and BBP (Sigma-Aldrich, USA); methanol (HPLC grade,
America world); dichloromethane (HPLC grade, Tianjin
Kermel Chemical Reagent Co., Ltd., China); acetone and
hydrochloric acid (GR, Tianjin Kermel Chemical Reagent
Co., Ltd., China); and ultra-pure water (resistivity = 18.6M
omega, pH = 2.5).

Experimental water and activated sludge:The experimen-
tal water was made with glucose as carbon source, NH4Cl
as nitrogen source, certain amount of Mg, P, Fe, Ca, and
Zn ions as trace nutrients, and sodium azide as inhibitor,
following the instructions of pervious research [19].Thewater
was adjusted to COD of 300mg/L and total nitrogen of
50mg/L tomimicmunicipal wastewater.The activated sludge
sample was taken from a secondary sediment tank of Jinan
water treatment factory. Before experiments, the sewage was
triply rinsed and washed with distilled water to avoid the
disturbance of background PAEs.

2.2. Methodology

Adsorption Experiment. All experiments were carried out
in flasks stirred with a thermostatic oscillator (SHA-CA,
Jinan Jingke Corporation, China) at 130 rpm. The sludge
concentration (MLSS) was adjusted to 4000mg/L (typical
concentration in activated sludge tank of amunicipal wastew-
ater treatment plant) with prepared experimental water and
a certain amount of mixed PAE standard solution. Subse-
quently, at expected time spans, certain amounts of mixture
of sludge and water were separated by centrifuging at high
speed rpm and filtrating with 0.45𝜇m glass fiber. The filtrate
(water) was adjusted to pH equal to 2.5 with hydrochloric
acid and stored in sealed glass bottles at 4∘C and the
remaining activated sludge was frozen and dried for extrac-
tion.

Extraction of PAEs from Water. Solid phase extraction was
applied with C18 column (Supelco, USA), which was sequen-
tially cleaned and activated by dichloromethane, methanol,

and ultra-pure water before usage. The water sample passed
the C18 column, which was dried by vacuum to remove
residual moisture after the extraction. The target PAEs were
eluted into a small test tube with dichloromethane, dehy-
drated with anhydrous sodium sulfate, and concentrated to
1ml with nitrogen gas blower (KL-512J, Beijing Kang Lin
Science &Technology Corporation, China) for further analy-
sis.

Extraction of PAEs from Sludge. Soxhlet extraction method,
modified from EPA method 8061A, was employed for the
dry sludge sample. After being addedwith anhydrous sodium
sulfate and ground until passing through a 1 mm sieve, the
sample was packed with filter paper and placed in Soxhlet
extraction tube, which was rinsed and extracted with acetone
and dichloromethane (volume ratio 1 : 1) mixture at 60∘C for
24 hours. The extracts were concentrated to 5ml with rotary
evaporator before being purified with anhydrous Na2SO4-
silica gel-Al2O3 chromatography column, which was eluted
with dichloromethane for three times. Then, the volume of
eluent was reduced to 1ml by rotary evaporating and nitrogen
blowing.

Instrument Analysis. PAEs were quantitatively determined
with GC/MS (QP2010 Plus, Shimadzu Corporation, Japan).
The column temperature was programed as follows: the
initial temperature was 120∘C, immediately raised to 300∘C at
10∘C/min, and held for 2min. Inlet temperature was 300∘C.
The sample inject volume was 1𝜇L and the split ratio was
20 : 1. The carrier gas was helium with the flow rate of
1mL/min.The pressure of the inlet column was 106KPa.The
bombardment source was El+ with the ion source tempera-
ture of 250∘C. SIM mode was used and the details of mass
spectrum characteristic fragment ions and retention time of
the peaks were shown in Table 1.

For the purpose ofQA/QC, all the experimental processes
were triplicated to minimize operational error. The detection
limits were concentrations when signal/noise was three. The
spiked recovery of PAEs was 83.20%–111.78% with standard
deviation of 2.29%–8.99%.

3. Results and Discussion

3.1. Effect of Initial Concentration of PAEs. Different initial
concentrations of adsorption experiments were chosen as
40 𝜇g/L and 80 𝜇g/L, and the results are shown in Figure 1.
Both concentration profiles were similar: at the beginning
15mins, all PAEs decreased sharply; during 15min–2 h, most
PAEs kept going down slowly; after 2 hr, PAEs fluctuated in
a small concentration range. Then, it is likely considered that
the adsorption equilibriumwas reached in approximately 2 h.
For the initial concentration of 40 𝜇g/L, DMP showed an
ascending trend after 15min, while other PAEs were either
relatively stable or slightly decreased as time elapsed; for
initial concentration of 80𝜇g/L, DMP,DBP, andDOP showed
slightly increasing trend, while DEP and DEHP were stable
and BBP cannot be detected after 15 mins. Slow desorption
of PAEs from sludge might contribute to the observation in a
longer time experiment [20].
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Table 1: Quantitation information of PAEs for GC-MS.

PAEs Retention time (min) Qualitative ion (m/z) Quantitative ion (m/z) Auxiliary quantitative ion (m/z)
DMP 5.27 163 : 164 : 92 : 194 163 164, 92
DEP 6.72 149 : 177 : 150 : 105 149 177
DBP 10.53 149 : 150 : 223 : 205 149 150
BBP 14.09 149 : 206 : 91 : 123 149 91
DEHP 15.58 149 : 167 : 279 : 113 149 167
DOP 17.07 149 : 279 : 150 : 390 149 150

0 2 4 6 8

Time (hr)

0

10

20

30

40

C
on

ce
nt

ra
tio

n 
(𝜇

g/
L)

DMP
DEP
DBP

BBP
DOP
DEHP

(a)

0 2 4 6 8

Time (hr)

0

60

40

20

80

C
on

ce
nt

ra
tio

n 
(𝜇

g/
L)

DMP
DEP
DBP

BBP
DOP
DEHP

(b)

Figure 1: The change of PAEs in water phase over time with initial concentration of 40𝜇g/L (a) or 80𝜇g/L (b).

Figure 2 presents the adsorption capacities of activated
sludge in two hours. Figure 2(a) shows that the adsorption
capacity of activated sludge of 6 PAEs reached maximum in
0.5 hr when initial concentration was 40𝜇g/kg; adsorption
capacity did not vary a lot during 0.5 hr to 1 hr but DEHP
was not detected; during 1 hr to 4 hr, PAEs in mud phase
presented a downward trend, while, during 4 hr to 8 hr, DEP,
DBP, and DOP increased slightly and BBP were not detected.
Figure 2(b) shows that the adsorption maximum occurred in
0.25 hr when the initial concentration was 80𝜇g/kg and then
showed a downward trend except that DEP kept stable. The
decrease was mainly due to the sludge biological degrada-
tion [21]. The higher the initial concentration of PAEs, the
stronger the adsorption of activated sludge, because of the
diffusion force of greater concentration gradient in water.
When reaching the equilibrium, the removal rate of DEHP
was the highest, while the removal rate of DMP was lowest.
Sludge adsorbed much less DMP and DEP than DOP and
BBP.

In this research, the process of activated sludge adsorbing
PAEs was fitted to first-order kinetics equation as follows:

𝐶 = 𝐶0 ⋅ 𝑒
−𝑘𝑡, (1)

𝑡1/2 =
ln 2
𝑘
, (2)

where𝐶 (𝜇g/L) is the residual concentration of PAEs at time 𝑡,
𝐶0 (𝜇g/L) is the initial concentration of PAEs, 𝑘 is degradation
rate constant, and 𝑡1/2 (h) is the half-life of the degradation.

Equation (1) was transferred into (3) to obtain rate
constants and half-life, shown in Table 2, by linearly fitting
above data.

ln𝐶 = ln𝐶0 − 𝑘𝑡. (3)

Except for DOP, the removal process of other five PAEs
basically was in accord with the first-order kinetics equation,
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Figure 2: The change of PAEs in sludge phase over time with initial concentration of 40𝜇g/kg (a) or 80 𝜇g/kg (b).

Table 2:The rate constants and half-life of activated sludge adsorbing PAEs fitting first-order reaction (initial PAE concentrationwas 80 𝜇g/L).

Phthalate ester Kinetic equations 𝐾 (h−1) 𝑡1/2 (h) 𝑅2

DMP ln𝐶 = −2.486𝑡 + 4.846 2.486 0.279 0.9657
DEP ln𝐶 = −1.872𝑡 + 4.106 1.872 0.370 0.9380
DBP ln𝐶 = −1.599𝑡 + 4.499 1.599 0.433 0.9958
DEHP ln𝐶 = −0.697𝑡 + 3.011 0.697 0.994 0.9754
DOP ln𝐶 = −1.023𝑡 + 3.815 1.023 0.677 0.5657
BBP ln𝐶 = 4.629𝑡 + 4.361 4.629 0.150 0.9630

while the half-life and degradation rate constant were signif-
icantly different. The degradation rate constants were sorted
in order: 𝑘BBP > 𝑘DMP > 𝑘DEP > 𝑘DBP > 𝑘DOP > 𝑘DEHP,
while the order of molecular weight was DMP < DEP <
DBP < BBP < DOP = DEHP. It implied that the molecular
weight and structure of PAEs influenced the adsorption and
degradation property of activated sludge.With the increase of
molecular weight, carbon chain, and volume of PAEs, steric
effect of biological reaction was increased. At the same time,
the increase of molecular weight reduced the water solubility
of PAEs, had an effect on utilizing microorganism in water,
and caused the decline of biological degradation rate. Then
the PAEs compete with each other for the adsorption sites on
sludge, resulting in the different rate constants.

The mass balance analysis after 8 hr adsorption is shown
in Table 3. Except that DEHP, the most commercially applied
phthalate [22], was majorly trapped on sludge, other PAEs
lost more than one-third, which might result from the

biological degrading though NaN3 was used to limit the
activities of micrograms. It has been reported that about
36–42% removal of some PAE attributed to biodegradation
of sludge in a nitrogen-removing sequencing batch reactor
[21].

3.2. Effect of Temperature. The temperature effect is shown
in Figure 3. Less aqueous PAEs remained when water tem-
perature was 25∘C, while the concentration of PAEs in sludge
decreased with temperature increasing. In water, the temper-
ature affected more DEP and DMP, which were 34.35 𝜇g/L
and 30.39 𝜇g/L at 25∘C, respectively, both significantly lower
than those at 15∘C and 35∘C. This may be due to the fact
that, at the low temperature, the viscosity of PAEs solution
and the diffusion rate of molecules were low, resulting
in less PAEs adsorbed on the surface of activated sludge;
when the temperature raised, the adhesion of the solution
decreases became lower and the diffusion was accelerated;
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Table 3: Mass balance analysis in one-liter mixture solution.

Phthalate ester Initial mass (𝜇g) Remains in sludge (𝜇g) Remains in water (𝜇g) Loss (𝜇g)
DMP 80 16.4 24.49 39.11
DEP 80 20.12 6.85 53.03
DBP 80 20.12 29.82 30.06
DEHP 80 40.04 25.04 14.92
DOP 80 28 7.16 44.84
BBP 80 24.2 0 55.8
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Figure 3: The concentrations of PAEs in sludge (a) and water (b) at different temperatures (initial concentration = 80𝜇g/L, pH = 7.0, and
experiment duration = 2 hrs).

but, when temperature went higher, desorption was strength-
ened since the activated sludge adsorption of PAEs is an
exothermic process. For sludge, higher temperature would
increase the bacterial activities, enhancing the degradation of
PAEs.

3.3. Effect of pH. Different pH values might inhibit the activ-
ity of activated sludge adsorption of PAEs. The results are
shown in Figure 4.

As shown in Figure 4(a), except BBP, PAEs in water
showed a sharp decreasing as pH increased in the range of
5–9 but no significant change at pH of 9–11. The aqueous
pH implies the concentrations of the H+ and OH−, and the
microbial floc surface of activated sludge is full of protein
molecules, containing carbonyl groups (-COOH). When the
OH- content was high, -COOH would turn into -COO−,
resulting in high negative potential on surface.The hydrolysis
of PAEs created electropositive potential, meaning they were
easy to be adsorbed on the activated sludge at higher pH. As
Figure 4(b) shows, the PAEs in mud concentration did not

vary much along the pH range and showed no regular trend
for all species.

4. Conclusions

The adsorption capacity of activated sludge was higher
with the initial PAEs concentration of 80𝜇g/L than that of
40 𝜇g/L. Both adsorption isotherm profiles were similar: fast
adsorption rate in the first 30min and adsorption equilibrium
during 2 hrs. The adsorption followed first-order kinetic
rate.

The adsorption of PAEs on activated sludge favored 25∘C
in this study, and only DEP and DMP out of six PAEs were
influenced significantly by temperature.

The aqueous PAEs concentrations decreased significantly
in the pH range of 5–9 and kept relatively constant when the
pH was in the range of 9–11.
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Figure 4: The concentrations of PAEs in sludge (a) and water (b) at different pH (initial concentration = 80𝜇g/L, temperatures = 25∘C, and
experiment duration = 2 hrs).
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