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a b s t r a c t

The effects of adsorbate concentration, adsorbent concentration, temperature, pH, and ion strength 
on the 17beta-estradiol (E2) adsorption process by anaerobic granular sludge (AnGS) were investi-
gated in this study. The adsorption process was analyzed according to adsorption isotherm, adsorp-
tion thermodynamics and adsorption kinetics. It was found that E2 was quickly and effectively 
adsorbed by AnGS. The adsorption capacity and adsorption removal efficiency of E2 increased as 
E2 concentration increased, and decreased as AnGS concentration increased. Low temperature, low 
pH, and low ionic strength promoted E2 adsorption by AnGS. The Freundlich absorption isotherm 
accurately described the E2 adsorption equilibrium process by AnGS and the pseudo-second-order 
model accurately described the adsorption kinetics. The overall adsorption process of E2 by AnGS 
was a physical adsorption process of spontaneous heat release controlled both by film diffusion and 
intraparticle diffusion.
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1. Introduction

Estrogens generally exist in rivers, lakes, and other water 
bodies, resulting in an amorphosis of fish, frogs, and other 
aquatic animals at low levels (ng/L) [1]. Estrogens in above 
aquatic system are mainly from WWTPs effluents [2]. It is 
difficult to prevent estrogens from infiltrating into drinking 
water. Estrogens are not detected only in water bodies, but 
also estrogen activities are often strengthened in the chlorine 
disinfection process of drinking water [3]. In essence, the 
ingesting of drinking water carries a certain level of risk [4]. 

The main methods for estrogen removal are physical 
adsorption, chemical oxidation, and biological degradation 
[5]. A great deal of attention has been given to biological 
methods due to the effectiveness and low cost of biological 
treatment [6–8]. Most research about E2 biological removal 
has focused on its removal in activated sludge treatment 
systems [9–11], owing to estrogen flow into WWTPs with 
domestic wastewater. Adsorbed estrogens in activated 

sludge enter into strictly anaerobic environments and 
potentially are released into surrounding water following 
the process of sludge anaerobic digestion [12]. Hence, estro-
gen removal under anaerobic conditions is important for 
ultimately removing and preventing estrogens to flow into 
aquatic system. 

Estrogen transformation in strictly anaerobic envi-
ronment has been reported by many researches [13–15].
Monsalvo et al. [15] investigated the biological removal effi-
ciency of five estrogens in an anaerobic membrane bioreac-
tor, including 17β-estradiol (60.2%), 17α-estradiol (26.5%), 
17α-ethynylestradiol (15.0%), estriol (<1.0%), and estrone 
(<1.0%). Although Mes et al. [16] thought that it was hard 
to degrade estrogens in an anaerobic condition. Carballa 
et al. [17] found that estrogens were removed during the 
process of sludge anaerobic digestion, and natural estro-
gens had higher removal efficiency than artificial estrogens. 
The reported literatures mainly explore estrogen anaero-
bic transformation during the process of sludge anaerobic 
digestion. Little information can be found about estrogen 
removal by anaerobic granular sludge (AnGS).
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As we all know, adsorption is the first step for the 
biological removal of organic pollutants. Biodegradation 
often happens after the adsorption of organic pollutants 
by biological aggregates. Adsorption plays an important 
role about estrogen removal in activated sludge treatment 
system [18,19]. The removal of E2 is a result of biodegra-
dation rather than adsorption by the presence of nitrate in 
an anaerobic reactor, but adsorption is the predominant 
process when nitrate is absent in an anaerobic reactor [20]. 
The adsorption process is also crucial to estrogen removal 
in anaerobic systems.

Strong adsorption removal of organic pollutants by 
AnGS has been extensively investigated owing to the advan-
tages of granular sludge’s high biomass, high extracellular 
polymer, and large surface area [21]. Sun et al. [22] inves-
tigated acidic dye adsorption removal by AnGS grafted 
with polyethylenimine, and observed the maximum color 
removal at low pH value (pH 2.0). Shi et al. [23] explored 
the competitive adsorption of methylene blue and Pb(II) 
by AnGS through fourier transform infrared spectroscopy 
and fluorescence spectroscopy. The adsorption removal of 
organic pollutants by AnGS has been mainly focused on 
dye. Little information about estrogen adsorption removal 
by AnGS can be found.

17beta-estradiol (E2) is a typical environmental hor-
mone with high estrogen activity [5,24]. Hence, it was chose 
to investigate estrogen adsorption process by AnGS. In this 
study, five influence factors on E2 adsorption by AnGS were 
investigated. The adsorption equilibrium, adsorption kinet-
ics and adsorption thermodynamics were analyzed. 

2. Materials and methods

2.1. Sorbents-sludge, adsorbate, and reagent

AnGS was used as sorbents-sludge and taken from a 
UASB reactor treating beer wastewater in Yanjing brewery.
The sludge was washed with pure water and centrifuged at 
3600 rpm for 15 min to remove water-soluble constituents. 
The specific gravity, sludge settling velocity, and particle 
size of the AnGS were 1.011–1.023 g·cm–3, 13.39 m·h–1, and 
1–2 mm, respectively. The AnGS was inactivated before the 
experiment to eliminate estrogen removal through biodeg-
radation. First, the AnGS was stored at –40°C for 10 h to 
keep the integrity of the particles, and then it was heated 
to 121°C for 30 min in an autoclave to ensure the loss of 
biological activity. 

E2 was used as adsorbate in the experiment. 17beta-es-
tradiol-2,4,16,16-d4 (E2-d4) was used as an internal stan-
dard substance in the analysis process of E2 by GC-MS.
The E2, E2-d4, and Bstfa (1%TMCS) were of an analyti-
cal reagent grade purchased from Sigma, Germany. Other 
organic solvents including methanol and ethyl acetate were 
of chromatographic reagent grade from Sinopharm, China. 
High purity water was produced using a MilliQ Plus sys-
tem (Millipore, USA).

2.2. Adsorption experiment

Adsorption studies were conducted by setting a series 
of batch experiments. The effects of initial E2 concentration, 
AnGS concentration, temperature, pH, and ionic strength 

on E2 adsorption by AnGS were investigated. The adsorp-
tion tests were carried out in 250 ml serum bottles with 200 
mL working volume. After adding E2 and inactivated AnGS 
into the serum bottles, the bottles were blown for 5 min 
with high purity nitrogen (99.999%) to remove dissolved 
oxygen and maintain strictly anaerobic environment. The 
serum bottles were then 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. The initial pH 
was adjusted by adding 2 N NaOH or 2 N HCl. 

Adsorption capacity (qe) and adsorption removal effi-
ciency (ϕ) were used here to evaluate E2 adsorption by 
AnGS. qe and ϕ were calculated as follows:
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where qe (μg·gVSS–1) is the amount of adsorbed E2 per 
gram of AnGS when adsorption equilibrium is reached; C0 
(μg·L–1) is the initial E2 concentration; Ce (μg·L–1) is the final 
E2 concentration in liquid phase in each serum bottle; V (L) 
is the working volume; XVSS (g) is the amount of AnGS used 
in the experiment; and ϕ (%) is the adsorption removal effi-
ciency of E2 by AnGS.

Ionic strength (l), the degree of ionic electrical proper-
ties in the solution, was expressed as follows:

I C Zi i= ∑ ⋅
1
2

2  (3)

where Ci (mol·L–1) is the mass concentration of ion i; Zi is the 
valence of ion i.

2.3. Adsorption isotherm models

The adsorption phase equilibrium explains the maxi-
mum adsorption capacity of the adsorbent for the adsorbate 
molecule and the adsorption selectivity. The adsorption iso-
therm is an important parameter to design and optimize an 
adsorption system. The adsorption equilibrium data were 
evaluated by Langmuir, Freundlich, and Tempkin isotherms 
to describe the interaction of E2 and AnGS when equilib-
rium was reached between the liquid and solid phases.

The Langmuir isotherm equation is:

q
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e
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=
⋅ ⋅

+ ⋅
max

1
 (4)

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:

q K Ce f e
n= ⋅

1
 (5)

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

q B C B Ae e= ⋅ + ⋅ln ln  (6)

where B is a dimensionless constant related to the tempera-
ture and adsorption properties of the adsorbent; A is the 
equilibrium constant of the maximum binding energy (L·g–1).

2.4. Adsorption thermodynamic

To further study the effect of temperature on E2 adsorp-
tion by AnGS, the thermodynamic behavior was inves-
tigated and analyzed by Gibbs equation. The Gibbs free 
energy exchange (∆G°), adsorption entropy exchange (∆S°), 
and adsorption enthalpy exchange (∆H°) in the adsorption 
process were calculated using the following equations:
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∆ ∆ ∆G H T S0 0 0= − ⋅  (9)

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; ∆G° 
(kJ·mol–1) is the Gibbs free energy; ∆S° (kJ·mol–1·K–1) is the 
standard entropy change; and ∆H° (kJ·mol–1) is the standard 
enthalpy change.

2.5. Kinetic adsorption 

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

The pseudo-first-order kinetic model is:
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.

.
q q q

k t
e t t−( ) = − 1

2 303
 (10)

The pseudo-second-order kinetic model is:

t
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The intraparticle diffusion model is:

q k t Ct = +3

1
2  (12)

where qt (μg·g–1) is the amount of E2 adsorbed at time t; k1 
(min–1) is the adsorption rate constant of the pseudo-first-or-
der model; k2 (g·μg–1·min–1) is the adsorption rate constant of 
the pseudo-second-order model; k3 (g·μg–1·min–1) is the rate 
constant of internal particle diffusion; t1/2 is the half equilib-
rium time of adsorption process; and C is the thickness of 
the adsorption boundary layer.

2.6. Analysis

E2 was measured by gas chromatography-mass spec-
trometry (GC-MC) (Agilent 6890N-5973, UAS). The reac-
tion solution was filtered through a 0.45 um 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 sam-
ples. 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 nitro-
gen at 45°C. The 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 measured by gas chro-
matography-mass spectrometry (GC-MC) (Agilent 6890N-
5973, UAS) after cooling to room temperature. The sample 
injection volume was 10 μL. 

 The gas chromatograph was conducted using an Agilent 
DB-FFAP(122-3232) (0.25 mm × 30 mm, film thickness 0.25 
μm) with Helium as a carrier gas at a flow rate 1.0 mL·min–1. 
The inlet temperature was set to 250°C, and the initial tem-
perature 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, 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 temperature of 
280°C, ion source temperature of 230°C, quadropole tem-
perature of 150°C, and a solvent delay of 15 min.

3. Results and discussion

3.1. Adsorption characteristics of E2 by AnGS

E2 concentration and E2 removal efficiency were shown 
in Fig. 1 at initial E2 concentration 10 μg·L–1, AnGS con-
centration 1.517 gVSS·L–1, pH 7, and temperature 25°C. E2 
concentration rapidly decreased to 4.46 μg·L–1 after the first 
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Fig. 1. E2 concentration in solution and E2 removal efficiency at 
different time.
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20 min and then gradually became stable. E2 removal effi-
ciency quickly increased in the first 20 min, reaching about 
60.54%. The comparable removal efficiency indicated that 
E2 could be removed by AnGS adsorption. 

3.2. Effect of operating factors on E2 adsorption

3.2.1. Effect of initial E2 concentration

Effect of initial E2 concentration on E2 adsorption 
by AnGS was investigated at AnGS concentration 1.517 
gVSS·L–1, pH 7, and temperature 25°C. Adsorption capac-
ity was used to represent AnGS adsorption ability for E2. 
The experimental data were shown in Fig. 2. The AnGS 
adsorption capacity increased with time under different 
initial E2 concentration (2 μg·L–1, 4 μg·L–1, 6 μg·L–1, 8 μg·L–1, 
10 μg·L–1, 12 μg·L–1). The AnGS adsorption capacity tended 
to be stable after about 20 min. Then, the adsorption equi-
librium was reached. The saturated adsorption capacity of 
AnGS for E2 rose from 0.90 μg·g–1 to 4.86 μg·g–1 as the ini-
tial E2 concentration increased from 2 μg·L–1 to 12 μg·L–1. 
The higher substrate concentration in the liquid resulted in 
more adsorption by adsorbent [25]. The AnGS adsorption 
capacity for E2 increased with initial E2 concentration rang-
ing from 2 μg·L–1 to12 μg·L–1. 

The AnGS adsorption capacity for E2 increased at a fast 
rate in the first 20 min in the experiments with different 
initial E2 concentration, and then increased at a lower rate 
until adsorption equilibrium was achieved. The amount of 
E2 removal in the first 20 min was about 91.37% of the total 
E2 removal. This illustrated that E2 adsorption removal 
by AnGS was a fast adsorption process. Similar result is 
reported by Chiavola et al. [18] who observe a very rapid 
removal of endocrine disrupting chemicals in the first 
30 min by aerobic granular sludge. 

A fast adsorption rate was found in the initial adsorp-
tion process with high E2 liquid concentration. High E2 
concentration can overcome the mass transfer resistance 
between the liquid and solid, and was beneficial for helping 

E2 transfer rapidly to AnGS surface. The concentration gra-
dient of E2 between liquid and solid gradually decreased 
alongside the further adsorption of E2 by AnGS. Then, the 
migration rate of E2 from liquid to AnGS slowed down, and 
dynamic balance was achieved when the migration rate of 
E2 moving to AnGS surface was equal to the rate of E2 mov-
ing out from AnGS surface.

3.2.2. Effect of AnGS concentration

Effect of AnGS concentration on E2 adsorption by AnGS 
was investigated at initial E2 concentration 10 μg·L–1, pH 7, 
and temperature 25°C. The adsorption capacity decreased 
as AnGS concentration increased from 0.773 gVSS·L–1 to 
4.59 gVSS·L–1 (Fig. 3). The E2 removal efficiency increased 
from 38.0% to 76.4% as AnGS concentration increased 
from 0.773 gVSS·L–1 to 3.12 gVSS·L–1 (Fig. 3). After then, 
E2 removal efficiency dropped from 76.4% to 74.8% with 
the raise of AnGS concentration from 3.12 gVSS·L–1 to 4.59 
gVSS·L–1. More AnGS provided more binding sites for E2 
adsorption, which resulted in the increase of E2 removal 
efficiency. However, after a certain point, the increase of 
AnGS concentration caused a decrease of E2 removal effi-
ciency. This may be due to the superposition of adsorption 
sites or blockage caused by high adsorbent concentration 
[26]. Theoretically, an increase of AnGS should have pro-
vided a broader surface for E2 adsorption removal, but 
in fact, the high concentration of adsorbent resulted in a 
shielding effect which prevented the binding of adsorbents 
and adsorption sites and decreased the adsorption capacity 
[27]. It exposed that the adsorption sites of the adsorbent 
cannot be utilized effectively at high adsorbent concentra-
tion, and AnGS adsorption capacity for E2 decreased as 
AnGS concentration increased.

3.2.3. Effect of temperature

Effect of temperature on E2 adsorption by AnGS was 
investigated at initial E2 concentration 10 μg·L–1, AnGS con-
centration 1.517 gVSS·L–1, and pH 7. The experimental data 
are shown in Fig. 4. As temperature increased from 20°C to 
40°C, AnGS adsorption capacity decreased from 4.55 μg·g–1 
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Fig. 3. Effect of AnGS concentration on E2 adsorption by AnGS.
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to 2.87 μg·g–1 and E2 removal efficiency decreased from 
70.0% to 40.3%. High temperature was not beneficial to E2 
adsorption by AnGS. This may be due to the loss of binding 
sites at higher temperature [28]. A similar phenomenon has 
been reported by other researchers [19,29,30]. While Yang 
et al. [31] found that the adsorption capacity increased as 
temperature increased during estrogen adsorption in an 
artificial wetland system.

3.2.4. Effect of pH

The pH of solution has been identified as one of the most 
important parameters in wastewater treatment process. 
Effect of pH on AnGS adsorption capacity for E2 was inves-
tigated at initial E2 concentration 10 μg·L–1, AnGS concentra-
tion 1.517 gVSS·L–1, and temperature 25°C. The pH range in 
our experiment was set between 5.0 and 10.0, according to 
common pH values in practical biochemical treatment pro-
cess. The experimental data were shown in Fig. 5. When pH 
rose from 5.0 to 10.0, the adsorption capacity decreased from 
4.53 μg·g–1 to 3.31 μg·g–1 and E2 removal efficiency decreased 
from 68.79% to 50.22%. In other words, a lower pH resulted 
in a high E2 adsorption capacity and a high E2 removal effi-
ciency in E2 adsorption removal by AnGS. 

The set pH influences the adsorption process in two 
ways: First, by changing the net charge of adsorbate and 
absorbent [32] , and second, by affecting adsorbate solubil-
ity [33]. E2 has a functional group of hydroxyl and unsat-
urated bonds, which may result in a pH-dependent net 
change for E2 molecules [34]. And, the surface of AnGS 
also has a net negative charge. At lower pH values, E2 com-
bined with H+ and produced a net positive charge which 
promoted the combination of E2 and AnGS. Because of 
this, lower pH promoted the AnGS adsorption capacity 
for E2 and increased E2 removal efficiency. The amount of 
negative charged in the solution increased at high pH val-
ues (pH > 7), discouraging E2 and AnGS combination due 
to the repulsion of like charges. In addition, E2 solubility 
increased to 10.46 ± 0.03 as pH increased from 7 to 12 [35]. 
This high solubility caused the ionization and dissolution 
of E2 at high pH, which resulted in the release of adsorbed 
mass to the liquid phase. 

3.2.5. Effect of ionic strength (NaCl)

Ions are normal compositions in wastewater treatment 
reactors [19, 29]. NaCl was selected to investigate the effect 
of ionic strength on E2 adsorption removal by AnGS by 
virtue of its ubiquity. The experiment was conducted at E2 
concentration 10 μg·L–1, AnGS concentration 1.517 gVSS·L–1, 
pH 7 and temperature 25°C. The experimental data were 
shown in Fig. 6. With the increasing of ionic strength, the 
AnGS adsorption capacity for E2 at first slowly increased 
and then rapidly decreased until it became stable. A sim-
ilar phenomenon was observed concerning E2 adsorption 
removal efficiency (Fig. 6). NaCl played a promoted role in 
the adsorption process at lower ionic strength.

When ionic strength increased from 0 mol·L–1 to 0.025 
mol·L–1, the double electric layer between the surface of 
the adsorbate and adsorbent began to be compressed and 
the effective adsorption sites in the adsorbent surface were 
reduced. The distance between AnGS and E2 would be 
shortened in order to maintain the density and the amount 
of points, which resulted in enhanced adsorption capacity 
and E2 removal efficiency [19]. However, the adsorption 
sites may be mainly grabbed off by ionics with the further 
increasing of ionic strength [36]. A competitive relationship 
was exited between ionics and E2 at the adsorption process. 
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The reduction of available adsorption sites caused by high 
ionic strength led to the decreasing of AnGS adsorption 
capacity and E2 removal efficiency.

3.3. Adsorption isotherm

Freundlich, Langmuir and Tempkin isotherms (Eqs. (4)–
(6)) were used to describe the adsorption experimental data 
at initial E2 concentration 10 μg·L–1, AnGS concentration 
1.517 gVSS·L–1, pH 7.0 and temperature 25°C (Fig. 7). The 
coefficients of various isotherms were summarized in Table 
1. The correlation coefficients (R2) of the three isotherms 
were 0.994, 0.992, and 0.929, respectively. The R2 values 
of Freundlich and Langmuir isotherms were higher than 
that of Tempkin isotherm. The higher R2 values indicate 
that Freundlich and Langmuir isotherms more accurately 
described the experimental data than Tempkin isotherm.

Langmuir isotherm is an idealized model and assumes 
the surface of the adsorbent is monolayer, uniform, and that 
the adsorption capacity of all adsorption sites is the same 
[37]. However, the actual surface of AnGS adsorbent was far 
from uniform. The adsorption capacities of different AnGS 
sites were never the same, which was not consistent with 
the assumptions of Langmuir model. Freundlich isotherm is 
obtained under the assumption that a heterogeneous source 
surface has a non-uniformly distributed heat adsorption [38]. 
Because of this, the Freundlich isotherm was suitable for 
describing the E2 adsorption process by AnGS.

As a constant, Kf relates to adsorption capacity. A higher 
Kf value means a higher AnGS adsorption capacity for E2. 
The value of Kf was determined to be 1.02 (Table 1), which 
was comparable with the values of Kf 2.62–3.10 or 3.13–3.44 
about adsorption E2 using activated sludge or aerobic gran-
ular sludge, respectively [19]. The constant is an empirical 
parameter associated with the degree of heterogeneity. A 
higher value of means a stronger heterogeneity [39,40], indi-
cating a higher probability for E2 to combine with AnGS. 
The 0.82 value of (close to 1) reflected high adsorption 
intensity between AnGS and E2. Taken together, the high 
and values demonstrate that E2 can be effectively removed 
by AnGS through adsorption.

3.4. Adsorption thermodynamic

Thermodynamic behavior of E2 adsorption by AnGS 
was investigated at different temperatures. The values of Kd 
were calculated by Eq. (7) according to above experimental 
data. Drawing a straight line of ln-Kc against 1/T, ∆H° and 
∆S° were calculated according the slope and intercepts of the 
fitting equation about the straight line (Fig. 8). The high R2 
coefficient value (0.954) of the fitting equation suggested the 
accuracy of ∆H° and ∆S° in Eq. (8). The values of ∆H° and 
∆S° were –22.3 KJ·mol–1 and –19.7 J·mol–1·K–1, respectively. 
The ∆H° value is close to the values of –31.3 KJ·mol–1 and 
–37.42 KJ·mol–1 reported by Zheng et al. [19] who studied E2 
adsorption by activated sludge and aerobic granular sludge. 
The negative value of ∆H° indicated that E2 adsorption pro-
cess by AnGS was exothermic. Further, lower temperature 
was more conducive to E2 adsorption removal. 

Adsorption process was mainly dominated by chemical 
adsorption at ∆H° > –60 KJ·mol–1, or by physical adsorp-
tion at ∆H° < –40 KJ·mol [41]. Estrogen adsorption by AnGS 
was mainly dominated by physical adsorption (∆H° = –22.3 
KJ·mol–1). The negative value of ∆S° suggests a more reg-
ular state of adsorbate over adsorbent surfaces [42]. The 
values of ∆G° at different temperatures were calculated by 
Eq. (9) and were listed in Table 2. The value of ∆G° was neg-
ative and increased as temperature increased. This negative 
value of ∆G° suggested E2 adsorption process by AnGS was 
spontaneous. The adsorption of E2 by AnGS was a physical 
adsorption accompanying with spontaneous heat release. 
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Fig. 7. Isotherm plots for the adsorption of E2 by AnGS.
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Table 1
Adsorption parameters and correlation coefficients for different 
isotherm models 

Adsorption isotherm model Parameter R2

Freundlich qe = Kf Ce
1⁄n Kf = 1.02 n = 0.82 0.994

Langmuir q
q b C

b Ce
e

e

=
⋅ ⋅

+ ⋅
max

1

qmax = 14.2 b = 0.07 0.992

Tempkin qe = B·ln qe + B·lnA A =1.73 B = 1.68 0.929
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The exothermic nature of E2 adsorption and the increased 
∆G° value explained why AnGS adsorption capacity and E2 
adsorption removal efficiency both decreased as tempera-
ture increased. 

3.5. Adsorption kinetics

A rapid adsorption rate is desirable for adsorption pro-
cesses. Adsorption kinetic models can be used to deter-
mine the adsorption rate and evaluate the availability of 
adsorbent. Three kinetic models (pseudo-first-order model, 
pseudo-second-order model, and intraparticle diffusion 
model) were used to describe the adsorption data at differ-
ent initial E2 concentration to evaluate the adsorption rate 
and adsorption dynamics mechanism of E2 adsorption by 
AnGS.

3.5.1. Pseudo-first-order and pseudo-second-order models

The pseudo-first-order and pseudo-second-order mod-
els were used to describe the experiment data. The values 
of correlation coefficient R2 about pseudo-first-order model 
were between 0.889 and 0.989. The values of correlation 
coefficient R2 about the pseudo-second-order model ranged 
from 0.991 to 0.999. The R2 values of the pseudo-second-or-
der model were higher than those of the pseudo-first-order 
model.

The values of adsorption capacity (qe) and adsorption 
rate constant (k1,k2) in Eqs. (10) and (11) were calculated 
according to the slope and intercepts of straight line plots 
of lg(qe – qt) or t/qt vs t. All parameter values, including the 
theoretical adsorption capacity (qe,cal) and the experimental 
adsorption capacity (qe,exp), were summarized and listed in 
Table 3. The values of calculated with Eq. (10) were far from 
the values. The values of qe,cal calculated by Eq. (11) were 
closer to the qe,exp values. The higher R2 values and similar 
qe,cal and qe,exp values prove that the pseudo-second-order 
model was better suited to describing E2 adsorption pro-
cess by AnGS compared with the pseudo-first-order model.

When initial E2 concentration increased from 2 μg·L–1 

to 10μg·L–1, the values of increased from 0.93 μg·g–1 to 3.90 
μg·g–1. The values of changed only slightly with initial 
E2 concentration rising from 2 μg·L–1 to 6 μg·L–1, but then 
rapidly increased as E2 concentration continue increased 
(Table 3). This jump from 0.34 g.μg–1.min–1 to 1.29 g.μg–1.min–1 
may have been due to overcoming mass transfer resistance 
resulted by an increase in initial E2 concentration from 6 

μg·L–1 to 8 μg·L–1. Higher E2 concentration provided a higher 
mass transfer driving force and overcame the mass transfer 
resistance in the film diffusion and intraparticular diffusion 
processes [43], which promoted a rise in the adsorption rate 
and increased adsorption removal of E2 by AnGS.

The pseudo-second-order model basically includes all 
steps of adsorption such as external film diffusion, intra-
particle diffusion, and adsorption reaction. The step of 
adsorption reaction is always considered to be rapid and to 
be negligible. Hence, the overall adsorption rate was con-
trolled by film diffusion or intraparticle diffusion. 

3.5.2. Intraparticle diffusion model

The intraparticle diffusion resistance was investigated 
by using the intraparticle diffusion model (Eq. (12)) [43]. 
The plots of qt vs t1/2 were determined using Eq. (12) with 
the experiment data at different points of initial E2 concen-
tration, as shown in Fig. 9. The values of K3 and C in Eq. 
(12) were calculated according to the slope and intercepts of 
plots in Fig. 9, as listed in Table 4. The correlation coefficient 
values of R2 ranged from 0.947 to 0.997. The high R2 values 
proved that the intraparticle diffusion model described the 
experiment data well. 

The adsorption equilibriums under different initial 
E2 concentrations were reached at 40 min (Fig. 2). Hence, 
the values for qt and t1/2 were all within 40 min and were 
shown in three regions in Fig. 9. The first region with the t1/2 
between 10 and 20 min was due to the diffusion of E2 from 
the solution to the external surface of AnGS or the bound-
ary layer diffusion of E2 molecules [34]. The second region 
with the t1/2 between 25 min and 35 min described a stage 
of further adsorption where intraparticle diffusion occurred 
with a rate-limiting step. The third region (only shown as 
a data point) was due to the equilibrium stage for which 
intraparticle diffusion started to slow down due to a lack of 
E2 in the solution. The linear plots of the second region did 
not pass through the origin, indicating that intraparticle dif-
fusion was not the only rate-limiting step [43]. The overall 
adsorption process of E2 by AnGS was controlled by film 
diffusion and intraparticle diffusion.

When initial E2 concentration increased from 2 μg·L–1 

to 10 μg·L–1, the values of k3 increased from 0.151 g.μg–1/2.
min–1 to 0.415 g·μg–1/2.min–1 in the first region and further 
increased from 0.017 g·μg–1/2·min–1 to 0.192 g·μg–1/2·min–1 in 
the second region. The rise in k3 values may be attributed to 
a greater driving force with the increase of initial E2 concen-
tration. High E2 concentration stimulated the E2 diffusion 

Table 2
Thermodynamic parameters of adsorption E2 by AnGS at 
different temperatures

T(K) ∆G° ∆H° ∆S°

293.5 –16.52 –22.3 –19.7
298.5 –16.41 –22.3 –19.7
303.5 –16.32 –22.3 –19.7
308.5 –16.22 –22.3 –19.7
313.5 –16.12 –22.3 –19.7
318.5 –16.03 –22.3 –19.7

Table 3
Kinetic constant for pseudo-first-order and pseudo-second-
order model

C0 The pseudo-first-order The pseudo-second-order qe,exp

qe,cal k1 R2 qe,cal k2 R2

2 0.48 0.081 0.913 0.93 0.41 0.999 0.90
4 1.03 0.092 0.957 1.81 0.34 0.999 1.78
6 1.78 0.106 0.965 2.67 0.34 0.997 2.65
8 2.22 0.080 0.894 3.44 1.29 0.994 3.51
10 2.85 0.082 0.899 3.90 1.31 0.991 3.99
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in the AnGS pores and enhanced the intraparticle diffusion 
rate. The values of k3 in the first region were much larger 
than those in second region, suggesting that the adsorption 
of E2 by AnGS proceeded rapidly in the initial stage.

4. Conclusions

1 E2 can be effectively removed by AnGS adsorption 
at a removal efficiency of 60.54%. 

2 E2 adsorption removal by AnGS was a fast adsorp-
tion process. E2 removal efficiency and AnGS 
adsorption capacity for E2 increased with initial E2 
concentration ranging from 2 μg·L–1 to 12 μg·L–1. With 
a rise in AnGS concentration, adsorption capacity 
decreased gradually and E2 removal efficiency first 
increased and then decreased.

3 Low pH and low temperature led to a better adsorp-
tion removal of E2 by AnGS. NaCl played a promoted 
role in the adsorption process at lower ionic strength.

4 The Freundlich isotherm was suitable to describe E2 
adsorption process by AnGS. Thermodynamic stud-
ies indicated that E2 adsorption by AnGS was a 
physical adsorption process accompanying with 
spontaneous heat release.

5 The pseudo-second-order model was proven appro-
priate for describing E2 adsorption kinetics process 
by AnGS. The overall adsorption process was con-
trolled by film diffusion and intraparticle diffusion. 
Kinetic analysis indicated that the adsorption rate 
increased as E2 concentration increased
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