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a b s t r a c t
Estrogens have great harmfulness to living organisms. Adsorption is a key step to estrogen 
removal in biological process. As a typical estrogen with high estrogen activity, 17 beta-estradiol 
(E2) adsorption behavior by anaerobic granular sludge (AnGS) combined with zero-valent iron 
(ZVI) was researched here. The effect of pH on E2 adsorption by ZVI/AnGS was investigated and 
analyzed through adsorption equilibrium, adsorption kinetics, adsorption thermodynamics, and 
zeta potential. ZVI/AnGS had high E2 adsorption capacity. The optimized condition was pH 6 with 
92.78% E2 adsorption efficiency, 4.95 μg·gVSS–1 equilibrium adsorption capacity, and 0.07 g·μg–1·min–1 
adsorption rate. E2 was adsorbed as cationic forms or neutral inner-sphere surface complexes at a 
pH range of 2–10. The adsorption rate was controlled by film diffusion or intraparticle diffusion. 
Freundlich and Langmuir isotherms were both suitable for describing E2 adsorption process, which 
was exothermic and spontaneous.
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1. Introduction

Estrogens are important environmental contaminants 
that disrupt endocrine systems and feminize male fish.  
A lot of attentions have been focused on estrogen’s fate and 
removal in biological systems, especially in activated sludge 
systems [1–3], owing to estrogen flow into wastewater treat-
ment plant with domestic wastewater. Estrogen transforma-
tion in strictly anaerobic environment has also been reported 
by many researches. The reports about estrogen’s anaero-
bic transformation are related to estrogen transformation 
in sludge anaerobic digester [4,5], in livestock wastewater 
or dairy lagoon water treatment process [6,7], in anaerobic 

membrane bioreactors [8], and so on. It indicates estrogens 
can be removed during anaerobic digestion process [4,9].

As we all know, adsorption is the first step for organic 
pollutant’s biological removal. Biodegradation step often 
happens after adsorption step of organic pollutants by bio-
logical aggregates. Adsorption plays an important role 
about estrogen removal in activated sludge treatment sys-
tem [10,11]. The adsorption process is also crucial to estro-
gen removal in anaerobic systems [12]. More attentions have 
been focused on estrogen’s adsorption by floc sludge [13,14], 
with relatively little attention on granular sludge, especially 
anaerobic granular sludge (AnGS). In fact, AnGS has rela-
tively high estrogen adsorption efficiency with a 60.54% of 
17 beta-estradiol (E2) removal [15].

Estrogen removal process is affected by pH, temperature, 
ion strength, hydraulic retention time, and other operating 
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factors [16,17]. Among them, pH is considered to be a 
 significant influence factor [16]. pH changes the electrostatic 
repulsion on the surface of adsorbent and causes the 
changes of adsorption efficiency and adsorption capacity 
[18]. Urase et al. [19] observed an increase of E2 adsorption 
by activated sludge accompanied with a decrease of pH. 
Zhang et al. [20] found Estriol (EE2) adsorption capacity was 
almost unchanged at pH 3–10 and sharply decreases with 
pH > 10 with sludge derived from different treatment units 
as adsorbent. Chen et al. [14] pointed out the adsorption 
capacity of estrone and E2 to activated sludge was the highest 
at neutral pH. Above researches show that pH has different 
impact trends on estrogen adsorption removal at different 
batch experiments. Little information about pH effect on 
estrogen removal by AnGS can be found.

Zero-valent iron (ZVI) has been widely and successfully 
applied into wastewater anaerobic biological treatment pro-
cess for removing persistent organic pollutant [21]. Zhao 
et al. [22] reported an increase of 48% for E2 adsorption by 
AnGS was obtained after ZVI addition. It indicates ZVI has 
the ability to enhance E2 adsorption by AnGS. E2 is a typi-
cal natural estrogen with high estrogen activity. Hence, we 
investigated the effect of pH on estrogen adsorption by AnGS 
combined with ZVI (ZVI/AnGS) using E2 as representative. 
An optimized pH was obtained according to a high adsorp-
tion efficiency and adsorption capacity of ZVI/AnGS to E2. 
The effect of pH on E2 adsorption by ZVI/AnGS was ana-
lyzed through adsorption equilibrium, adsorption kinetics, 
and adsorption thermodynamics, also with zeta potential.

2. Materials and methods

2.1. Chemicals

17 beta-estradiol-2,4,16,16-d4 (E2-d4) was used as an 
internal standard substance in the analysis process of E2 by 
gas chromatography-mass spectrometry (GC-MS). The E2, 
E2-d4, and BSTFA (1% TMCS) were of an analytical reagent 
grade purchased from Sigma, Germany. Other organic sol-
vents including methanol and ethyl acetate were of chro-
matographic reagent grade from Sinopharm, China. High-
purity water was produced using a Milli-Q Plus system 
(Millipore, USA)

2.2. Adsorption experiment

AnGS was taken from a UASB reactor treating beer waste-
water in Yanjing Brewery, which is located at Shunyi District 
of Beijing. The sludge was washed with pure water and cen-
trifuged at 3,600 rpm for 15 min to remove water-soluble 
constituents. Organic pollutant’s adsorption process by bio-
logical treatment has often been investigated by inactivated 
organism to eliminate the effect of biodegradation [11,13]. 
Before our adsorption experiments, the AnGS was frozen at 
–40°C for 10 h and inactivated by autoclaving at 121°C for 
30 min to eliminate E2 removal through biodegradation.

The effect of pH on estrogen adsorption by ZVI/AnGS 
was investigated by setting a series of batch tests with a pH 
range of 2–10. The batch tests were carried out in a 250 mL 
serum bottles with a 200 mL working volume. Except for pH, 
all environment conditions and operation process in ZVI and 

AnGS system were kept the same as that in ZVI/AnGS sys-
tems in order to compare the effect of ZVI, AnGS, and ZVI/
AnGS on E2 adsorption. E2 initial concentration, AnGS con-
centration, ZVI concentration, and temperature were 8 μg·L–1, 
1.5 gVSS·L–1, 2 g·L–1, and 25°C, respectively, in the serum 
bottles. E2, inactivated AnGS, and ZVI were added into the 
serum bottles in turn. Then, initial pH was adjusted by add-
ing 2 mol·L–1 NaOH or 2 mol·L–1 HCl. After that, the bottles 
were blown for 5 min with high-purity nitrogen (99.999%) 
to remove dissolved oxygen and maintain strictly anaerobic 
environment. Then, the serum bottles were quickly sealed 
with rubber plugs and shaken in a constant temperature 
oscillator at 120 rpm (Jintan Medical Instrument Factory, 
BS-1E, China) for 2 h to ensure adsorption equilibrium was 
reached.

E2 adsorption by ZVI/AnGS was analyzed in terms of E2 
adsorption efficiency (Rremoval) and the adsorption capacity 
of ZVI/AnGS to E2 (qe), which were calculated as follows 
(Eqs. (1) and (2)):
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where C0 (μg·L–1) and Ci (μg·L–1) are initial E2 concentration 
and E2 concentration at time t, respectively; qi (μg·gVSS–1) is 
the amount of adsorbed E2 per gram of AnGS at time t; W 
(gVSS) represents AnGS dry weight; and V (L) represents the 
working volume.

2.3. Kinetic adsorption

Adsorption is a time-dependent process. The adsorption 
rate of a pollutant is an important parameter to evaluate the 
feasibility of the adsorbent for use in wastewater treatment. 
To evaluate the adsorption rate and adsorption dynamics 
mechanism of E2 adsorption by AnGS, two kinetic models 
were used to describe the adsorption data in our experiment.

The pseudo-first-order kinetic model is as follows:
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The pseudo-second-order kinetic model is as follows:

t
q k q

t
qt e e

= +
1

2
2  (4)

where qe (μg·gVSS–1) is the adsorption capacity when adsorp-
tion equilibrium is reached; k1 (min–1) is the adsorption rate con-
stant of the pseudo-first-order model; and k2 (g·μg–1·min–1) is 
the adsorption rate constant of the pseudo-second-order model.

2.4. Adsorption isotherm models

The adsorption phase equilibrium explains the maxi-
mum adsorption capacity of the adsorbent for the adsorbate 
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molecule and the adsorption selectivity. The type of adsorp-
tion isotherm and their corresponding parameter provide 
important basis for designing and optimizing an adsorption 
system. The adsorption equilibrium data in our experiments 
were evaluated by Langmuir and Freundlich isotherms to 
describe the interaction of E2 and AnGS when equilibrium 
was reached between the liquid and solid phases.

The Langmuir isotherm equation is as follows:
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where qmax (μg·gVSS–1) is the maximum adsorption capacity 
of AnGS; b (L·μg–1) is the adsorption equilibrium constant.

The Freundlich isotherm equation is as follows:

q K Ce f e
n=

1
 (6)

where Kf (L·gVSS–1) is a constant related to the AnGS 
adsorption capacity; n is an empirical parameter related to 
adsorption intensity, which changes with the adsorbent’s 
heterogeneity.

2.5. Adsorption thermodynamic

To further study the effect of pH on E2 adsorption by 
AnGS, the thermodynamic behavior was investigated and 
analyzed by Gibbs equation. The Gibbs free energy exchange 
(ΔGo), adsorption entropy exchange (ΔSo), and adsorption 
enthalpy exchange (ΔHo) in the adsorption process were cal-
culated using the following equations:
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where Kd is the distribution coefficient of E2 in the solid and 
liquid phase at equilibrium; R (kJ·mol–1·K–1) is the ideal gas 
constant (8.314 × 10–3); T (K) is absolute temperature; ΔGo 
(kJ·mol–1) is the Gibbs free energy; ΔSo (kJ·mol–1·K–1) is the 
standard entropy change; and ΔHo (kJ·mol–1) is the standard 
enthalpy change.

2.6. Analysis

E2 was measured by GC-MC (Agilent 6890N-5973, USA). 
The reaction solution was filtered through a 0.45 μm glass 
fiber membrane (Jinteng, China). The pH of the filtered water 
sample was adjusted to 2.0–3.0 by 10% HCl. Solid phase 
extraction (SPE) was used to extract E2 in the filtered samples. 
The SPE column was activated in turn by 5 mL ethyl acetate, 
5 mL methanol, and 10 mL ultra-pure water before use. The 
E2 in the filtered water sample was enriched in the activated 
SPE column with a flow rate of 5 mL·min–1. The SPE column 
was eluted by 10 mL methanol, and 10 mL ethyl acetate was 

used to extract E2 enriched in the SPE column. The extraction 
solution was collected in a bottle with 2 mL volume and 
inundated slowly with nitrogen at 45°C. E2 in the bottle was 
treated with 100 μL BSTFA (1% TMCS) for 30 min and then 
with 50 μL pyridine at 70°C. The derived sample was mea-
sured by GC-MC (Agilent 6890N-5973, USA) after cooling to 
room temperature. The sample injection volume was 10 μL.

The gas chromatography was conducted using an 
Agilent DB-FFAP (122-3232) (0.25 mm × 30 mm, film thick-
ness 0.25 μm) with helium as a carrier gas at a flow rate of 
1.0 mL·min–1. The inlet temperature was set to 250°C, and 
the initial temperature of ramping oven was set to 100°C for 
1 min. The temperature of the ramping oven was raised to 
200°C at a rate of 10°C·min–1 and then to 300°C at a rate of 
3°C·min–1. The mass spectrometer conditions were ionization 
mode, EI, with electron energy at 70 eV, interface tempera-
ture of 280°C, ion source temperature of 230°C, quadrupole 
temperature of 150°C, and a solvent delay of 15 min.

The zeta potential of AnGS combined with ZVI before 
and after the adsorption was measured using Zeta-Potential 
Analyzer (90Plus, Brookhaven Instruments Corp., Holtsville, 
NY, USA). The value of zeta potential at the same conditions 
was measured three times, and average values were used 
here. The value of E2 concentration and zeta potential at the 
same conditions were measured three times, and average 
values were used here.

3. Results and discussion

3.1. The adsorption behavior of E2 by ZVI/AnGS

E2 adsorption behavior by ZVI, AnGS, and ZVI/AnGS 
was investigated, respectively. Fig. 1 shows the change of 
adsorption capacity with time in different systems (ZVI, 
AnGS, and ZVI/AnGS) at pH 6. When the adsorption equi-
librium was reached, the adsorption capacities of ZVI, AnGS, 
and ZVI/AnGS to E2 were 1.23, 4.14, and 6.12 μg·gVSS–1, 
respectively. E2 removal was poor in ZVI system, but high in 
ZVI/AnGS system. Not only the adsorption capacity of ZVI/
AnGS system was 47.8% higher than that of AnGS system, 
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but it was 14.0% higher than the adsorption capacity sum of 
ZVI system and AnGS system. This exposed that ZVI addi-
tion increases E2 adsorption by AnGS. There was a syner-
gistic effect between ZVI and AnGS to E2 adsorption. The 
percentage of E2 adsorption by ZVI, AnGS, or the synergis-
tic effect between ZVI and AnGS in ZVI/AnGS system was 
about 20.1%, 67.6%, or 12.3% calculated by the adsorption 
capacity of ZVI, AnGS, and ZVI/AnGS to E2.

3.2. Effect of pH on E2 adsorption by ZVI/AnGS

The effect of pH on E2 adsorption by ZVI/AnGS was 
investigated with a pH range of 2–10. As shown in Fig. 2(a), 
the adsorption capacity was increasing with time at different 
pH. When pH increased from 2 to 6, a small fluctuating vari-
ation was observed for E2 adsorption efficiency and the equi-
librium adsorption capacity (Fig. 2(b)). When pH increased 
from 6 to 10, E2 adsorption efficiency and the equilibrium 
adsorption capacity sharply decreased from 92.78% to 
50.61% and from 4.95 to 2.70 μg·gVSS–1, respectively. A high 
E2 adsorption efficiency (92.78%) and a high equilibrium 
adsorption capacity (4.95 μg·gVSS–1) for ZVI/AnGS system 
were simultaneously obtained at pH 6.

Clara et al. [16] point out that negative surface charges 
of adsorbent are neutralized by hydrogen ions and cause 
the reduction of thermodynamic potential in adsorption 
process. Low pH brought more hydrogen ions in favor of 
E2 adsorption by AnGS. ZVI corrosion more likely occurs at 
lower pH, accompanied with production of lots of hydrogen 
molecules. The large amount of hydrogen molecules might 
affect the contact between E2 and AnGS [23]. The positive 
effect of low pH and the negative effect of hydrogen 
molecules on E2 adsorption by AnGS cancel each other in 
the adsorption process. Therefore, a little change existed 
for E2 adsorption efficiency and the equilibrium adsorption 
capacity when pH increased from 2 to 6. This suggested that 
ZVI addition eliminated the effect of pH on E2 adsorption 
by AnGS at low pH range. Besides hydrogen molecules, Fe2+ 
and Fe3+ are produced in ZVI corrosion process. These ions 
tend to react with hydroxyl and formed colloids at high pH, 
such as Fe(OH)2, Fe(OH)3, Fe(H2O)x

2+, and Fe(H2O)x
3+, which 

might block the aperture of AnGS and occupy effective 
adsorption sites on AnGS’s surface [24]. The above action 
of colloids led to the decrease of E2 adsorption efficiency 
and the equilibrium adsorption capacity at high pH for E2 
adsorption by ZVI/AnGS.

3.3. Adsorption kinetic studies at different initial pH

The pseudo-first-order model and pseudo-second-
order model were used to describe E2 adsorption process at 
different pH to evaluate the adsorption rate and adsorption 
dynamics mechanism of ZVI/AnGS to E2. The values of  
qe, k1, and k2 in Eqs. (3) and (4) were calculated according 
to the slope and intercepts of straight line plots of lg(qe – qt) 
or t/qt versus t (Fig. 3). All parameter values, including the 
theoretical adsorption capacity (qe,cal) and experimental 
adsorption capacity (qe,exp), are summarized and listed 
in Table 1. The values of qe,cal calculated by Eq. (2) were 
far from the qe,exp values. The values of qe,cal calculated by  
Eq. (3) were closer to the qe,exp values. The R2 values for 
pseudo-first-order model ranged from 0.937 to 0.958. The 
R2 values for the pseudo-second-order model were between 
0.993 and 0.999. The R2 values of the pseudo-second-order 
model were higher than those of the pseudo-first-order 
model. The higher R2 values and similar qe,cal and qe,exp values 
prove that the pseudo-second-order model was better suited 
to describe E2 adsorption process by ZVI/AnGS compared 
with the pseudo-first-order model.

The pseudo-second-order model basically includes all 
steps of adsorption such as external film diffusion, intraparti-
cle diffusion, and adsorption reaction. The step of adsorption 
reaction is always considered to be rapid and to be negligible. 
Hence, the overall adsorption rate of E2 by ZVI/AnGS was 
controlled by film diffusion or intraparticle diffusion.

When pH increased from 2 to 6, the values of qe,cal fluc-
tuated between 6.07 and 6.31 μg·g–1. A little change for qe,cal 
was been observed with a pH range of 2–6. The qe,cal declined 
from 6.31 to 3.46 μg·g–1 with pH increasing from 6 to 10. The 
values of k2 increased from 0.04 to 0.07 g·μg–1·min–1 with the 
raise of pH from 2 to 6, and then stay at 0.07 g·μg–1·min–1 
until pH rises to 10. High adsorption rate was exited at a pH 
range of 7–9, but the adsorption capacity in the pH range was 
low than that at pH 6. It was simultaneously obtained a high 
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adsorption rate and a high adsorption capacity of ZVI/AnGS 
to E2 at pH 6. The optimized condition of pH 6 according to 
kinetic analysis was consistent with that on the basis of the 
experiment data of effect of pH on E2 adsorption efficiency 
and the equilibrium adsorption capacity.

3.4. Adsorption isotherms at different initial pH

Freundlich isotherm and Langmuir isotherm (Eqs. (5) 
and (6)) were used to describe the adsorption experimental 
data at different pH. The coefficients of various isotherms 
are listed in Table 2. The R2 values of Freundlich isotherms 
ranged from 0.970 to 0.998. The R2 values of Langmuir iso-
therms were between 0.941 and 0.996. High values of R2 
were exited for both Freundlich isotherms and Langmuir 
isotherms. It means Freundlich and Langmuir isotherms 
were both suitable for describing the adsorption process of 
ZVI/AnGS to E2. But Freundlich isotherm was better than 
Langmuir isotherm to describe the adsorption process.

Kf relates to the adsorption capacity of ZVI/AnGS to 
E2. A high Kf value means a strength adsorption capacity. 
The values of Kf were in a range of 1.046–5.679 at different 
pH (Table 2), which was comparable with the Kf values of  
2.62–3.10 or 3.13–3.44 about E2 adsorption using activated 
sludge or aerobic granular sludge, respectively [12]. This 
confirms ZVI/AnGS has a high adsorption capacity for E2. 
The values of Kf gradually increased from 4.929 to 5.679 with 
a pH rise from 2 to 6 and then rapidly dropped to 1.046 with a 
pH decline from 6 to 10. A higher value of Kf was obtained at 
pH 6, which was consistent with the optimal pH 6 for high E2 
adsorption efficiency and high equilibrium adsorption capacity.

The constant n is an empirical parameter associated 
with the degree of heterogeneity. A higher value of n means 
a stronger adsorption bond exited between adsorbate and 
adsorbent [25]. A favorable adsorption occurs between adsor-
bate and adsorbent when 0.1 <n–1 < 1.0 [26]. The values of n–1 
were in a range of 0.507–0.740, which reflected high adsorp-
tion intensity and binding force between AnGS and E2. Taken 
together, the values of Kf and n–1 in the adsorption process of 
E2 onto ZVI/AnGS at different pH demonstrate that E2 can 
be effectively adsorbed by ZVI/AnGS.

3.5. Adsorption thermodynamics at different initial pH

Table 3 shows thermodynamic parameters for the adsorp-
tion process of E2 onto ZVI/AnGS at different pH. The values 
of ΔGo, ΔSo, and ΔHo in ZVI/AnGS system were all negative. 
The negative values of ΔHo and ΔGo demonstrated that the 
adsorption process of E2 onto ZVI/AnGS was exothermic and 
spontaneous. The negative values of ΔSo suggested a more 
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Fig. 3. Adsorption kinetic at different initial pH: (a) pseudo- 
first-order model and (b) pseudo-second-order model.

Table 1
Kinetic constant for pseudo-first-order and pseudo-second-order model

pH Pseudo-first-order model Pseudo-second-order model qe,exp  

(μg·g–1)
qe,cal (μg·g–1) k1 (min–1) R2 qe,cal (μg·g–1) k2 (g·(μg·min)–1) R2

2 3.85 0.07 0.943 6.07 0.04 0.998 5.83
3 3.94 0.07 0.956 6.27 0.04 0.999 6.03
4 3.48 0.07 0.958 6.31 0.05 0.999 6.09
5 3.39 0.07 0.958 6.10 0.05 0.999 5.97
6 3.40 0.08 0.939 6.19 0.07 0.993 6.12
7 3.56 0.09 0.943 5.56 0.07 0.996 5.38
8 2.52 0.07 0.942 4.95 0.07 0.998 4.81
9 2.35 0.07 0.945 4.30 0.07 0.997 4.14
10 1.78 0.06 0.937 3.46 0.05 0.996 3.34
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ordered behavior or affinity of E2 on the sorbent at the solid–
solution interface [27].

At 25°C, the ΔGo values fluctuated within a range of 
−23.33 to −19.23 and −21.97 to 13.62 when pH increased from 
2 to 6 and from 6 to 10, respectively (Table 3). Two distinct 
regions for ΔGo values were observed in the pH range of 2–6 
and 6–10 at 25°C. The ΔGo value drastically jumped to −17.02 
when pH increased from 6 to 7. Similar phenomenon about 
ΔGo values appeared in other experiments with different 
temperature (Table 3), as well as about ΔHo values and ΔSo 
values. Low ΔGo means high adsorption driving force [28]. 
The high-driving force in pH 6 resulted into a high adsorp-
tion capacity of ZVI/AnGS to E2.

3.6. Zeta potential before and after adsorption at different pH

The change of zeta potential can provide valuable infor-
mation on the surface forms of adsorbates, since the forma-
tion of the surface complexes will change the surface charge. 
The zeta potential values before and after adsorption at 
different pH are shown in Fig. 4. The zeta potential values 
decreased from −0.0203 mV at pH 2 to −30.5333 mV at pH 
6 and then rapidly increased to 0.0012 mV at pH 10 before 

adsorption. Similar trend was observed about the zeta poten-
tial change after adsorption. Two zero charge points (ZCPs) 
were found in our experiments, and they were near about 
pH 2 (pHZCP 2) at low pH range and pH 10 (pHZCP 10) at high 
pH (Fig. 4), respectively. Negative zeta potential value means 
negative electrostatic charges exist in the surface of adsor-
bents. At pHZCP 2 < pH < pHZCP 10, zeta potential values were 
all negative. It indicates the surface of AnGS gets negatively 
charged, thereby supporting more E2 uptake due to electro-
static force of attraction [29]. Lower zeta potential means bet-
ter adsorption removal caused by electrostatic force. The zeta 
potential value at pH 6 was lower than that at other pH. The 
lower zeta potential value at pH 6 results in the higher E2 
adsorption by ZVI/AnGS.

The formation of charged inner-sphere surface complexes 
changes the zeta potential values and the pHZCP, because the 
ion adsorption occurs inside the shear plane [30]. Zeta poten-
tial can be used to indirectly distinguish inner-sphere or out-
er-sphere surface adsorption for adsorbate adsorption on 
adsorbent [31]. Wang et al. [32] studied uranium adsorption 
by manganese oxides using zeta potential and pointed out 
uranium was adsorbed as cationic or neutral inner-sphere sur-
face complexes. Inner-sphere adsorption for Cu2+ adsorption 

Table 2
Adsorption parameters and correlation coefficients for different isotherm models at different pH

pH Freundlich Langmuir

Kf (μg·g–1) n–1 R2 Qmax (μg·g–1) b (L·μg–1) R2

2 4.929 0.507 0.998 7.886 2.042 0.950
3 5.558 0.535 0.993 8.354 2.172 0.943
4 5.561 0.541 0.992 8.511 2.072 0.946
5 5.606 0.620 0.970 9.452 1.198 0.946
6 5.679 0.568 0.989 8.865 1.880 0.941
7 3.432 0.589 0.993 8.264 0.844 0.972
8 2.321 0.740 0.995 11.148 0.279 0.996
9 1.585 0.698 0.987 8.389 0.242 0.988
10 1.046 0.712 0.995 7.246 0.165 0.993

Table 3
Thermodynamic parameters of E2 adsorption by ZVI/AnGS at different pH

pH DGo (kJ·mol–1) DHo 
(kJ·mol–1)

DSo  
(J·mol–1·K–1)5°C 10°C 20°C 25°C 30°C 35°C 40°C

2 –19.40 –19.34 –19.28 –19.23 –19.17 –19.11 –19.06 –22.57 –11.39
3 –22.23 –22.17 –22.10 –22.04 –21.97 –21.91 –21.84 –25.86 –13.02

4 –23.53 –23.46 –23.39 –23.33 –23.26 –23.19 –23.12 –27.37 –13.78

5 –21.44 –21.38 –21.31 –21.25 –21.19 –21.13 –21.06 –24.94 –12.57

6 –22.57 –22.50 –22.43 –22.37 –22.30 –22.24 –22.17 –26.24 –13.19

7 –17.18 –17.12 –17.07 –17.02 –16.97 –16.92 –16.87 –20.03 –10.25

8 –13.75 –13.71 –13.67 –13.62 –13.58 –13.54 –13.50 –16.06 –8.30

9 –21.82 –21.87 –21.92 –21.97 –22.02 –22.08 –22.13 –19.01 –10.10

10 –14.40 –14.35 –14.31 –14.26 –14.21 –14.17 –14.12 –16.97 –9.23
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by activated sludge was found according to the change of 
zeta potential values toward positive direction by Jian et al. 
[29]. All of the zeta potential values after adsorption shifted 
positively at the pH range of 2–10 (Fig. 4). The increased zeta 
potential indicates E2 was adsorbed as cationic forms or neu-
tral inner-sphere surface complexes which neutralized the 
negative electrostatic charges on adsorbent surface.

4. Conclusion

High adsorption intensity and binding force were exited 
between E2 and ZVI/AnGS, resulting in a high adsorption 
capacity of ZVI/AnGS to E2. The optimized condition was 
pH 6 with a high E2 adsorption efficiency of 92.78% and a 
high adsorption rate of 0.07 g·μg–1·min–1. E2 adsorption by 
ZVI/AnGS was an inner-sphere surface adsorption, and the 
adsorption rate was controlled by film diffusion or intrapar-
ticle diffusion. E2 adsorption process was suitably described 
by pseudo-second-order model. Freundlich and Langmuir 
isotherms were both suitable to describe the adsorption equi-
librium process, which was exothermic and spontaneous. E2 
was adsorbed as cationic forms or neutral inner-sphere sur-
face complexes at the pH range of 2–10.
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