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a b s t r a c t
Bisphenol A (BPA), as a typical representative of endocrine disrupting compounds, is extensively 
detected in aqueous solutions and poses a serious threat to human health. Adsorption is one of the most 
effective and simple way to remove bisphenol A in aqueous solutions. In this study, the mesoporous 
carbon (MC) material and the iron-modified mesoporous carbon material (Fe/MC-x (x: 0.5, 1, 1.5)) 
were prepared via one-step hydrothermal synthesis method. The textural properties of MC and 
Fe/MC-x were characterized using transmission electron microscopy, X-ray diffractometer, Fourier 
transform infrared spectrometer and N2 adsorption–desorption. Several influencing factors were 
conducted to investigate the adsorption performance. In addition, the mechanism for the adsorption 
was explained via investigating the characterization part, adsorption isotherms, thermodynamics 
and kinetics, thoroughly. When the optimal parameters of temperature, BPA initial concentration, 
adsorbent dose and contact time were 25°C, 100 mg/L, 10 mg and 3 h, respectively, the maximum 
adsorption capacity of Fe/MC-0.5 could reach 451.6 mg/g. The adsorption equilibrium of MC and 
Fe/MC-x could be reached in 15–20 min. Compared with MC, the adsorption capability of Fe/MC 
increased by 178.5%, and the saturation time shorter up to 25%. Furthermore, the BPA adsorption on 
MC and Fe/MC were well in accordance with the Freundlich isotherm model (R2  > 0.99) while the 
kinetic data were best described by the pseudo-second-order kinetic model (R2  > 0.99). The adsorption 
process was a spontaneous exothermic reaction. The adsorption mechanism is mainly chemisorption 
of hydrogen bonding or π–π stacking interactions.
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1. Introduction

Endocrine disrupting compounds (EDCs) are chemi-
cal exogenous substances that interfere with the endocrine 
system. It enters the human body in some way and can be 
combined with the corresponding hormone receptors in the 
human body, causing hormones naturally secreted by the 
human body cannot be accepted by the hormone receptors 
and disturb with the secretion of normal hormones in the 
human body [1,2]. Thereby, EDCs can destroy the coordina-
tion and stability of human body environment, affecting the 
reproduction, nerve and development of human body [3,4]. 

Bisphenol A (BPA), also known as 2,2-bis(4-hydroxyphenyl) 
propane, as one of the most extensively used endocrine dis-
ruptor, provides a monomeric material primarily for the pro-
duction of polysulfone resin, epoxy, polyphenylene oxide and 
other polymer materials [5–7]. It can also be applied for fine 
chemical products such as plasticizers, flame retardants, heat 
stabilizers, paints and so on. It can be detected in the waste-
water of petrochemical industry, coking, plastic, mechanical 
manufacturing and other industries [3]. However, bisphenol 
A is difficult to biodegrade, resistant to chemical oxidation, 
low volatility, high toxicity and even very low concentra-
tion can lead to great harm to human beings, animals and 
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plants. Furthermore, it can induce liver damage, normal cell 
dysfunction, sexual dysfunction and cancer, which seriously 
threaten the life and health of human beings, are typical 
refractory phenolic substances. Therefore, an effective and 
cheap method for rapid removal of bisphenol A from aque-
ous solution is of great practical significance herein. 

There are various methods to remove bisphenol A in the 
contaminated water, including adsorption [8–11], electro-
chemical processes [12–14], photo-degradation technology 
[15] and biological treatment [16–18]. However, BPA is dif-
ficult to biodegrade completely because of their toxicity to 
microorganisms. For example, application of biological treat-
ment is limited. Although the electrochemical processes and 
photo-degradation technology may effectively removal BPA 
in some way, use of such processes is limited due to their 
high cost and small-scale application [19]. In the actual envi-
ronment, photo-degradation technology is mostly unable to 
be applied due to the unstable degradation effect and single 
object of purification. Compared with these limited applica-
tions, adsorption [20–22] is considered as an optimal method 
owing to its simple operation, high efficiency and economic, 
and widely used in the treatment of BPA containing waste-
water [8,23]. In fact, the key to adsorption process is the 
selection of adsorbents. Over the past few years, researchers 
have strived to research for an appropriate adsorbent for BPA 
with large specific surface area, reusability and production 
feasibility. So far, the adsorbents, such as molecular sieve, 
activated carbon and mesoporous carbon material [24], are all 
befitting adsorbents for the adsorption of bisphenol A. These 
advantages, such as low capital cost, high removal efficiency 
and dose do not produce toxic intermediates than the BPA 
itself [25], make molecular sieve and activated carbon the 
promising adsorbents. The adsorption efficiency of BPA 
onto adsorbents is affected by the molecular mass and size 
of the adsorbed substance [26]. Therefore, most adsorbents 
may be difficult to be penetrated by BPA micropores owing 
to the predominance of micropores (<2 nm). In contrast to 
these adsorbents, however, mesoporous carbon materials 
possess the large specific surface area, suitable pore volume 
and pore size, well-ordered and nontoxicity [27], hence have 
considerable adsorption capacity and better performance 
than other adsorbents. Mesoporous carbon materials with 
moderate size and uniform pore diameter facilitate the diffu-
sion and adsorption of pollutants in the pores [28]. It also has 
high mechanical stability and chemical stability [29]. These 
characteristics make mesoporous carbon materials as opti-
mal adsorbents. In addition, zero-valent iron attracts a lot of 
attention from the researchers due to its efficient reduction, 
adsorption and micro electrolysis [30]. Different properties 
of modified mesoporous carbon adsorbents are obtained via 
the functionalized modification of mesoporous carbon mate-
rials and the introduction of different functional groups on 
their surfaces and channels [31–33], which helps to improve 
the adsorption capacity. In order to improve the adsorption 
properties of polymeric adsorbents, many scientists have 
devoted on chemical modification because van der Waals 
interaction is the main force to drive BPA molecules from bulk 
solution to the adsorbent phase [34]. There have been many 
reports for the removal of BPA using modified mesoporous 
carbon materials; however, to the best of our knowledge, 
few of them researched the Fe-modified mesoporous carbon. 

Hence, Fe/MC-x (x: 0.5, 1, 1.5) is a hopeful candidate to deal 
with BPA. 

Herein a simple method of approach to synthesize 
iron-modified Fe/MC-x is a direct one-step hydrothermal 
treatment [35,36] with three different iron–phenol molar 
ratios (x is iron–phenol ratio: 0.5,1,1.5). The mesoporous car-
bon (MC) was prepared by the hydrothermal synthesis [37]. 
F127 was employed as the template, and Fe(NO3) 3·9H2O was 
used as the iron source. This method has the characteristics of 
stable preparation, simple operation, economic, practical and 
so on. The MC and Fe/MC were characterized through X-ray 
diffractometer (XRD), Fourier transform infrared spectrom-
eter (FT-IR), transmission electron microscopy (TEM) and 
Brunauer–Emmett–Teller (BET). The adsorption behavior of 
BPA onto iron-modified materials is investigated via adsor-
bent dose, contact time and initial concentration by compar-
ing with MC. Kinetic theory was researched to explain the 
adsorption principle of BPA. The adsorption isotherms were 
conducted to determine the preferred isotherms. Besides, 
adsorption thermodynamics was also investigated.

2. Experimental section

2.1. Materials

Pluronic copolymer F127 (PEO106PPO70PEO106, analyti-
cal pure) was obtained from Sigma-Aldrich company, USA. 
Bisphenol A (BPA, the purity of 97%), citric acid monohy-
drate (C6H8O7.H2O, analytical pure), nine hydrated iron 
nitrate (analytical pure), resorcinol (C6H6O2, analytical pure) 
were bought from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Nitrogen (N2, high purity) was provided 
by Qingdao Tianyuan gas (Shandong, China). Anhydrous 
ethanol (CH3CH2OH, analytical pure) and formaldehyde 
(CH2O, analytical pure) were procured from West Long 
Chemical Co., Ltd. (Guangzhou, China).

2.2. Preparation of MC and Fe/MC

The MC was obtained using the hydrothermal synthesis 
method [38]. Briefly, 2.3 g of resorcinol and 1.5 g F127 was dis-
solved in 20 mL of deionized water and 20 mL of anhydrous 
ethanol. 2.3 g of citric acid monohydrate was then added 
to the above solution, magnetic stirring was carried out for 
1 h until completely dissolved. Afterwards, 2.5 g of 37 wt% 
methanol solution was added dropwise into the mixture 
under stirring, and the mixture was stirred for 1 h. The final 
mixture was transferred into a 100 mL hydrothermal reactor 
and heated at 130°C for 10 h. The amorphous precipitate was 
separated by centrifugation, washed with deionized water 
to remove alcohol, and dried in a vacuum oven at 100°C 
for 10 h. The MC was obtained via calcining in a tube fur-
nace from room temperature to 700°C with a heating rate of 
1°C /min for 3 h under nitrogen atmosphere.

Iron-modified mesoporous carbon (Fe/MC) was 
synthesized using direct modification method [39]. At the 
initial step of preparing MC, resorcinol and F127 were added. 
At the same time, 0.42, 0.85 and 1.26 g (corresponding to the 
molar ratio of iron–phenol were 0.5, 1, 1.5), respectively, of 
Fe (NO3) 3.9H2O were put into the mixture. The subsequent 
steps proceeded as the same as MC, and the three kinds of 
solid were designated as Fe/MC-x (x = 0.5, 1, 1.5).
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2.3. Characterization of MC and Fe/MC

TEM (JEM-2010UHR) image was used to observe the 
structure of MC and Fe/MC-x and the distribution of the 
loaded material. The samples are carefully lapped, added 
a small amount of ethanol, ultrasonic processed into sus-
pension, and dispersed on the copper network analysis and 
test. The physicochemical properties of the samples were 
analyzed using the BET (Micromeritics ASAP2000, China) 
method using N2 adsorption–desorption isotherms at liquid 
nitrogen temperature of 77 K. Before the measurement, the 
samples were degassed at 250°C for 8 h. The specific surface 
area was calculated via the BET method. The pore volume 
and pore diameter distributions [40] were derived from the 
isotherms of desorption branches using Barrett–Joyner–
Halenda method. The structure of the sample was recorded 
on a Bruker (Beijing) Technology Co., Ltd., (Haidian District) 
D8 Advance XRD operating at 40 kV tube voltage and 40 mA 
tube flow and using Cu Kα radiation (λ = 1.5406 Å), Ni filter. 
Low-angle XRD scanned in a 2θ range of 0.5°–10°, wide-angle 
XRD scanned in a 2θ range of 5°–75°. The functional groups 
on surface of the samples were detected using a Fourier 
transform infrared spectrometer (FT-IR, NICOLET company 
(Beijing, China), NexuS870) in the range of 400–4,000 cm–1. 
The sample and KBr was ground and pressed together, and 
KBr was a blank background. 

2.4. BPA adsorption and desorption experiments

The adsorption experiments of BPA were conducted 
using a batch system. Different adsorption conditions, 
such as adsorbent dosage (10–30 mg), initial concentration 
(20–100 mg/L), contact time (1–180 min) and reaction tem-
perature (25°C–45°C), on the removal efficiency of BPA 
were investigated. All batch adsorption experiments were 
performed in a series of 250 mL conical flask filled with 
100 mL of BPA solution. The MC and Fe/MC were added to 
conical flask and oscillated on a constant temperature water 
bath shaker. After each adsorption equilibrium, the solution 
was obtained by filtering. The final BPA concentration was 
measured by ultraviolet spectrophotometer at 276 nm. In 
addition to the effect of reaction temperature and contact 
time on the adsorption experiment, all the other experi-
ments were carried out under the operating conditions at 
25°C for 3 h. The adsorption capacity was calculated accord-
ing to the following equations:

Equilibrium adsorption capacity [41]:
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where C0, Ce and Ct (mg/L) are the initial, equilibrium and 
at time t concentrations of the MC and Fe/MC in the solu-
tion, respectively, V (mL) is the solution volume, m (mg) is the 
quality of the MC and Fe/MC.

For the desorption studies, the adsorbents were sepa-
rated from BPA solution and washed with deionized water 
to remove the excess of BPA. Afterwards, the samples were 
treated with 100 mL of deionized water, ethanol solution, 
0.1 M HCl and 0.1 M NaOH solution to elute the adsorbed 
BPA on a constant temperature water bath shaker at 25°C 
for 6 h. The solution was obtained through filtering and the 
final BPA concentration was measured by ultraviolet spectro-
photometer at 276 nm. The desorption percentage (RD) was 
calculated as: 

RD %( ) = Concentration of desorbed BPA by eluent
Initial concenntration of BPA adsorbed on the adsorbent

×100%

� (4)

3. Results and discussion

3.1. Characterization of MC and Fe/MC

TEM images of MC and Fe/MC are shown in Fig. 1. The 
nanopore morphology of materials can be directly observed 
via TEM images, and thus the pore size, pore structure of the 
order and the situation of surface load are judged. From the 
images, the darker portion of the color is pore wall, and the 
lighter part is pore channel. The pore channels of the MC and 
Fe/MC are wormlike, most of them are disordered structures 
[42] and the pore sizes are relatively uniform. This increases 
the specific surface area of the samples and facilitates the 
process of adsorption. Compared with MC, the black spots 
of iron species on Fe/MC are clearly visible, and the disper-
sion of the black spots is more uniform. With the increase of 
the proportion of iron–phenol, the density of the black spots 
increases. It shows that the Fe species are successfully loaded 
into the MC by modified behavior, and no agglomeration. 
The capacity of doping iron increases with the increase of the 
amount of iron. The degree of regularity of Fe/MC is lower 
than that of MC after the doping of iron. This result shows 
that the introduction of iron source in the one-step process 
participates in the prepolymer polymerization process [39], 
affecting the orderly polymerization of the material accord-
ing to the template, and hence results in the damage of the 
material structure.

Fig. 2 presents nitrogen adsorption–desorption isotherms 
and pore size distribution curves of MC and Fe/MC. The hys-
teresis loops of MC and Fe/MC belong to type IV adsorption 
isotherms according to the classification of IUPAC adsorp-
tion isotherms. That is, the low relative pressure is mainly 
monolayer adsorption, followed by multi-layer adsorption, 
and finally the outer superficial sorption, which indicates 
that the iron-modified mesoporous carbon does not destroy 
the mesoporous structure. A distinct type H2 hysteresis loop 
(from 0.4 to 0.7) is appeared in all four adsorbents, indicat-
ing the presence of slit-shaped intercrystallite mesopores 
[43]. During the adsorption process, the adsorption under 
low pressure is related to the monolayer adsorption, and the 
monolayer adsorption is reversible, so there is no hysteresis 
loop in the low-pressure region. However, in the middle and 
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high-pressure region, the desorption vapor pressure is differ-
ent from the saturation pressure during adsorption, resulting 
in the adsorption–desorption curve that does not coincide, 
thus forming the H2 hysteresis loop [44]. In addition, the 
adsorption isotherm appears sharp jump, and the amount of 
uptake of nitrogen decreases with the increase of iron con-
tent. This is due to the capillary agglomeration of mesopores 
generated during the adsorption process, which makes the 
patency of channel less. The distributions of pore size of MC 
and Fe/MC are relatively narrow and uniform, focusing on 
3–4 nm, indicating that the pore size has changed a certain 
degree [45].

The pore size distribution curves clearly show that the 
pore size of MC is mainly around 3.44 nm, while the Fe/MC 
is 3.51, 3.50 and 3.17 nm, respectively. Examining the textural 
properties of MC and Fe/MC-x, including the pore size, pore 
volume and specific surface area (Table 1) shows that pore 
volume and pore size have little change. MC has the larg-
est pore volume of 0.24 cm3/g and the largest specific surface 
area of 644 m2/g, Fe/MC-0.5 possesses a maximum pore size 
of 3.51 nm. The parameters of Fe/MC-1.5 are the smallest, 
which is consistent with the nitrogen adsorption–desorption 
isotherm. The specific surface area of the modified material is 
correspondingly reduced, which may be due to the addition 

Fig. 1. TEM images of MC and Fe/MC.
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of the iron species makes some channels clogged and even 
collapsed, resulting in a slight decrease in the specific surface 
area [46]. 

Low-angle X-ray diffraction patterns of MC and Fe/MC 
are used to determine the order of the samples (Fig. 3). The 
low-angle XRD spectra of mesoporous carbon materials 
before and after modification are similar, indicating that the 
pore structure is resemblance. All samples present only one 
apparent peak at 2θ = 1° [47], and the peak intensity decreases 
after the introduction of Fe. It shows that the channel regu-
larity of the iron-modified material decreases, and the mes-
oporous carbon and its modified materials have no obvious 
ordering, and, which is in accordance with the results of TEM. 
The presumed reason [48] is that the introduction of iron 
species during modification participates in the assembling 
process of template and phenolic resin prepolymer, affecting 
the ordering of pore structure. In addition, Fe (NO3)3.9H2O is 

chosen as the iron source in the experiment. Fe3+ was hydro-
lyzed to form H+. As a result, the addition of iron source and 
the amount of iron source increased, the acidity strength of 
the reaction system increased, the speed of phenolic conden-
sation was affected [48], and the channels became more and 
more messy.

The wide-angle X-ray diffraction patterns (Fig. 4) are 
used to estimate the situation of introduction and the exist-
ing form of iron species in the modified materials. As the 
iron content increases, a new diffraction peak at 2θ = 44.6° 
is observed in the modified materials, corresponding to the 
interplanar spacing of 2.03Å, which is in accordance with the 
(110) diffraction of α- Fe0 (JCPDS card) [49]. It is indicated 
that the iron form supported on the mesoporous carbon after 
the modified behavior is nanometer zero valent iron. In the 
process of material synthesis, the supported iron nanoparti-
cles can be reduced to zero-valent iron by high-temperature 
carbothermal reduction under inert atmosphere, and the 
threshold temperature is 600°C [39,50]. In this experiment, 
MC and Fe/MC are synthesized through high-temperature 
carbothermal reaction under the temperature as high as 
700°C. During the high-temperature carbothermal reaction 
of carbon source and iron nitrate particles, the introduced 
trivalent iron particles are reduced to zero valent iron. The 
weak diffraction peaks of iron may be due to the insufficient 
addition of total iron. 

The Fourier-transform IR (FT-IR) spectra of MC and 
Fe/MC before (a) and after (b) adsorption are used to mea-
sure the structural composition and chemical groups of the 

0.0 0.2 0.4 0.6 0.8 1.0

140

160

180

200

220

240

260

 OMC
 Fe/OMC-0.5
 Fe/OMC-1
 Fe/OMC-1.5

Qu
an

tit
y A

ds
orb

ed
 (c

m2
/g 

ST
P)

Relative Pressure (P/Po)

 

0 3 6 9 12 15

0.0

0.1

0.2

0.3

Po
re 

vo
lum

e /
 (c

m3 ·g
-1

)

Pore diameter / nm

 MC
 Fe/MC-0.5
 Fe/MC-1
 Fe/MC-1.5

Fig. 2. Nitrogen adsorption–desorption isotherms and pore size 
distribution curves of MC and Fe/MC.

Table 1
Textural properties of MC and Fe/MC

Material Pore size 
(nm)

Pore volume 
(cm3/g)

Specific surface 
area (m2/g)

MC 3.44 0.24 643.64
Fe/MC-0.5 3.51 0.23 635.63
Fe/MC-1 3.50 0.24 636.07
Fe/MC-1.5 3.17 0.15 587.26

Fig. 3. Low-angle XD patterns of MC and Fe/MC.

Fig. 4. Wide-angle XRD patterns of MC and Fe/MC.
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samples (Fig. 5). For MC and Fe/MC, the band near 3,437 cm–1 
corresponds to stretching vibration peak of O–H group, the 
peaks at 2,900 and 2,800 cm–1 are attributed to the stretch-
ing vibration peak of C–H group, the peak at 1,746 cm–1 is 
due to stretching vibration peak [51] of C=O. The stretching 
vibration [52] band of aromatic ring is between 1,650 and 
1,500 cm–1. The C–O–C symmetrical stretching vibration peak 
and stretching vibration of C–O as well as bending vibration 
of O–H give rise to bands between 1,300 and 1,000 cm–1. The 
absorption of Fe/MC is more obvious than that of MC in the 
above band. It is shown that the modification of Fe makes 
the oxygen-containing functional groups on the surface of 
the mesoporous carbon material increase correspondingly, 
and thus increasing the polarity of the surface of the meso-
porous carbon material. This is beneficial to the adsorption 
capacity of the material.

Compared with MC, iron-modified materials appear 
through some new peak in the spectrum. The peak at 
1,418 cm–1 indicates the presence of characteristic absorp-
tion peak of Fe. Many new absorption peaks appear in the 
spectrum below 900 cm–1, and the intensity of these peaks 
enhances correspondingly with the increase of the addition 
of iron. It is known that the physical adsorption process only 
changes the displacement and intensity of the characteristic 
absorption bands of the original adsorptive molecules, and 
does not produce a new characteristic peak. Therefore, it is 
inferred that there is chemisorption after Fe modification of 
the mesoporous carbon material, resulting in a new absorp-
tion peak.

After BPA adsorption (Fig. 5(b)), the stretching vibration 
peak of O–H group has a shift from 3,437 to 3,499 and 3,569 cm–1 
after adsorption, which could be attributed to the hydrogen 
bonding between hydroxyl groups in both Fe/MC and BPA 
[30]. Meanwhile, the new characteristic peaks of BPA at 2,800–
3,000 and 500–1,800 cm–1 are recommended in the FT-IR spectra 
of MC and Fe/MC after BPA adsorbed, which turns out that 
a great deal of BPA molecules are adsorbed onto the MC and 
Fe/MC. The peaks at 1,500 cm–1 in the Fe/MC are attributed to 
the stretching vibrations of aromatic C=C, and it shifts a little 
after adsorption, indicating that there might be the π−π interac-
tion between the benzene rings of BPA and Fe/MC planes [52].

In order to better explain the adsorption properties of MC 
and Fe/MC, the SEM images after adsorption are used to esti-
mate the change of the surface morphology (Fig. 6). From the 
images, the surface of MC is smoother. Obvious tiny holes 
are observed on the Fe/MC material, indicating that the Fe 
species are successfully loaded onto the MC by modified 
behavior. As the proportion of iron–phenol increases, the tiny 
holes increase and the dispersion is more uniform. Those tiny 
holes may increase the surface area of the MC and Fe/MC 
and are beneficial to the adsorption process [23]. According 
to the FT-IR spectra after adsorption, the MC and Fe/MC suc-
cessfully adsorbed BPA molecule, therefore, it can be specu-
lated that the white particles are BPA molecules. Compared 
with MC, a large number of BPA molecules are adsorbed in 
the tiny holes of the Fe/MC. However, with the increase of 
the proportion of iron–phenol increases, the structure of tiny 
holes changed slightly, resulting in a decrease in BPA adsorp-
tion capacity. Carbon atoms may participate in the reduction 
process of trivalent iron ions in the channels of MC, which 
may influence the structure of the tiny holes [35].

3.2. BPA adsorption performance of MC and Fe/MC

The effect of dose of MC and Fe/MC on the adsorption of 
BPA is shown in Fig. 7. Under the same experimental condi-
tions, the BPA removal efficiency increases with the increase 
in adsorbent dose, and the change is not sharp. The decrease 
in adsorption capacity with increasing adsorbent may be due 
to the flux separation or the concentration gradient between 
BPA concentration in the solution and the BPA concentration 
in the adsorbent surface [53]. Obviously, the BPA removal 
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efficiency and adsorption capacity of Fe/MC is higher than 
that of MC. The size of the adsorption capacity and removal 
efficiency is arranged in the following order: Fe/MC-0.5 ≈ Fe/
MC-1 > Fe/MC-1.5 > MC. The maximum adsorption capacity 
of each adsorbent is obtained with BPA initial concentration 
of 40 mg/L and the adsorbent dose of 10 mg at 25°C. Among 
them, the maximum adsorption capacity of Fe/MC-0.5 is 
251.0 mg/g, and the corresponding removal efficiency is 
78.77%. For a fixed concentration of BPA, the adsorption 
sites provided by the small adsorbent dose are fully utilized. 
However, the total available active adsorption sites are lim-
ited, easy to achieve adsorption saturation, and the adsorp-
tion sites provided by a large number of adsorbent doses are 
relatively more. Therefore, when the adsorbent dose is small, 
the adsorption capacity is large, and with the adsorbent dose 
increasing, the removal efficiency is increased.

Initial concentration is an important factor affecting the 
adsorption efficiency of BPA. In this study, the effects of dif-
ferent initial concentration of BPA on adsorption capacity 
and removal efficiency are investigated under experimental 
conditions, the range of initial concentration is set from 20 to 
100 mg/L. 

As shown in Fig. 8, the equilibrium adsorption capacity 
Qe of each adsorbent increases with the increase of the ini-
tial concentration of BPA solution. The adsorption capaci-
ties of Fe/MC are higher than that of MC, and the difference 
between them diminishes with the increase of tempera-
ture. The size of the adsorption capacity is arranged in the 
following order: Fe/MC-0.5 ≈ Fe/MC-1 > Fe/MC-1.5 > MC. 
When 10 mg Fe/MC-0.5 adsorbed 100 mg/L BPA solution 

at 25°C, the maximum adsorption capacity of Fe/MC-0.5 is 
451.6 mg/g. In terms of the adsorption capacity, the higher the 
initial concentration of BPA, resulting in the probability of 
collision between BPA molecules and the adsorbent is large, 
thereby the adsorption capacity is large. Iron-modified mes-
oporous carbon materials possess higher adsorption prop-
erties than mesoporous carbon materials due to the active 
sites of adsorption on the mesoporous carbon surface with Fe 
chemical bonds. With the increase of temperature, the adsorp-
tion capacity of MC and Fe/MC all decreases obviously, and 
the slope of each adsorption curve decreases. That is to say, 
the increased rate of the adsorption capacity decreases with 
an increase in initial concentration. When the temperature 
rises, the solubility of BPA in the solution increases [54], 
which makes the adsorption capacity of adsorbents decrease. 

Fig. 7. Effect of adsorbent dose on MC and Fe/MC.

Fig. 8. Effect of BPA initial concentration at different temperature 
on MC and Fe/MC.
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The main reason for this phenomenon is the decrease of 
physical adsorption forces [55]. Adsorption is an exother-
mic reaction, and high temperature is not conducive to the 
adsorption behavior of these adsorbents on BPA.

Another significant factor on BPA adsorption process is 
the contact time, which can control the amount of adsorp-
tion. Fig. 9 shows the effect of contact time on removal of BPA 
by the MC and Fe/MC. The adsorption capacity increases 
significantly with respect to contact time during the first 
20 min of initial stage, and gradually slows down and tends 
to be stable as the adsorption equilibrium occurred at about 
180 min. Therefore, under the experimental conditions, the 
MC can reach the adsorption equilibrium at 20 min, and the 
adsorption equilibrium of modified samples can be achieved 
in 15 min. At the beginning of the reaction, the samples have 
numerous and vacant active adsorption sites, the BPA mole-
cules spread, transfer and adsorb quickly on the surface and 
inside of the adsorbents. With the time lapses, the number 
of vacancy adsorption sites reduces, resulting in a slower 
adsorption rate until the adsorption equilibrium is reached. 
Similarly, the higher the initial concentration of BPA, the 
greater the adsorption rate of adsorbed molecules. The rea-
son for this is probably due to the driving force to the vacancy 
adsorption sites of BPA and adsorbents [56]. Both the MC and 
Fe/MC have larger specific area and pore volume with little 
difference. The larger specific surface area is beneficial to the 
occurrence of adsorption, thereby the adsorbents can quickly 
achieve the adsorption equilibrium.

3.3. Adsorption isotherms 

In order to better explain the adsorption process of the 
MC and Fe/MC in the adsorbent liquid, the adsorption iso-
therm equations are often analyzed using Langmuir [57,58] 
and Freundlich [59] models.

The Langmuir isotherm model can be described by 
Eq. (5) as follows:

C
Q K Q

C
Q

e

e L m

e

m

= +
1

� (5)

Another important dimensionless separation parameter 
related to the Langmuir model, RL, could help predict the 
adsorption model, which is given by Eq. (6):

R
K CL

L

=
+

1
1 0

� (6)

where Qm (mg/g) is the maximum adsorption capacity of 
monolayer at equilibrium, KL (L/mg) is the adsorption equi-
librium constant, which describes the intensity of adsorp-
tion, RL represents the nature of adsorption process, which 
can be grouped into irreversible adsorption (RL = 0), favorable 
adsorption (0 < RL < 1), linear adsorption (RL = 1) or unfavor-

able adsorption (RL > 1). The Qm and intercept 1
K QL m

 can be
 

obtained from slope 
1
Qm

 of the plot 
C
Q
e

e
 against Ce of different 

concentrations, and KL is calculated from Qm.
The Freundlich model can be presented by Eq. (7):

ln ln lnQ K
n

Ce F e= +
1

� (7)

where KF (mg/g) is the Freundlich affinity coefficient. 
Generally speaking, KF decreases with the increasing of 
temperature. n is the Freundlich constant, which is related 
to the adsorption nature. When 2 < n < 10, the adsorption 
reaction is easy to proceed, when n < 0.5, the adsorption is 
difficult to carry out [60]. The slope 1/n  and intercept lnKF 
can be obtained from a straight line of the plot lnQe against 
lnCe of different concentrations. The parameters of adsorp-
tion isotherm according to Langmuir and Freundlich models 
are summarized in Table 2.

The Langmuir model assumes that the adsorption of 
single molecular layer is uniform. The adsorption process 
of heterogeneous surface distribution can be described by 
the Freundlich model. A R2 value of a good fitting model is 
supported to be at least 0.8 [61]. As shown in Table 2, all the 
regression models are a good description of the adsorption 
process of BPA. However, the adsorption data of Freundlich 
model fit better than that of Langmuir model, indicating 
that these adsorption processes belong to heterogeneous 
adsorption occurred in the multi-molecular layer. The KF 
decreases gradually as the temperature increases, indicating 
that the adsorption capacity decreases with the increasing of 
temperature. When n is close to 0.5 at 45°C, the adsorption 
process is becoming more and more difficult. With the tem-
perature increasing, KL decreases overall. It can be seen that 
the adsorption is exothermic reaction, and high temperature 
is not favorable for the adsorption. 0 < RL < 1 and n > 0.5 indi-
cates that the adsorption is a preferential adsorption, and the 
adsorption process is easy to carry on.

Dehghani et al. [24] showed that the isotherm data of 
the single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) fit well with the 
Freundlich–Langmuir and Langmuir isotherm models (R2 
> 0.99), respectively, and the maximum adsorption capac-
ities of the SWCNTs and MWCNTs were 71 and 111 mg/g, 
respectively. Liu et al. [62] reported that the isotherm of BPA 
on mesoporous carbon (MC) and N-modified mesoporous 
carbon (NMC) obeys Freundlich isotherm model. The result 
reported by Cunha et al. [63] concerning Freundlich model 
for sorption of BPA is consistent with this study.Fig. 9. Effect of contact time on MC and Fe/MC.
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3.4. Adsorption kinetics 

In order to better evaluate the mass transfer and chemical 
reaction in the adsorption process, the adsorption rate and 
dynamic equilibrium [13], explain the adsorption principle 
of BPA from the kinetic point of view, pseudo-first-order 
kinetic model, pseudo-second-order kinetic model and 
the internal particle diffusion model are investigated 
in this study [64]. The kinetic data of adsorption are 
calculated based on the relationship between contact time 
and adsorption capacity and shown in Table 3. The model 
equations are as follows.

The pseudo-first-order kinetic model as a basic model 
based on the adsorption capacity of solid is shown in Eq. (8).

ln lnQ Q Q k te t e− −( ) = 1 � (8)

where k1 (min–1) is the pseudo-first-order kinetic adsorption 
rate constant, the theoretical Qe and k1 can be obtained from 
the intercept and slope of the plot ln(Qe – Qt) against t.

The pseudo-second-order kinetics based on the assump-
tion that the adsorption rate is controlled by chemisorption is 
as shown in Eq. (9) [64]: 

t
Q k Q

t
Qt e e

= +
1

2
2 � (9)

where k2 (g/(mg min)) is the pseudo-second-order kinetic 
adsorption rate constant, and the initial adsorption rate 
h = k2·Qe

2, mg/(g·min). The parameters Qe and intercept 
1

2
2k Qe
 

can be obtained from the slope 
1
Qe  of the plot 

t
Qt  against t, and 

k2 can be calculated according to Qe.
The internal particle diffusion model describing the dif-

fusion process of BPA inside the MC and Fe/MC is applied 
in Eq. (10):

Q k t Ct i= +0 5.
�  (10)

Table 2
Adsorption isotherm parameters of adsorbents at different temperatures

T (°C) Model Adsorbent Qm (mg/g) KL (L/mg) RL R2

25 Langmuir MC 271.74 0.0069 0.5916–0.8787 0.7094
Fe/MC-0.5 462.96 0.1280 0.0725–0.2810 0.8875
Fe/MC-1 429.18 0.1643 0.0574–0.2333 0.9609
Fe/MC-1.5 354.61 0.0571 0.1490–0.4667 0.7171

KF(mg/g) N / R2

Freundlich MC 0.6766 0.7220 / 0.9768
Fe/MC-0.5 76.1770 2.3128 / 0.9230
Fe/MC-1 192.5373 5.7644 / 0.9784
Fe/MC-1.5 3.0447 0.8949 / 0.9929

35 Qm (mg/g) KL (L/mg) RL R2

Langmuir MC 249.38 0.0039 0.7178–0.9271 0.9237
Fe/MC-0.5 362.32 0.0588 0.1454–0.4596 0.9477
Fe/MC-1 362.32 0.0270 0.2705–0.6496 0.9101
Fe/MC-1.5 290.70 0.0438 0.1858–0.5329 0.8969

KF (mg/g) N / R2

Freundlich MC 0.9381 0.8486 / 0.9940
Fe/MC-0.5 39.1990 2.3422 / 0.9932
Fe/MC-1 28.3853 2.0484 / 0.9342
Fe/MC-1.5 2.9632 2.1884 / 0.9200

45 Qm (mg/g) KL (L/mg) RL R2

Langmuir MC 230.41 0.0042 0.7040–0.9224 0.8809
Fe/MC-0.5 335.57 0.0042 0.7058–0.9230 0.9798
Fe/MC-1 306.75 0.0067 0.5981–0.8815 0.8436
Fe/MC-1.5 800.00 0.0026 0.7910–0.9501 0.8553

KF(mg/g) N / R2

Freundlich MC 0.1083 0.6222 / 0.9828
Fe/MC-0.5 0.7939 0.8238 / 0.9957
Fe/MC-1 1.8983 0.9636 / 0.9967
Fe/MC-1.5 2.8239 1.1185 / 0.9862
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where ki (mg/(g·min)0.5) is the intraparticle diffusion rate con-
stant, C is the intercept, 1. The intercept C and slope ki can be 
obtained from a straight line of the plot Qt against t0.5.

From Table 3, the equilibrium adsorption capacity of 
the MC and Fe/MC calculated by the first-order kinetic 
model is quite different from the actual experimental value. 
The correlation coefficient value of the pseudo-first-order 
kinetic model is around 0.8, the fitting is not ideal. That is 
to say, the control of the membrane diffusion step is less 
restrictive during the adsorption process. The correlation 
coefficient values of the pseudo-second-order kinetic model 
are better than 0.99, the fitting is preferable. In addition, 
the calculated equilibrium adsorption capacity is close to 
the actual experimental results, and it is proved once again 
that the adsorption kinetics of BPA on the MC and Fe/MC 
can be described in detail by the pseudo-second-order 
kinetic model. This kinetic model can be used to predict 
the adsorption amount of BPA at equilibrium and at differ-
ent contact time intervals [65]. The adsorption mechanism 
lies in the electron sharing or electron transfer between the 
MC and Fe/MC and the BPA [66]. The adsorption process 
is mainly chemisorption as the step of rate control. The 
adsorption rates of the MC and Fe/MC are little different, 
and the adsorption rate of MC is the largest. The internal 
particle diffusion model primarily evaluates the process by 
which the BPA diffuses into the inner surface through the 
outer surface of the MC and Fe/MC. The rate of the process 
is related to the rate of diffusion through the pores. The 
correlation coefficient values of the internal particle diffu-
sion model are about 0.87, the fitting is not good. That is, 
the structure of the MC and Fe/MC has little effect on the 
adsorption process. The internal particle diffusion is not 
the primary step of rate control. All the results suggest that 
the pseudo-second-order kinetics model better explains the 

adsorption kinetics of BPA. The reaction adsorption mech-
anism of the pseudo-second-order kinetics model includes 
the diffusion and adsorption of external liquid film and the 
diffusion of internal particles and other all processes. The 
same results have been confirmed in the report of Iram 
et al. [67]. 

3.5. Adsorption thermodynamics

The degree and the driving force of reaction during the 
adsorption process are usually analyzed by thermodynamics. 
The thermodynamic parameters can be calculated according 
to the Gibbs equation (Eqs. (11)–(13)) with adsorption iso-
therm parameters [68]. The internal energy changes during 
the adsorption process can be described by three thermody-
namic parameters, namely standard enthalpy (ΔH), standard 
entropy (ΔS) and standard free energy (ΔG). The obtained 
parameters are summarized in Table 4.

∆ ∆ ∆G H T S= − �  (11)

lnK S
R

H
RTd =

∆ ∆
− � (12)

K
Q
Cd
e

e

= � (13)

where Kd is adsorption equilibrium constant; R is ideal gas 
constant, 8.314 J/(mol∙K); T (K) is absolute temperature; Ce 
(mg/L) and Qe (mg/g) are the BPA concentration and adsorp-
tion capacity at equilibrium, respectively. The ΔH and ΔS can 
be obtained from a straight line of the plot lnKd against 1

T
. 

Table 3
Kinetic parameters of adsorbents

Model Adsorbent Qe,exp (mg/g) Qe,cal (mg/g) K1 (min–1) / R2

Pseudo-first-order kinetic 
model

MC 119.22 43.81 0.0898 / 0.8345
Fe/MC-0.5 219.22 125.92 0.0726 / 0.8075

Fe/MC-1 221.19 127.20 0.0725 / 0.7103

Fe/MC-1.5 164.74 82.60 0.0771 / 0.8549

Pseudo-second-order 
kinetic model

Qe,exp (mg/g) Qe,cal (mg/g) K2 (g/(mg·min)–1) h (mg·(g·min)–1) R2

MC 119.22 123.92 0.0063 97.2763 0.9985

Fe/MC-0.5 219.22 241.55 0.0016 91.4913 0.9904

Fe/MC-1 221.19 239.81 0.0015 84.4595 0.9863

Fe/MC-1.5 164.74 176.37 0.0027 83.3333 0.9926

Internal particle diffusion 
model

Qe,exp (mg/g) / Ki (mg/(g·min)0.5) C R2

MC 119.22 / 12.1226 63.5217 0.7714

Fe/MC-0.5 219.22 / 30.1736 78.3216 0.8587

Fe/MC-1 221.19 / 29.8578 75.4751 0.8720

Fe/MC-1.5 164.74 / 18.3896 75.8659 0.9111
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ΔG is the basis for judging whether the adsorption process 
is spontaneous, under a certain experimental condition, the 
negative value of free energy indicates the adsorption pro-
cess is spontaneous and feasible [69]. As shown in Table 4, 
the free energy and entropy value of the MC and Fe/MC are 
all negative, indicating that the adsorption process is spon-
taneous and exothermic reaction in nature. The ΔG values 
of modified mesoporous carbon become more negative with 
decrease in reaction temperature, which suggests that the 
BPA adsorption process on the MC and Fe/MC is more spon-
taneous and favorable at lower temperatures. Furthermore, 
the negative values of ΔH confirm the exothermic nature 
of BPA [70]. These are consistent with the analysis of the 
adsorption isotherm. The negative value of ΔS confirms 
that the affinity of the MC and Fe/MC for BPA and reflects a 
decreasing of disorder or randomness on the solid–solution 
interface during the process of adsorption. In addition, 
when the increase amount of iron in mesoporous carbon, the 
entropy value gradually increases, indicating that the disor-
der of the material increases. This agrees with the conclusion 
of the TEM.

The enthalpy value during adsorption process is usually 
used to distinguish whether reaction is physical or chemical 
adsorption. Oepen et al. [71] reported the adsorption heat 
range of different forces. Among them, van der Waals force 
(including dispersion force, induction force and orientation 
force) is about 2–29 kJ/mol, hydrogen bonding force is 
2–40 kJ/mol, ligand exchange force is about 40 kJ/mol, dipole 
force is 2–29 kJ/mol, chemical bond force is greater than 
60 kJ/mol. The range of ΔH is 25–59 kJ/mol, indicating that 
physical adsorption and chemisorption exists simultane-
ously in the adsorption process of the MC and Fe/MC. During 
the adsorption process, the adsorption force of Fe/MC-0.5 
and Fe/MC-1 is between the ligand exchange force and 
the chemical bond force, MC may mainly exists the hydro-
gen bonding force, and the Fe/MC-1.5 may exist the ligand 
exchange force. Therefore, the adsorption of the MC and 
Fe/MC on BPA is the result of synergetic effect of the ligand 
exchange force, the hydrogen bonding force and the dipole 
force, all of which are strong forces. This process indicates 

that physical adsorption and chemisorption may exist at 
the same time, but the performance of physical adsorption 
is not obvious, mainly manifests as chemical reaction. The 
enhanced chemical adsorption capacity not only compen-
sates for the physical loss caused by the decrease in specific 
surface area and pore volume but also greatly improves the 
total adsorption capacity. Physical adsorption is often a pre-
paratory stage for chemisorption.

3.6. Desorption and comparison studies

The application prospective of any adsorbent is a signifi-
cant value because the adsorbent could be more valuable and 
competitive if it can be used for multiple cycles of adsorp-
tion. Here, the desorption accessibility of the MC and Fe/MC 
for the removal of BPA from aqueous solution was explored. 
The desorption test by deionized water, ethanol solution 
(75%, v/v), 0.1 M HCl and 0.1 M NaOH solution is carried 
out. From Fig. 10, it can be found that the desorption of BPA 
is better in ethanol solution. The better recovery of BPA in 
ethanol solution is that BPA belongs to liposoluble substance. 
Therefore, ethanol solution can be used as a cost-effective 
eluant to remove BPA from the MC and Fe/MC.

To investigate the competiveness, a comparison of the 
monolayer adsorption capacity of the MC and Fe/MC toward 
BPA with the reported different adsorbents is shown in 
Table 5. The maximum monolayer adsorption capacity of 
the Fe/MC-0.5 is higher than other obtained for the largest 
number of adsorbents. Furthermore, since the use of any 
other flocculant is not essential, little secondary pollution is 
introduced into aqueous solution during the adsorption pro-
cess. Therefore, the Fe/MC-0.5 can be considered as one of 
the highly efficient adsorbents to remove BPA from aqueous 
solution.

3.7. Adsorption mechanism

The adsorption mechanisms of the MC and Fe/MC 
toward BPA are inferred based on the preceding FTIR, SEM, 
adsorption kinetics, adsorption isotherm and adsorption 

Table 4
Thermodynamic parameters of adsorbents

Adsorbent T/K lnKd ΔH/(kJ∙mol–1) ΔS/(J∙(mol∙K)–1) ΔG/(kJ∙mol–1)

MC 298 0.2219 –32.738 –99.889 –2.971
308 –0.2846 –32.738 –99.889 –1.973
318 –0.3126 –32.738 –99.889 –0.974

Fe/MC-0.5 298 2.0182 –53.118 –161.283 –5.055
308 1.5010 –53.118 –161.283 –3.442
318 0.0971 –53.118 –161.283 –1.915

Fe/MC-1 298 1.9160 –46.254 –139.430 –4.704
308 1.2794 –46.254 –139.430 –3.309
318 0.3388 –46.254 –139.430 –1.8191

Fe/MC-1.5 298 –3.6262 –42.980 –130.534 –4.080
308 1.1317 –42.980 –130.534 –2.775
318 –0.7443 –42.980 –130.534 –1.470
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thermodynamics analysis. According to equilibrium data, the 
adsorption equilibrium could be reached in 15–20 min and 
the kinetic modeling tends to follow the pseudo-second-order 
kinetic model which suggested adsorption mechanism lies 
in the electron sharing or electron transfer between the MC 
and Fe/MC and the BPA. The adsorption process is mainly 
chemisorption as the step of rate control. The results of adsorp-
tion isotherm analysis also indicate that multiple adsorp-
tion mechanisms coexist in the adsorption process. During 
the adsorption process of aromatic compounds and a large 
number of adsorbents, π-bonding is part of the adsorption 

mechanism [74]. According to Fig. 5(b), it also can be found 
that the BPA might be adsorbed onto the MC and Fe/MC by 
hydrogen bonding or π−π stacking interactions. Therefore, 
the adsorption mechanism is mainly chemisorption of hydro-
gen bonding or π−π stacking interactions.

4. Conclusions

(1) MC and Fe/MC were prepared via one-step 
hydrothermal synthesis method. The MC and Fe/MC 
showed a high specific surface area (644, 636, 636, 587 m2/g). 
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Fig. 10. Different desorption solutions for BPA adsorption.

Table 5
Comparison of the monolayer adsorption capacity toward BPA with various adsorbents

Adsorbent Adsorption capacity (Qm, mg/g) Reference 

Biomass-based carbon modified with Fe
Biomass-based carbon with acid-washed
Biomass-based carbon modified with Ca
Single-walled carbon nanotubes (SWCNTs)
Multi-walled carbon nanotubes (MWCNTs)
Mesoporous carbon material (MC)
Fe/MC-0.5
Fe/MC-1
Fe/MC-1.5
MCM-41 mesoporous molecular sieves
MCM-41 modified with phenyltrimethoxysilane

41.5
23.8
16.8
71

111
253.1
451.6
411.8
335.1
416.7
351

[72]
[72]
[72]
[24]
[24]
This study
This study
This study
This study
[41]
[73]
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Modification made the Fe0 exist in the synthesized compos-
ites, and with the amount of iron increasing, the content of 
iron in the synthesized composites increased, the order is 
reduced. 

(2) The adsorbent dose (10–30 mg), initial concentration 
(20–100 mg/L), contact time (1–180 min) and reaction tem-
perature (25°C–45°C) were evaluated, the result showed that 
the equilibrium adsorption capacity was negatively related to 
the adsorbent dosage, and positively correlated with the ini-
tial concentration. The maximum adsorption capacities of the 
MC and Fe/MC were 253.1, 451.6, 411.8, 335.1 mg/g, respec-
tively, and the adsorption equilibrium could be reached in 
15–20 min. Among them, the Fe/MC-0.5 possessed adsorp-
tion capacities of 451.6 mg/g and removal efficiency of 78.8%. 

(3) The equilibrium data of MC and Fe/MC were per-
fectly accorded with the Freundlich isotherm. The kinetic 
modeling tends to follow the pseudo-second-order model. In 
addition, the adsorption process was spontaneous exother-
mic reaction, mainly dominated by both physical adsorp-
tion and chemisorption. The adsorption mechanism is 
mainly chemisorption of hydrogen bonding or π−π stacking 
interactions.
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