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Bisphenol A removal from water by biomass-based carbon:
Isotherms, kinetics and thermodymamics studies
Biomass-based carbon was modified and used as an efficient bisphenol A (BPA)
sorbent. The simple and environmentally friendly modification method produced
sorbent with a capacity of 41.5 mg/g. The raw material was modified with FeCl3
(Fe-CR), treated with hydrochloric acid (H-CR) or modified with CaCl2 (CaCR). Batch sorption experiments were performed to evaluate the effects of the
initial pH, sorbent dosage, temperature, and contact time on BPA removal. BPA
removal with modified carbons was notably higher than that with unmodified
carbon.

All sorbent materials exhibited very high sorption capacities and

compared favourably to materials reported in the literature. Several isotherms were
applied to describe the experimental results of Fe-CR, H-CR, and Ca-CR modified
carbon residues and the Sips model showed the best fit for all sorbents. Kinetic
studies for the best sorbent material (Fe-CR) showed that the sorption process
follows Elovich kinetics. Desorption cycles were implemented, and sorption
capacity remained with three cycles.
Keywords: biomass-based carbon; activated carbon; environmentally friendly;
sorption; bisphenol A

Introduction
Bisphenol A (BPA) is an anthropogenic compound, initially synthesised in 1890 and used
commercially since the 1950s [1]. BPA is an endocrine-disrupting chemical (EDC),
which can cause abnormalities in the endocrine system functions of humans and other
living organisms. Even minor doses of this emerging pollutant can create permanent
character changes in mature living beings [2, 3]. Nevertheless, BPA monomers are used
in the production of epoxy resins, polycarbonate plastics, and flame retardants.
Researchers have found that BPA leaches from the abovementioned products under
normal use conditions [2-5]. The major source of BPA release in the environment is
industrial wastewater, such as landfill leachate and water used to wash BPA products,
that is ultimately treated in wastewater treatment plants (WWTPs) [6]. BPA is listed as

an emerging pollutant. Complete removal of EDCs cannot be achieved in biological
processes; More than 120 WWTPs worldwide have been studied for BPA levels and
removal capacity [5, 7, 8]. Information about the harmfulness of BPA is contradictory.
The European Commission stated in 2008 that BPA causes no danger for humans, and in
2010, the European Food Safety Authority agreed that current BPA usage in food
packaging is not a risk to humans [9]. By contrast, the government of Canada concluded
that BPA may enter the environment in amounts sufficient to cause a danger to human
health [10]. In 2010, the US Environmental Protection Agency concluded that BPA may
cause a potential risk to aquatic organisms at the current concentration levels [9]. Canada,
USA, and the EU are aligned that BPA use in baby bottles is forbidden due to risk
assessment [9, 10]. In addition, the European Commission is currently preparing
regulations concerning the use of BPA in varnishes and coatings intended to come into
contact with food. This indicates that the Commission may have softened their 2008
stance that BPA causes no danger to humans in any circumstances.
The treatment of BPA-containing water is problematic because of the lack of
appropriate methods. Continuous long-lasting industrial usage of BPA and other EDCs
have resulted in these chemicals being detected in wastewater, surface water, sediments,
groundwater and drinking water [11-15], since the conventional water treatment in
WWTPs is ineffective in the removal of these chemicals [4, 16, 17]. BPA concentration
has been found to be 17.2 mg/L in landfill leachates [18], 12 µg/L in stream water [19],
and 0.42 µg/L in drinking water [20]. Concentrations at the level of 0.23 pg/L or higher
have estrogenic activity [21]. Several technologies have been studied to achieve high
BPA removal, such as ozonation, ultrasonication and advanced oxidation [22]. However,
there is an open question of costs, effectiveness, and suitability at a larger scale.

The harmfulness of BPA and the challenges in wastewater treatment render
research into removal technologies for BPA vital. From the technical and economical
points of view, sorption is promising alternative for the removal of unfavourable
compounds in wastewater. However, the disposal of many kinds of industrial by-products
is expensive and does not fulfil the criteria of sustainability in the industrial field. These
two problems are addressed in combination in those studies where the usage possibilities
of byproducts as sorbents are examined. Several commercially available activated
carbons have been studied in the removal of BPA from aqueous solution [4, 23-25].
Byproducts from different industries and biomass-based materials have also been used as
precursors for carbonaceous sorbent production [23, 24, 26, 27]. The main disadvantages
of the methods are the usage of hazardous and expensive chemicals, high temperatures
and multi-step production processes.
The aims of this research was to study the removal of BPA from the model
solution using modified biomass-based carbon formed in a wood gasification processes
as a sorbent. The studied process was considered from the ecological and economic
standpoints. Sorbent material was chosen for ready availability and modification was
done at room temperature in ambient pressure using non-hazardous and inexpensive
chemicals. Sorption conditions (pH, sorbent dosage, and reaction time) were optimized,
and several desorption cycles of BPA from the sorbent surface were studied to ensure the
possibility of reusing of sorbent. Sorption experiments were performed in three different
temperatures to solve the thermodynamic parameters of the system. Results were
analysed via several kinetic and sorption isotherm models to experimental results.
Intermediates formed during sorption-desorption processes were analysed to clarify the
sorption mechanism and to evaluate the possible organic degradation products.

2 Experiments and methods
2.1 Materials
Biomass-based carbon residue (CR) obtained from a biomass gasification pilot plant
(Sievi, Finland) served as the raw material for the sorbent preparation. A downdraft
gasifier (150 kW) operating at 1000°C was employed, and wood chips (pine and spruce)
were used as the raw materials for fuel, at a feeding rate of 50 kg/h. To ensure uniformity
and product quality, all materials were dried overnight at 110 °C, crushed, and sieved to
obtain a particle size less than 150 μm before use.
2.2 Acid washing
To reduce the ash content by selectively removing mineral components, CR was washed
with a 1 N solution of HCl and H2SO4 (1:1) for 24–29 h at a liquid-to-solid (L/S) ratio of
10 (w/w). The CR samples were filtered and washed with distilled water using an L/S
ratio of 40 (w/w) for at least 1 h. The samples were then filtered and dried at 110 °C
overnight before being crushed and sieved to achieve particles of uniform quality (< 150
μm).
2.3 Chemical modification
Protocol 1, 1 M CaCl2: Carbon residue was mixed with 1 M calcium chloride, CaCl2 (CaCR), with an L/S ratio of 10 (w/w). The mixture was shaken with a magnetic stirrer at
room temperature for 18 h, filtered, washed carefully with distilled water, dried at 110 °C
overnight, crushed, and sieved.
Protocol 2, HCl: Carbon residue was mixed with 1 M hydrochloric acid, HCl (HCR), with an L/S ratio of 10 (w/w). The mixture was shaken with a magnetic stirrer at
room temperature for 18 h, filtered, washed carefully with distilled water, dried at 110 °C
overnight, crushed, and sieved.
Protocol 3, 5.0% FeCl3 (w/w): Carbon residue was mixed with 5.0% iron (III)
chloride (w/w), FeCl3 (Fe-CR) solution and the pH of the mixture was adjusted between
4–5 with 4 M NaOH solution to enable the formation of iron precipitate. The mixture was
shaken with magnetic stirrer for 16 h at room temperature, filtered, washed with distilled
water, dried at 110°C overnight, crushed, and sieved [28].

2.4 Characterization methods
The pore size, pore volume, and specific surface area of the sorbents were determined
from nitrogen sorption-desorption isotherms at the temperature of liquid nitrogen (-196
°C), using a Micromeritics ASAP 2020 (Norcross, GA, USA). Prior to measurements the
samples were degassed for 180 minutes at 2 µm Hg and 140 °C. BPA concentration was
analysed in the filtrate solution by a Shimadzu UV-1800 Spectrophotometer or by an
HPLC (High Performance Liquid Chromatography) equipped with an ultraviolet-visible
(UV-VIS) detector, using a 226 nm wavelength (Shimadzu SPD-10A), acetonitrile 45%
and formic acid 0.1% as an eluent, a flow rate of 0.5 mL/min, and an operating
temperature of 30°C. Compounds were separated by a SunFireTM C18 5m 2 L x 100 mm
column.
ICP-OES (Perkin Elmer Optima 5300 DV) was used to measure the iron content
of the sorbent; the possible leached iron after sorption experiments was detected by AAS
(Atomic Absorption Spectrometer, Perkin Elmer AAnalyst 200) from the liquid phase at
a wavelength of 248.3 nm. FESEM (Field emission scanning electron microscopy, Zeiss
ULTRA plus) equipped with EDS (Energy-Dispersive X-ray Spectroscopy) was used to
study the morphology and elemental composition of the Fe-CR sorbent.
Liquid chromatography time-of-flight mass spectrometry (LC-TOF-MS, Waters
AcQuity™ UPLC system paired with Waters Synapt G1) operated in negative ionisation
mode was used for the identification of possible BPA intermediates after desorption
experiments. LC analyses were run with water and acetonitrile as the mobile phase, with
a flow rate of 0.4 mL/min. The compounds were separated using an AcQuity
UPLC®BEH C18 1.7 um, 2.1 x 100 mm column at an operating temperature of 30°C.
The total chromatographic run time was 6min.
2.5 Batch sorption experiments
The effects of initial pH, sorbent dosage, and contact time on the removal of BPA were
studied in each sorbent. To determine the optimum initial pH for BPA sorption by
different sorbent materials, batch equilibrium studies were carried out at pH values of 2–
8 using an initial concentration of 60 mg/L BPA solution, which was prepared by diluting
solid BPA in MilliQ water. The pH of the solution was adjusted with HCl and/or NaOH.
CR is a strongly alkaline material with a high buffering capacity [29], so pH adjustment
was performed after adding the sorbent to the BPA solution to ensure the correct pH
during the experiment. The bottles were placed on a laboratory shaker using a

reciprocating motion at room temperature for 24h. The pH optimisation experiments were
performed using polyethylene flasks, and the sorbent dosage was 5.0 g/L. Sorbent dosage
optimisation tests were done with a sorbent mass of 1.0–25 g/L. When the pH and sorbent
dosage optimisation experiments were completed, the effect of contact time was studied
in the optimised conditions in a 2 L reactor vessel equipped with a magnetic stirrer at
1000 rpm, using an optimum pH, sorbent dosage of 5.0 g/L, and initial BPA concentration
of 60 mg/L. Samples were collected regularly between 1 and 1440 minutes. All sorption
experiments were performed at room temperature, and all pH and concentration
optimisation experiments were duplicated. All samples, including the initial samples,
were centrifuged before filtering.
The reusability and regeneration of the sorbents were tested by running three
sorption-desorption cycles using ethanol as a removing agent. The experiments were
performed at the optimised conditions at room temperature using a 0.5 L reactor vessel
equipped with a magnetic stirrer at 1000 rpm. The initial concentration of BPA solution
was 60 mg/L. During the sorption cycle (24h) one sample was collected after 24h constant
time. Samples taken during the desorption were collected between 1 and 1440 minutes.
All samples were filtrated prior to BPA concentration measurements by HPLC.

2.6 Sorption isotherms
Sorption isotherms are models based on the experimental data that describe the sorption
capacity at variable sorbent masses. Langmuir [30], Freundlich [31], Dubinin‒
Raduschkevich (DR) [32], Temkin [33], Redlich‒Peterson (RP) [34], Toth [35] and Sips
[36] models, introduced in Table 1 (supplementary data), were applied to the
experimental mass optimisation data. Isotherm parameters were obtained using nonlinear
regression with the OriginPro 2017. Calculated sorption capacities at the equilibrium
qe(calc) (mg/g) were compared to the experimental ones which were calculated from the
equation:
𝑞𝑒(𝑒𝑥𝑝)=(𝐶0−𝐶𝑒)𝑉,

(1)

𝑚𝑎𝑑𝑠

where 𝑚𝑎𝑑𝑠 (g) is the mass of the sorbent, V (L) is the volume of the solution, and 𝐶0 and
𝐶𝑒 are the initial and equilibrium concentrations (mg/L) of BPA, respectively.

Residual root mean square error (RMSE) and correlation coeffient value (R2) were
used to evaluate the functionality of the isotherm equations compared to the experimental
data. The calculated expressions of error functions can be defined as follows:
1
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(3)

where n is the number of experimental data points, p is the number of parameters and
qe(exp) and qe(calc) are the experimental and calculated values, respectively, of sorption
capacity in equilibrium [37, 38]. A small error function value indicates a good fit.
2.7 Kinetic modelling
The pseudo-first-order [39], pseudo-second-order [40] and Elovich [41] kinetic models
were used to describe the sorption kinetics. Kinetic parameters were obtained using
nonlinear regression with the OriginPro 2017. Table 2 (supplementary data) presents the
non-linear equations of these models.

The diffusion mechanism was analysed using the intraparticle diffusion model
introduced by Weber and Morris [42]:
𝑞𝑡 = 𝑘𝑖𝑑 𝑡1/2 + C,

(4)

where kid (mg g−1min-1/2) is the intraparticle diffusion on the rate determining step and C
is the intercept related to the thickness of the boundary layer. Residual root mean square
error (RMSE, equation 2) and correlation coeffient value (R2, equation 3) were also used
to evaluate the functionality of the kinetic model compared to the experimental data.
2.8 Sorption thermodynamics
Van’t Hoff equation’s form
ln 𝐾 =

∆𝑆
𝑅

∆𝐻

− 𝑅𝑇

(5)

was used to solve the change in enthalpy (∆H) and entropy (∆S) during the sorption
process by drawing the ln K versus 1/T and solving ∆H from the slope and ∆S from the
intercept of the equation of the linear diagram. In equation 5, R is the universal gas
constant (8.314 J/mol K), T is the temperature used in the experiments (K), and K (L/g)
is the equilibrium constant calculated from the experimental results in equilibrium
conditions by equation
𝑞

𝐾 = 𝐶𝑒
𝑒

(6)

The change in free energy (∆G) in BPA sorption can be calculated using the equation
∆𝐺 = −𝑅𝑇𝑙𝑛𝐾

(7)

3 Results and discussion
3.1 Sorbent characterisation
Table 1 presents the specific surface areas, pore volume, and pore size for the studied
materials before and after the sorption experiments at room temperature. Decrease in both
specific surface area and total pore volume during sorption experiments can be observed,
indicating BPA sorption to the surface. Pore size increases, which is probably due to the
leaching of iron or calcium bound to the surface of the material. The specific surface area,
pore size distribution, and pore volume are higher for the Fe-CR sorbent compared to the
H-CR and Ca-CR sorbents. Fe-CR sorbent has a high mesoporosity and some
macroporosity, whereas the other two sorbents are mostly micro- and mesoporous. Most
sorption is known to occur in the micropores [43]. However, meso- and macropores are
important as they function as a passageway for activating chemicals. Iron chloride has
been generally used as an activating agent when preparing active carbon, and it has been
reported to increase the surface area [44]. Therefore, the role of iron in surface formation
and the different preparation methods used between the sorbents might explain the higher
surface area and different porosity distribution of the Fe-CR sorbent.

Table 1 near here.
The iron content of the Fe-CR sorbent analysed with ICP-OES, was 4.4 wt-%, and
it was found to be in good agreement with the target iron content (5 wt-%). The EDS
analysis confirmed this result, indicating the presence of iron with average value of 5.8

wt-%, which was calculated using 20 small areas, analysing results obtained by EDS. The
images obtained from FESEM (Figure 1) show heterogeneously dispersed iron particles
(<< 1µm) and a porous structure.

Figure 1 near here

3.2 Effect of initial pH
BPA sorption onto Fe-CR, H-CR, and Ca-CR was studied at pH 2–8 (Figure 2). The
highest sorption capacity and BPA removal is reached at pH 4 for Fe-CR and Ca-CR and
pH 5 for H-CR. BPA occurs in electrically neutral species at these pH conditions, so no
repulsive forces interfere with the sorption process. As the pH becomes more basic, BPA
ionizes, and the repulsive forces between the sorbent surface and anion (bisphenolate)
become significant, affecting the sorption process negatively. Figure 2 clearly shows this
phenomenon for the Ca-CR sorbent; as the pH changes from 4 to 8, BPA removal
decreases from 85% to 55%. By contrast, Fe-CR and H-CR can be seen to have wider
working pH range. Fe-CR was found to have the highest BPA removal and sorption
capacity (94% and 11.2 mg/g, respectively).

Figure 2 near here.

3.3 Effect of sorbent dosage and sorption isotherms
The experiments to analyze the effect of sorbent dosage were done at the optimum pH,
and the studied dosages were 1.0–25 g/L. Figure 3 indicates that the removal of BPA
increases rapidly as the sorbent dosage increases until 5–10 g/L, after which equilibrium
is reached. The rapid removal is because more free sorption sites are available at the
beginning [45]. At equilibrium, BPA removal remains almost unchanged, which may be
the result of agglomeration of the sorbent [45, 46]. By contrast, after exceeding the
optimum dosage of sorbent, the viscosity of the solution may increase, reducing the free
surface area due to agglomeration, and hence sorption is reduced [47]. Five g/L was
selected as the optimum dosage for all sorbents because of high removal efficiency and
sorption capacity.

Figure 3 near here.

Langmuir, Freundlich, DR, Temkin, RP, Toth, and Sips isotherms were applied
to the experimental mass optimization data. According to the correlations coefficients and
root mean square errors, the Sips isotherm was the most suitable model for all studied
sorbents. Sips isotherms for all the sorbents are illustrated in Figure 4, and Table 2
presents isotherm parameters. Comparison for other sorption capacity of other materials
have been presented in Table 3.

Table 2 and 3 and Figure 4 near here.

3.4 Effect of contact time
The effect of contact time was studied in optimum conditions at room temperature and 5
g/L sorbent: Initial pH was 4, 5, and 4 for Fe-CR, H-CR, and Ca-CR, respectively. Figure
5 illustrates the results. The sorption is very rapid and attains equilibrium almost
immediately.

Figure 5 near here.

Pseudo-first-order, pseudo-second-order, and Elovich models were applied to the
kinetic data. Table 4 presents the kinetic parameters. According to the correlation
coefficients and root mean square errors, the Elovic model was the best fit for Fe-CR, the
pseudo-second order model gave the best fit for Ca-CR, and both models had equal R2
values for H-CR. Figure 5 illustrates the best model for all three sorbents.

Table 4 near here.

3.5 Weber and Morris intraparticle diffusion model
Kinetic data was also used to evaluate the mechanism of BPA sorption, applying the
intraparticle diffusion model. Figure 6 presents the results; sorption is triphasic in all
cases. In the first stage, the majority of BPA is sorbed when instantaneous sorption takes
place on the external surface sites. In the next stage, the sorption capacity increases only

slightly when BPA is sorbed onto the inner pores. In the third stage, the sorption rate stays
almost constant because BPA concentration in the solution is low.

Figure 6 near here.

3.6 Thermodynamic parameters
Thermodynamic parameters of sorption processes were obtained from the slope and
intercept of the Van’t Hoff plot of ln Kc versus 1/T and are listed in Table 5. The negative
values of ∆G with all sorbents indicate that the sorption process is spontaneous. In
addition, the positive values of ∆S reveal that entropy increases during the sorption
process. The sorption is endothermic, since the ∆H is positive. However, the ∆H is smaller
than 40 kJ/mol, which means that the process is based on physisorption involving weak
interactions.
Comparison of the produced sorption materials shows that sorption of BPA on the
surface of Fe-CR is the most spontaneous. In addition, the ∆H of the reaction is smaller
for Fe-CR than with other materials. Figure 1 (supplementary data) shows the Van't Hoff
plot for sorption of BPA removal by Fe-CR.

Table 5 near here.

3.7 Desorption experiments
The desorption experiments were carried out for the optimum sorbent material and
identified Fe-CR; the results are shown in Figure 8. Approximately 40–50% desorption
efficiency was reached within 72h. While the sorption capacity can be observed to remain
almost unchanged during the regeneration cycles of Fe-CR, the desorption capacity
decreases slightly, from 5.6 to 4.9 mg/g (Table 6). These results indicate that Fe-CR is a
stable material that can retain the pollutant; therefore, this material could be used in
wastewater treatment processes.

Table 6 and Figure 7 near here.

3.8 Degradation products and sorption mechanism
There is also the possibility that BPA degrades during sorption because the solution may
contain minor amounts of certain metals. The most promising material, Fe-CR, was
modified with iron, which is a catalytically active metal [45, 46, 49]. Therefore, the
possible degradation products were studied and detected by LC-MS and HPLC after BPA
desorption from Fe-CR sorbent. The results showed that BPA (m/z [M-H]- 227.1045,
MW: 228) and a possibly identified BPA dimer (m/z [M-H]- 453.2064, MW: 454)
appeared with over 97% abundance [50, 51]. Other possible degradation products
detected in trace amounts were A) C7H5O2 (m/z [M-H]- 121.0284, MW: 122), B) C8H8O2
(m/z [M-H]- 135.0434, MW: 136), C) C15H15O2 (m/z [M-H]- 223.0265, MW: 224) D)
C15H15O3 (m/z [M-H]- 243.1009, MW: 244), E) C3H29O4 (m/z [M-H]- 453.2055, MW:
454), and F) C45H43O6 (m/z [M-H]- 679.3056, MW: 680). Some of these compounds have
elsewhere been identified as BPA oxidation intermediates/products, such as phydroxybenzaldehyde (compound A, [52]) and p-hydroxyacetophenone (compound B,
[52-54]). For compounds D, E, and F, tentative structures have been reported by Potakis
et al. (2017) [51] and Poerschmann et al. (2010) [50]. The possible leakage of iron ions
from the Fe-CR sorbent was analyzed after the 24h sorption experiment by AAS at pH 4,
and 0.1–0.3 mg/L leaching of iron was observed. The homogenous Fenton process is
effective only when enough iron (50–80 mg/L ) exists, which was not the case during
these experiments [55].
BPA is present mainly as an electrically neutral species at pH 4–9. It can
deprotonate to monovalent anions at pH 7–12, and it starts to form divalent anions at pH
9 [7, 52, 56, 57]. Some degradation products exist, as listed above. However, BPA
remains mainly undegraded, which was ensured in sorption-desorption cycle
experiments. It can be hypothesized that iron is in oxidized form on the sorbent surface
and so could form molecular coordination with BPA [45, 46].

4 Conclusions
Carbon residue from the wood gasification process modified with iron, acid washing, or
calcium were studied for BPA removal. Fe-modified carbon residue exhibited higher
removal capacity than Ca-modified or acid-washed material. The higher surface area of
Fe-modified samples explains this result. The optimum pH required for maximum
sorption was found to be 4 for Ca-modified and Fe-modified carbons and 5 for acid-

washed carbon. The maximum experimental sorption capacities were 41.5, 23.8, and 16.8
mg/g for Fe-modified, acid-washed, and Ca-modified carbon residue, respectively. The
Sips isotherm model described the sorption well. Sorption kinetics followed the Elovic
model, and the Weber and Morris intraparticle diffusion model showed that the sorption
mechanism included three different steps. The positive enthalpy value indicates that the
sorption process was endothermic. The results from the present study indicate that Femodified carbon residue could be a technically feasible BPA sorbent for wastewater
treatment.
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Table 1. Specific surface areas, pore sizes and volumes of sorbents.
Sample

Fe-CR
fresh
Fe-CR
used
H-CR
fresh
H-CR
used
Ca-CR
fresh
Ca-CR
used

BET
BET
m2/g

Pore
volume
cm3/g

Pore
size
nm

BJH
Micro
d<2nm
cm3/g

103.0

0.146

5.70

96.6

0.139

74.0

Macro
d>50
nm
cm3/g

Total
volume
cm3/g

0.010

Meso
2<
d<50
nm
cm3/g
0.109

0.018

0.137

5.80

0.009

0.105

0.016

0.109

5.89

0.011

0.009

57.8

0.098

6.79

0.008

76.9

0.113

5.88

62.0

0.110

7.10

[%]
Micro
d<2nm

Meso
2<
d<50
nm

Macro
d>50
nm

7.30

79.6

13.1

0.130

7.08

80.8

12.1

-

0.019

55.5

44.5

-

0.007

-

0.015

55.5

44.5

-

0.011

0.008

-

0.019

56.3

43.7

-

0.009

0.007

-

0.016

54.1

45.9

-

Fe-CR is chemically with iron modified carbon residue, H-CR acid washed carbon residue, CaCR chemically with calcium modified carbon residue.

Table 2. Isotherm parameters and errors for the sorption BPA removal on Fe-CR, H-CR
and Ca-CR.
Experimental/
Model
Experimental
Sips

Constant
[unit]
qm[mg/g]
qm [mg/g]
bS [L/mg]
nS
R2
RMSE

Fe-CR

H-CR

Ca-CR

41.52
62.15
0.093
1.658
0.963
3.205

23.84
27.95
0.079
1.740
0.922
2.863

16.84
17.73
0.072
6.218
0.986
0.904

Model solution: Initial pH: 4 for Fe-CR and Ca-CR, pH 5 for H-CR, Co(BPA): 60 mg/L,
m(sorbent): 5 g/L, contact time: 24 h and temperature 22–23 °C.

Table 3. Comparison of sorption capacity qm(mg/g) of various sorbents for the removal
of bisphenol from aqueous phase.
Sorbent

Capacity
q (mg/g)
2.1a

c [mg/L]

Sorbent
dosage [g/L]
0.1

Time

Carbon from Moso bamboo
< 1000
24 h
(400 ˚C)
Carbon from wood
4.2-18.2a
n.a
n.a
48 h
processing by-product
(600˚C)
Carbon from Moso bamboo
11.4a
< 1000
0.1
24 h
(700 ˚C)
Carbon from wood
24.1-31.4a
n.a
n.a
48 h
processing by-product
(800˚C)
Iron-modified carbon
41.5b
60
5.0
24 h
Carbon from Moso bamboo
41.8a
< 1000
0.1
24 h
(1000 ˚C)
Activated carbon from
188.9a
50-350
1
7 days
almond shells
Activated carbon from
328.3a
60-100
0.05-0.25
2h
coconut shells
a
Langmuir maximum sorption capacity, q m,calc, bExperimental maximum sorption capacity
n.a not available

Reference
[23]
[24]

[23]
[24]

This study
[23]
[48]
[25]

Table 4. Pseudo-first-order, pseudo-second-order and Elovich model parameters for Femodified carbon residue (Fe-CR), acid washed CaCl2 treated CR (Ca-CR) and acidwashed carbon residue (H-CR) in BPA removal.
Pseudo-first-order model
Sorbent
qe,exp
(mg/g)
Fe-CR
11.59
H-CR
10.87
Ca-CR
10.45
Pseudo-second-order
Sorbent
qe,exp
(mg/g)
Fe-CR
11.59
H-CR
10.78
Ca-CR
10.45
Elovich model
Sorbent
qe,exp
(mg/g)
Fe-CR
11.59
H-CR
10.87
Ca-CR
10.45

qe,calc
(mg/g)
1.16
10.61
10.23

k1

qcalc
(mg/g)
11.27
10.72
10.29

k2

b

υ0
(g/L)
5.59
7.96
7.77

(1/min)
2.45
2.73
2.44

(g/mg min)
0.75
0.98
0.97

(mg/g min)
3.40∙1024
1.35∙1034
5.91∙1031

R2

RMSE

0.990
0.993
0.996

0.328
0.228
0.164

R2

RMSE

0.996
0.998
0.999

0.216
0.123
0.088

R2

RMSE

0.999
0.998
0.998

0.0874
0.108
0.114

Table 5. Thermodynamic parameters for the sorption of BPA on studied sorbents at
different temperatures.
Sorbent
Fe-CR

H-CR

Ca-CR

Temperature (°C)
10
22
40
10
22
40
10
22
40

∆G(kJ/mol)
-19.3
-21.2
-23.1
-14.9
-18.0
-19.3
-15.3
-16.1
-19.7

∆S(J/mol K)

∆H(kJ/mol)

126.2

16.3

145.5

25.9

147.0

26.7

Table 6. Evolution of sorption and desorption capacity of Fe-CR after each cycle. The
sorbent dosage 5g/L, BPA concentration 60 mg/L, pH: 4, time 48 h/cycle.
Cycle

q (mg/g)
Sorption

Desorption

1

11.6

5.6

2

11.7

5.1

3

11.7

4.9

Table 1 (supplementary data). Applied isotherm models. R represents the gas constant
(8.314 J/mol K) in all the models it appears.
Isotherm

Equation

Langmuir

𝑞𝑒 =

𝑏𝐿𝑞𝑚 𝐶𝑒
1+𝑏𝐿 𝐶𝑒

,
1/𝑛𝐹

Freundlich

𝑞𝑒 = 𝐾𝐹 𝐶𝑒

DR

𝑞𝑒 = 𝑞𝑚 (−𝛽𝜀

RP

Sips

𝑞𝑒 =
𝑞𝑒 =

[1 +

𝑞𝑒 =

𝐾𝑅 𝐶𝑒

Reference

qe (mg/g): the equilibrium sorption capacity
qm (mg/g): the maximum sorption capacity of the sorbent
bL (L/mg): a constant related to the sorption energy
KF (L/mg): a relative indicator of sorption capacity
1/nF (dimensionless): the measure of surface heterogeneity
1
ε: the Polanyi potential, ε = 𝑅𝑇𝑙𝑛 (1 + )

[30]

[31]
[32]

𝐶𝑒

𝑞𝑒 = 𝐵𝑙𝑛𝐴 𝑇 𝐶𝑒

Temkin

Toth

2)

Constants

,

𝛽
1 + 𝑎𝑅 𝐶𝑒
𝑞𝑚 𝐾𝑇ℎ 𝐶𝑒
(𝐾𝑇ℎ 𝐶𝑒 )𝑇ℎ ]1/𝑇ℎ ,

𝑞𝑚 (𝑏𝑆 𝐶𝑒 )𝑛𝑠
1 + (𝑏𝑆 𝐶𝑒 )𝑛𝑠

β (mol2/J2): constant related to the mean free energy of sorption
per mole of the ion
T(K): absolute temperature
Ce(mg/L): sorbate equilibrium concentration
B (J/mol): the Temkin constant related to the heat of the sorption,
B = (RT)/bT
T(K): the temperature
bT (dimensionless): the Temkin isotherm constant
AT (L/g): the Temkin isotherm equilibrium binding constant
KR (L/g) and aR (L/mg): R–P isotherm constants
β an exponent (value lies between 0 and 1)
KTh (mg/L): the Toth isotherm constant
Th (dimensionless): Toth isotherm exponent, which characterises
the heterogeneity of the system.
bS (L/mg): a constant related to the sorption energy
ns (dimensionless): constant characterising the heterogeneity of
the system

[33]

[34]
[35]

[36]

Table 2 (supplementary data). Kinetic models used in the studies. qe and q are the amounts
of sorbed bisphenol A (mg g-1) at equilibrium and at time t (min).
Model
Pseudo-1-order
Pseudo-2-order
Elovich

Equation
𝑞 = 𝑞𝑒 (1 − 𝑒 −𝑘𝑓 𝑡 )
𝑘𝑠 𝑞𝑒2 𝑡
𝑞=
1 + 𝑘𝑠 𝑞𝑒 𝑡
1
1
𝑞 = ln(𝜐0 𝛽) + ln 𝑡
𝛽
𝛽

Constants
kf (1/min): rate constant
ks (g/mg min): rate constant

Reference
[39]
[40]

υ0 (mg/g min): rate constant
β (g/mg): the Elovich parameter related to the
extent of surface coverage and activation
energy for chemisorption.

[41]

Fig. 1. FESEM image of Fe-CR, iron particles are marked with an arrow, magnification
5000X.
Fig. 2. Total BPA removal percent (left, solid lines) and sorption capacity (right, dashed
lines) versus initial pH on the sorption of BPA from aqueous solution. Sorbent dosage: 5
g/L, contact time: 24 h, temperature: 22–23 °C, sorbate: synthetic solution (C0, BPA: 60
mg/L). Note, the left y-axis does not start from zero.
Fig. 3. Effect of sorbent mass. Total BPA removal percent (left, solid lines) and sorption
capacity (right, dashed lines) versus sorbent dosage on the sorption of BPA from aqueous
solution. Initial pH: 4, 5 and 4 for Fe-CR, H-CR and Ca-CR, respectively, contact time:
24 h, temperature: 22–23 °C, sorbate: synthetic solution (C0, BPA: 60 mg/L). Note, the
left y-axis does not start from zero.
Fig. 4. The Sips isotherms for the studied sorbents. Initial pH: 4, 5 and 4 for Fe-CR, HCR and Ca-CR, respectively, contact time: 24 h, temperature: 22–23 °C, sorbate:
synthetic solution (C0, BPA: 60 mg/L).
Fig. 5. Kinetic data of sorption of the BPA onto the Fe-CR, H-CR and Ca-CR. Best fitted
models for the experimental results are also shown. Highest correlation coefficient for the
Ca-CR was reached using pseudo-second-order model (dashed line). For the Fe-CR the
Elovich model (straight line) gave highest R2-value. For the H-CR both pseudo-secondorder (dashed line) and Elovich model are shown since they got equal R2-values. The
experiments were performed on room temperature, the sorbent dosage was 5g/L, BPA
concentration was 60 mg/L. Initial pH was 4, 5 and 4 for Ca-CR, H-CR and Fe-CR,
respectively.
Fig. 6. Weber & Morris intraparticle diffusion model plots of BPA on the studied
sorbents. The experiments were performed on room temperature, the sorbent dosage was
5g/L, BPA concentration was 60 ppm. Initial pH was 4, 5 and 4 for Fe-CR, H-CR and
Ca-CR, respectively.
Fig. 7. BPA adsorption-desorption cycles. The Fe-CR sorbent dosage 5g/L, BPA
concentration 60 mg/L, pH: 4, time 48 h/cycle.
Fig. 1 Supplementary data. Van't Hoff plot for sorption of BPA onto Fe-CR. The
sorbent dosage 5g/L, BPA concentration was 60 mg/L, initial pH 4.

