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bstract

Laboratory-scale batch experiments were conducted to investigate the sorption and degradation of bisphenol A (BPA) at �g/L range in an aerobic
ctivated sludge system. The sorption isotherms and thermodynamics indicated that the sorption of BPA on sludge was mainly a physical process
n which partitioning played a dominating role. The values of sorption coefficient Koc were between 621 and 736 L/kg in the temperature range of

◦
0–30 C. Both mixed liquor suspended solid (MLSS) and temperature influenced BPA sorption on sludge. The degradation of BPA by acclimated
ctivated sludge could be described by first-order reaction equation with the first-order degradation rate constant of 0.80 h−1 at 20 ◦C. The decrease
f initial COD concentration and the increase of MLSS concentration and temperature enhanced BPA degradation rate. The removal of BPA in the
ctivated sludge system was characterized by a quick sorption on the activated sludge and subsequent biodegradation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Bisphenol A (BPA) is an intermediate in the production of
olycarbonate plastics and epoxy resins [1,2]. Because of wide
sage of polycarbonate plastics and epoxy resins in industry
nd households, BPA has become one of the most ubiquitous
ontaminants in the environment [3,4]. BPA is slightly to mod-
rately toxic to fish and invertebrates [1], and it is found to be
weakly estrogenic chemical [2,5]. Therefore, increasing inter-
sts have been generated over its fate in the environment and its
limination in waste treatment systems.

Effluent of wastewater treatment plants (WWTPs) is a major
ource for BPA entering rivers, streams and other surface waters.
PA has been detected in both influent and effluent as well as

he sludge in WWTPs [6–8]. Fürhacker et al. [6] investigated
PA sources of a municipal WWTP in Lower Austria, and iden-

ified a paper mill facility as the major BPA contributor. They
lso determined BPA concentrations in the effluent of the facil-
ty ranged from 28 to 72 �g/L. In their study, BPA was also

etected in household sewage and the maximum concentration
as as high as 5.8 �g/L. Lee and Peart [8] conducted a large-

cale study on BPA contamination in Canadian sewage treatment

∗ Corresponding author. Tel.: +86 21 65982693; fax: +86 21 65986313.
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lants (STPs), and found BPA contamination in all of the 72
ewage samples. The concentrations of BPA ranged from 0.08
o 4.98 �g/L for the influent, and from 0.01 to 1.08 �g/L for the
ffluent. They also discovered that BPA accumulation in sewage
ludge was between 0.033 and 36.7 �g/g (on a dry weight basis).

Although WWTPs with activated sludge process can elim-
nate BPA, the removal efficiency of BPA may vary markedly
or different WWTPs [7–9]. Körner et al. [7] determined the
oncentration of estrogenic active compounds in a modern STP
ith biological nitrogen and phosphorus removal by activated

ludge system in Germany, and concluded that 70% and 91% of
PA was removed in March and June, respectively. By exam-

ning the fate of BPA in 31 municipal STPs in Canada, Lee
nd Peart [8] found the removal efficiencies fell in the range of
7–94%. BPA was one of the 6 estrogenic disrupting chemicals
hat were detected in both influents and effluents of 27 WWTPs
n Japan [9]. The mean BPA removal efficiency in these plants
as more than 90%. The considerable removal differences of
PA in full-scale STPs may result from the differences in the

ype of plants, operational conditions, and the composition of
nfluents. For two plants with the same treatment process and
nfluent characteristics, the removal efficiencies might differ due

o different operational conditions. Because operational condi-
ions are easy to be controlled, it is feasible to investigate the
ffects of operational parameters using batch experiments so that
nhancement in BPA removal by activated sludge process may

mailto:liyongmei@mail.tongji.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.11.075
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Table 1
Composition of the synthetic wastewater

Compound Concentration (mg/L)

C6H12O6 150
Peptone 150
NaAc 80
NH4Cl 76.4
KH2PO4·2H2O 26.3
MgSO4·7H2O 20
CaCl2 10.6
NaHCO3 125
FeCl3·6H2O 0.45
H3BO3 0.045
CuSO4·5H2O 0.009
KI 0.054
MnCl2·4H2O 0.036
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e identified. For this purpose, batch degradation studies were
onducted with non-acclimated sludge and some influential fac-
ors were studied [10]. As BPA pollution commonly exists in

unicipal wastewater and acclimation of sludge can influence
he degradation behavior of chemicals even at trace concentra-
ion [11], it is necessary to study BPA degradation by acclimated
ludge.

In WWTPs, contaminants are usually removed by processes
uch as biodegradation, sorption, volatilization, etc. The low
apor pressure of BPA (8.7 × 10−10 to 3.96 × 10−7 mm Hg)
1] indicates its poor volatilization during the treatment pro-
ess. A relatively high octanol–water partition coefficient
log Kow = 2.2–3.82) of BPA [1] suggests that sorption may be
ffective mechanism in addition to biodegradation. So far, stud-
es on BPA sorption mainly focused on its sorption on sediments
nd soils [12–14], and the sorption of BPA on sludge is likely to
e different because of the different chemical composition and
roperties of sludge.

In this study, laboratory-scale batch experiments were con-
ucted to investigate the sorption and degradation of BPA at
g/L range by aerobic activated sludge. For degradation tests,
cclimated sludge by BPA was used. Because trace amount of
PA coexisted with other pollutants in WWTPs, the influence
f COD is needed. Furthermore, the effects of temperature and
ixed liquor suspended solid (MLSS) concentration on BPA

orption and degradation were also investigated to provide quan-
itative information of the behavior of BPA in activated sludge
ystem.

. Materials and methods

.1. Chemicals

Bisphenol A was obtained from Aldrich (Milwaukee, WI,
SA). HPLC grade acetonitrile and methanol were purchased

rom Merck (Darmstadt, Germany). The standard stock solu-
ion of BPA (10,000 mg/L) was prepared in methanol, and was
iluted to standard work solution (10 mg/L) using deionized
ater before it was used for sorption and degradation experi-
ents. Other chemicals used in this study were purchased from
inopharm Chemical Reagent Co. Ltd. (Shanghai, China).

.2. Seed activated sludge and synthetic wastewater

Inoculated activated sludge was obtained from Shanghai
hangqiao Municipal Wastewater Treatment Plant, China. The

ludge was incubated in an 8 L reactor in the laboratory, fed
ith synthetic wastewater without BPA. The synthetic wastew-

ter was composed of tap water, supplemented with nutrients,
race elements, and buffering compounds (Table 1). The aver-
ge COD of the synthesized wastewater was 380 mg/L. The
eactor was operated in a SBR mode with two cycles every
ay. Each cycle included 15 min filling, followed by 10 h aer-

tion, 1.5 h settling, and 15 min drawing. The sludge retention
ime (SRT) was 25 days. After 2 months, COD of the effluent
nd MLSS in the reactor were stabilized in the range of 32–45
nd 3000–3200 mg/L, respectively. This sludge was used for

t
a
2
1

nSO4·7H2O 0.036
DTA 3

he sorption experiments. After the sorption experiments were
omplete, the activated sludge in the reactor was acclimated by
piking 10 �g/L of BPA to the synthesized wastewater. After 2-
onth incubation, BPA removal efficiency was steadily above

0% and MLSS was in the range of 3000–3300 mg/L. The acti-
ated sludge was then used for BPA degradation experiments.
he fraction of organic carbon (foc) of the sludge was measured
y Shimadzu TOC-VCPN analyzer (Japan) with SSM-5000A
olid burning device.

.3. Sorption experiments

The sorption experiments were performed with sterilized
ludge to avoid the influence of BPA degradation. The steril-
zation procedure was modified according to the method used
y Wang and Grady [15]. They found that sorption isotherms
f di-n-butyl phthalate on the live and sterilized biomass were
he same when the loss of biomass during autoclaving was con-
idered. Therefore, it is reasonable to use the sterilized sludge
resenting the sorption performance of activated sludge. The
ludge sample was taken from the incubation reactor and subse-
uently sterilized using an autoclave at 120 ◦C for 30 min. The
ludge was then centrifuged and washed using tap water for three
imes. After the last centrifugation, the sludge was dissolved in
he solution containing mineral media described in Table 1 to
he MLSS level of 6000 mg/L, and stored in a refrigerator at
◦C. Immediately before the sorption experiments, the sludge
as diluted to the required MLSS level with the same mineral

olution, and the initial pH of the mixed liquor was adjusted to
.0. All the sorption experiments were carried out in duplicate.

The sorption experiments were conducted using 150-mL
rlenmeyer flasks. To determine the sorption equilibrium time,

he flasks were filled with 100 mL sterilized sludge solution,
nd spiked with BPA standard work solution. The initial BPA
oncentration and MLSS was 100 �g/L and 2000 mg/L, respec-

ively. The flasks were immediately sealed with rubber plugs
nd were shaken on a thermostatic rotary shaker at 125 rpm and
0 ◦C. Samples were collected from the flasks at 0.25, 0.5, 1, 2, 5,
0, 14, and 24 h. The mixed liquor was centrifuged at 6000 rpm
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or 10 min and the supernatant was filtrated through a glass fiber
lter (GF/F, 0.45 �m). The filtrate samples were acidified to pH
by 1 M HCl and stored in a refrigerator at 4 ◦C before they were
xtracted by SPE and analyzed by HPLC. Controls of the same
nitial BPA concentration without sludge were also prepared at
he same laboratory condition and no significant loss was found.

After the sorption equilibrium time was determined, it is nec-
ssary to determine the sorption isotherms and investigate the
ffects of temperature on the sorption. The sorption isotherms
ere developed using MLSS of 2000 mg/L and BPA concen-

rations of 2, 10, 20, 50, and 100 �g/L. The MLSS effect was
xamined using 20 �g/L BPA concentration and MLSS concen-
rations of 1000, 2000, 3000, and 4000 mg/L. The temperature
ffect was studied under the condition of BPA concentrations
f 2, 10, 20, 50, and 100 �g/L and temperatures of 10, 20, and
0 ◦C, respectively. Other experimental conditions and sample
reparation procedures were the same as those in the sorption
quilibrium tests. Sorption of chemicals from a solution to a
olid phase can be described by empirical Freundlich equation:

= KfC
1/n
e (1)

here q is the quantity of a chemical sorbed to the solid
hase (�g/kg); Ce is equilibrated concentration of the chem-
cal in solution (�g/L). Kf is Freundlich sorption coefficient
�g(1−1/n)L1/n/kg); 1/n is Freundlich exponent related to sorp-
ion mechanism.

When the value of n is unity, Freundlich model turns into
imple linear sorption model which describe the sorption as the
artitioning between the liquid and solid phases:

= KdCe (2)

here Kd is the linear sorption coefficient (L/kg), which is
lso called as the distribution coefficient of the target chemi-
al between the liquid and solid phases. In addition, Koc (L/kg)
hich relates Kd value to organic carbon content (foc) of the sor-
ent is also used to describe the sorption capacity of a sorbent.
oc can be calculated according to the following equation:

oc = Kd

foc
(3)

The sorption thermodynamics can be described by the Gibbs
quations [16]:

G◦ = −RT lnK (4)

G◦ = �H◦ − T �S◦ (5)

rom Eqs. (4) and (5), the following equation can be obtained:

nK = �S◦/R − �H◦/RT (6)

here �S◦ (J/(mol K)) and �H◦ (kJ/mol) are standard entropy

nd enthalpy for the sorption process, �G◦ the Gibbs free energy
kJ/mol), R the ideal gas constant (J/(mol K)). T the temperature
K), and K is the equilibrium sorption coefficient that can be
xpressed by Kd.
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.4. Degradation experiments

The BPA degradation experiments were conducted using
00-mL Erlenmeyer flasks. Acclimated activated sludge was
aken from the incubation reactor and washed with tap water
hree times to remove the residual BPA. The sludge was then
erated for 12 h to allow the residual BPA in the sludge to be
ompletely degraded. Preliminary results for determining the
esidual BPA in water and sludge phases after 12-h aeration indi-
ated that BPA in both phases were below the detection limits
<15 ng/L in water phase and <120 �g/kg in sludge). After grav-
ty separation, the supernatant was decanted, and the sludge was
venly distributed into several flasks. Mixed liquor of 200 mL
ith 20 �g/L of BPA, 2000 mg/L of MLSS and appropriate Syn-

hetic wastewater was added to the Erlenmeyer flasks. The flasks
ere then shaken on the thermostatic rotary shaker at 125 rpm

n the dark. The degradation kinetics of BPA and the effects of
nitial COD, MLSS and temperature on the aerobic degradation
ere investigated. Unless otherwise noted, experiments were

onducted at the following conditions: 20 ◦C, pH 7.0, MLSS:
000 mg/L and the initial COD: 300 mg/L. All the degradation
xperiments were carried out in duplicate.

At each designed sampling time (0.25, 0.5, 1, 1.5, 2, 3, 4, 5,
, 8, and 10 h), one Erlenmeyer flask was taken out of the rotary
haker and the mixed liquor was immediately centrifuged at
000 rpm for 10 min. The supernatant was then filtered through
glass fiber filter (GF/F, 0.45 �m), and acidified to pH 2 using
M HCl. The liquid samples were stored at 4 ◦C in the dark until

olid-phase extraction (SPE) was conducted normally 24 h after
entrifugation.

Control samples of BPA without activated sludge were
onducted at the same time. No volatile loss was observed
uring the experiments because of BPA’s low Henry’s con-
tant (H = 1.0 × 10−10 atm m3/mol) [17]. As BPA is less volatile
han water, the volatile loss of BPA during experiments can be
eglected.

In this study, we assume that the elimination of BPA in the
ctivated sludge system is achieved by BPA sorption and degra-
ation, and the degraded BPA can be calculated by the following
quation:

d = C0 − Ce − q
X

1000
(7)

here Cd is the degraded BPA concentration by activated sludge
�g/L), C0 the initial BPA concentration in the wastewater
�g/L), Ce the BPA concentration remaining in the water phase
�g/L), q the amount of BPA sorbed on the sludge (�g/kg) and

is the MLSS concentration in the system (g/L).
The first-order reaction equation was used to describe the

egradation rate of BPA:

dC

dt
= −kC (8)
here t is the reaction time (h) and k is the first-order reac-
ion constant (h−1); C is the concentration of residual target
ompound in the water phase when sorption is ignored. In our
xperiments, the sorption of BPA on the sludge was significant,
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nd therefore C represents the residual BPA in the mixed liquor.
q. (8) can be rewritten in the linear form:

n

(
(C0 − Cd)

C0

)
= −kt (9)

From which, the first-order reaction constant k can be calcu-
ated as the slope of linear regression to BPA data points.

.5. Sample preparation and analysis

Solid-phase extraction (SPE) was used to extract BPA
n wastewater samples. The SupelcleanTM LC-18 cartridges
500 mg, 3 mL) were obtained from Supelco (USA). The extrac-
ion procedure was a modification of the method described by
ang and Kondo [18]. The cartridges were previously condi-

ioned by 10 mL methanol and 10 mL deionized water. Water
amples of pH 2 passed through the cartridges at a flow rate
f 5 mL/min. The cartridges were then washed with 5 mL of
methanol–water (30:70, v/v) solution. After being vacuum-

ried, cartridges were eluted with 2× 5 mL methanol, and the
luates were evaporated to dryness under a gentle stream of
itrogen. Finally, the dried residues were dissolved with 1 mL
ethanol.
BPA in the extracts was determined by HPLC equipped

ith fluorescent detector (Varian, USA) and a reversed-phase
-18 column (4.6 mm × 250 mm, 5 �m, Agilent, USA). The
xcitation and emission wavelength were 230 and 290 nm,
espectively. The mobile phase was acetonitrile/water (50:50,
/v) and the flow rate was 1 mL/min. The injection volume was
0 �L.

Soxhlet extraction was applied to determine BPA in the
ludge samples. Freeze-dried sludge sample (0.4 g) was soxhlet-
xtracted with 100 mL of a solvent mixture of MeOH/CH2Cl2
70:30, v/v) for over 14 h. The extract was concentrated to an
pproximate volume of 1 mL using a rotary evaporator at 30 ◦C,
hich was further dissolved in 200 mL deionized water. The

olution was then extracted and measured according to the pro-
edure described in the water samples.

To measure the recovery rate, 2 �g/L BPA was added to the
ffluent of the aerobic reactor (the influent was synthetic wastew-
ter without BPA). The samples were prepared and analyzed
ccording to the methods described above. The BPA recovery
ercentages were in the range of 92–99% (n = 5). The detection

imit (S/N = 3) of BPA in the waster samples was 15 ng/L when
he volume of extracted sample was 100 mL. The detection limit
S/N = 3) of BPA in the sludge phase was 120 �g/kg when the
xtracted dry sludge was 0.4 g.

u
c
u
6

able 2
reundlich and linear isothermal parameters of BPA sorbed onto the sludge at differe

emperature (◦C) Freundlich model

Kf (�g(1−1/n)L1/n/kg) 1/n

0 334 1.04
0 291 1.06
0 220 1.10
Fig. 1. Sorption isotherm of BPA on sludge.

. Results and discussion

.1. Sorption of BPA on sludge

.1.1. Sorption equilibrium
The sorption of BPA on the sterilized sludge reached equilib-

ium quickly (data not shown). At 15 min of contact between
PA and the sludge, the sorption of BPA on the sludge
pproached 81% of the maximum sorption capacity. From 0.5 to
h, only a slight decrease of BPA concentration was observed in

he water phase, and the concentration in water did not changed
ignificantly after 5 h. Therefore, the sorption experiments were
erformed with a contact time of 5 h. When the equilibrium
eached at 5 h, the removal efficiency of BPA was about 50%.

.1.2. Sorption isotherms
The sorption isotherm was shown in Fig. 1. The sorption

ata were subjected to regression analysis using both Freundlich
odel and linear model (Table 2). The results indicated that both
odels fitted well with the experimental data because the cor-

elation coefficients (R2) were greater than 0.98. Furthermore,
n the Freundlich model, 1/n was close to one. Therefore, it is
easonable to assume that partitioning of BPA between the water
nd sludge phase play a dominant role in BPA sorption on the
ludge. This conclusion is consistent with other studies, in which
inear isotherm was assumed at low concentration and constant
artition coefficient was applied [19].

Our results indicated that Kd and Koc (20 ◦C) were 336 and
77 L/kg, respectively (Table 2). Koc was comparable to the
alue (314–1524 L/kg) calculated according to the aqueous sol-

bility and log Kow value of BPA by Howard [17]. Ying et al. [14]
laimed that Koc of BPA on the sediment was 778 L/kg. Koc val-
es on different soils determined by Fent et al. [13] were between
36 and 931 L/kg. Ivashechkin et al. [20] indicated that Koc val-

nt temperatures

Linear model

R2 Kd (L/kg) Koc (L/kg) R2

0.9955 365 736 0.9841
0.9942 336 677 0.9823
0.9919 308 621 0.9959
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Fig. 2. Effect of MLSS concentration on BPA sorption.

es of BPA on anaerobically digested sludge were in the range
f 525–1288 L/kg. Kd values of BPA on activated sludge calcu-
ated by Urase and Kikuta were in the range of 217–651 L/kg
10]. Compared to the values in literatures, our values of Kd and
oc were in-line with other values. Ternes et al. [21] suggested

hat the sorption behavior of organic contaminants in WWTPs
an be reasonably predicted by Kd values determined in batch
xperiments. Since the sorption experiments in the present study
ere conducted at concentrations close to those found in the

aw municipal wastewater (lower �g/L), the sorption constants
easured might be valid for full-scale WWTPs.

.1.3. Effect of MLSS on BPA sorption
As shown in Fig. 2, the sorption behavior of BPA was appar-

ntly influenced by the amount of sorbent in the system. With
he increase of MLSS concentration, the amount of sorbed BPA
n a unit of sludge decreased. This is because that the increase
f suspended solid in the system raised the number of reac-
ive sites available to sorb BPA from solution. Although the
mount of sorbed BPA on each gram of sludge decreased due to
he competition from the additional available reactive sites, the
verall amount of sorbed BPA on solid increased. Therefore,
he increase of solid sludge in the solution enhanced the total
orption of BPA by sludge, and benefited the removal of BPA
rom water.

.1.4. Effect of temperature on BPA sorption and sorption
hermodynamics

The sorption isotherms of BPA at various temperatures
10, 20, and 30 ◦C) were investigated and the corresponding
reundlich and linear isothermal parameters were calculated

Table 2). The results were fitted well to both sorption mod-
ls, suggesting that partitioning of BPA between water and solid
hases played an important role in the system. Data in Table 2
evealed that BPA sorption on sludge decreased with the increase

c
a
v
p

able 3
hermodynamic parameters for the sorption of BPA onto the sludge

emperature (◦C) �G◦ (kJ/mol)

0 −13.88
0 −14.16
0 −14.43
ig. 3. Changes of BPA concentrations in water and solid phases during aerobic
egradation.

f temperature, indicating that the sorption was an exothermic
eaction. Therefore, increasing temperature benefited BPA des-
rption from sludge surfaces. The change of 1/n values in the
reundlich model, however, implied some alteration in sorption
echanism due to temperature changes.
A plot of ln Kd versus 1/T yields a straight line (data not

hown). The data fit well to the linear regression Eq. (6)
R2 = 0.9988). The thermodynamic parameters were summa-
ized in Table 3.

The small and negative value of �H◦ confirmed that the sorp-
ion process was exothermic and that BPA sorption was mainly
hysical sorption. The negative values of the free energy �G◦
t different temperatures indicated that the sorption was sponta-
eous. Because the change of free energy for physical sorption
s generally in the range of 0 to −20 kJ/mol [22], the �G◦ values
n Table 3 strongly demonstrated that physical partitioning is the
ominant process in BPA sorption on sludge. This hypothesis
s also supported by the facts that sorption isotherms at differ-
nt temperatures could be well described by the linear sorption
odel.

.2. BPA Degradation by aerobic activated sludge

.2.1. Degradation kinetics
Fig. 3 shows changes of BPA concentrations in water and

ludge phases during the degradation. At the beginning of the
eaction, a quick sorption of BPA was observed. About 30% of
he spiked BPA was adsorbed by sludge within 15 min, and the
uantity of BPA on sludge reached a peak value. Then BPA con-

entration in both water and sludge phases gradually decreased,
nd this could be attributed to the degradation of BPA by acti-
ated sludge. At 1 h, BPA concentrations in water and sludge
hases were 5.26 �g/L and 1832 �g/kg, respectively. At 3 h,

�S◦ (J/(mol K)) �H◦ (kJ/mol)

27.69 −6.05
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ig. 4. Simulation of BPA degradation at 20 ◦C using first-order reaction equa-
ion.

owever, the concentrations were only 0.77 �g/L and 423 �g/kg.
ntil the 5th hour, the total elimination efficiency of BPA of the

ystem was almost 100%, in which 98% of BPA was degraded by
he activated sludge. Only 177 �g/kg BPA was found remaining
n the sludge. That is to say, most BPA eliminated from water
hase was due to the degradation, and only little BPA remained
n the sludge at the end of the experiment.

As shown in Fig. 4, BPA degradation data matched well with
he first-order reaction Eq. (9) (R2 = 0.9924). Thus, the degra-
ation of BPA by activated sludge was first-order reaction, and
he first-order rate constant (k) was 0.804 h−1. This value was
igher than the rate constant (0.028–0.225 h−1) determined by
rase and Kikuta [10] using aerobic sludge that was not accli-
ated to BPA. Whether acclimation or not might be the main

eason for the difference because acclimation greatly influenced
he degradation behavior of BPA [23].

.2.2. Effect of initial COD concentration on BPA
egradation

The initial COD concentration in the synthetic wastewa-
er was adjusted proportionally with the spiked amount of the

rganic substrates in Table 1. Fig. 5 shows the effect of initial
OD concentration on BPA removal efficiency. At the same

eaction time, BPA removal efficiency was higher at low initial
OD concentrations. When there was no organic substrate added

ig. 5. Changes of BPA removal efficiencies at different initial COD concen-
rations.
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Fig. 6. Effect of MLSS on the degradation of BPA.

COD = 0 mg/L), BPA elimination efficiency at 3 h was close to
00%, while it took 4–5 h to degrade BPA at the initial COD
oncentration of 300 mg/L. The results suggested that, when
asily biodegradable substrates were not available, microorgan-
sms in the activated sludge utilized BPA as carbon source. As
rganic substrates including glucose, sodium acetate and pep-
one were more easily degraded by activated sludge than BPA,
he presence of these organic substrates in system inevitably
lowed down BPA degradation. Urase and Kikuta [10] postu-
ated that a lower initial easily biodegradable substrate content
esulted in a higher BPA degradation rate. Therefore, to achieve
high BPA removal efficiency, some pre-elimination of easily
iodegradable organic compounds may be necessary.

.2.3. Effect of MLSS concentration on BPA degradation
The effect of MLSS concentration on BPA degradation was

llustrated in Fig. 6. Residual BPA in water phase was lower
t a high MLSS concentration than that at a low MLSS con-
entration. For instance, at 2 h, the spiked BPA at MLSS of
000 mg/L was decreased to 1.07 �g/L, which was lower than
.46 and 6.06 �g/L at the MLSS of 2000 and 1000 mg/L, result-
ng in the corresponding removal efficiencies as 95%, 88%, and
0%, respectively. These indicate that the removal efficiency
f BPA depended markedly upon the levels of MLSS in the
eactor. Our sorption results indicated that the elimination effi-
iency of BPA by sorption on the sludge increased with the
ncrease of MLSS, but the sorbed BPA on each unit weight
f sludge decreased. Therefore, there were three possible rea-
ons for higher removal efficiency at higher MLSS. First, a high

LSS concentration means more BPA degradation bacteria and
ossible quicker degradation rate; second, there is less BPA on
er unit weight of sludge in higher MLSS system; third, the
orption removal efficiency was greater at higher MLSS than at
ower MLSS. Therefore, it can be concluded that, in addition to
orption, a higher degradation rate contributes the overall high
emoval efficiency at a higher MLSS concentration.
.2.4. Effect of temperature on BPA degradation
Temperature had a significant impact on the degradation of

PA over the tested range of 10–30 ◦C (Fig. 7). Unlike the
orption, the removal efficiency of BPA due to degradation was
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Fig. 7. Effect of temperature on the degradation of BPA.

lower at a low temperature than that at a high temperature. The
emoval efficiencies of BPA at 2 h were 95%, 88%, and 75%
t temperatures of 30, 20, and 10 ◦C, respectively. In another
ord, it took 10, 6, and 5 h to completely degrade BPA at 10,
0, and 30 ◦C, respectively. Similar influence of temperature was
lso reported by Kang and Kondo [24]. They investigated BPA
egradation in river, and claimed that, within the river water
emperature range of 4–30 ◦C, the higher the temperature, the
aster the BPA degradation.

. Conclusions

The removal process of BPA in the aerobic activated sludge
ystem was characterized by sorption on activated sludge flocs
nd subsequent biodegradation. The sorption of BPA on the
terilized sludge could be well described by both Freundlich
nd linear models. Increasing MLSS concentration or tempera-
ure decreased the BPA sorption on the sludge. From sorption
hermodynamics and isotherms, it could be inferred that the sorp-
ion of BPA onto the sludge was mainly a physical process, in
hich partitioning played a dominating role. The degradation of
PA followed the first-order reaction, and the first-order degra-
ation rate constant was 0.804 h−1 at 20 ◦C. The rate of BPA
egradation increased with the decrease of initial COD concen-
ration and the increase of MLSS and temperature. Based on the
bove results, some implications can be obtained to achieve a
igher BPA removal efficiency in aerobic activated sludge treat-
ent system: an increase of MLSS or HRT may compensate

he adverse impact caused by low temperature in cold area, and
mprove the BPA removal efficiency. In addition, the elimina-
ion of easily biodegradable organic compounds is essential to
chieve a high degradation rate of BPA.
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