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a b s t r a c t
Bisphenol A (BPA) is used worldwide as a monomer in the production of polycarbonates and epoxy 
resins. It has been receiving growing attention over the years, as exposure to even low concentrations 
of this endocrine disruptor is being linked to serious health problems. This study aims to investigate 
the efficiency of powdered activated carbon (PAC) in removing BPA from water, as well as to apply 
a computational simulation to understand the behavior of BPA in solution and its interaction with a 
generic carbonaceous surface. In the adsorption studies, the mass of adsorbent (0.01–0.04 g) and the 
solution pH (2–12) were varied in order to understand their influence over the adsorption capacity (qe) 
of PAC. Pseudo-first-order, pseudo-second-order, and intraparticle diffusion were employed to evalu-
ate kinetic data. Langmuir, Freundlich, Dubinin–Radushkevich, and Redlich–Peterson isotherm mod-
els were applied. A theoretical study using density functional theory (DFT) showed that adsorption 
is mainly caused by C–H…O, C–H…π, lone-pair…π and π…π interactions. Equilibrium was reached 
after 120 min, with PAC removing a total of 96.68% of BPA. The best condition was achieved using 
0.01 g at pH 9 and 298 K (246.20 mg/g). Good fittings to Dubinin–Raduschkevich (R2 = 0.985) and 
to Langmuir (R2 = 0.925) models were achieved, with a calculated maximum monolayer adsorption 
capacity (qmax) of 367.88 mg/g.
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1. Introduction

Water scarcity and increasing problems with water pol-
lution are on the horizon. According to the World Health 
Organization [1], by 2025 half of the world’s population will 
be living in water-stressed areas. The presence of micropo-
llutants in this remaining water will make water treatment 

technologies even more important, as many of these sub-
stances pose serious health problems when ingested [2].

One emerging micropollutant of great concern is bisphe-
nol A (BPA). BPA is one of the most used synthetic com-
pounds in the world, with an estimated production of nine 
million tons per year [3,4]. It is extensively used in the pro-
duction of polycarbonates, epoxy resins, and other polymers 
[5], and has been receiving growing attention over the last 
decade since it’s an endocrine disruptor linked to several 
serious health problems, such as breast, prostate, and lung 
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cancer, as well as negative effects over the reproductive, ner-
vous, and immune systems [6]. 

One study, investigating the efficiency of different 
types of water treatment processes in removing endo-
crine-disrupting chemicals, concluded that the coagula-
tion/flocculation steps, commonly used in conventional 
water treatment plants, removed only 0%–3% of BPA 
[7]. Another study, investigating the removal of BPA 
and analogues in municipal wastewater treatment plants 
(WWTPs), ranked the following treatment steps in ascend-
ing order of efficiency: primary treatment, lagoon process, 
biological aerated filter, and activated sludge. The authors 
concluded that sorption and biodegradation were the two 
main factors involved in BPA removal from wastewater in 
WWTPs [8].

Adsorption has many advantages, such as simple design, 
easy operating procedures, and high removal efficiencies [9]. 
Activated carbon is the most used adsorptive material due 
to some interesting characteristics, such as its high specific 
surface area (typically between 500 and 1,500 m2/g) and 
well-developed porous structure [10]. Several activated car-
bons have been applied to remove BPA from water, such as 
granular activated carbon (GAC) made from potato peels, 
which reached a maximum adsorption capacity (qmax) of 
454.60 mg/g [11], and two modified commercial GAC, with 
values of 392.90 and 424.90 mg/g [12]. Powdered activated 
carbon (PAC) has been applied too, such as the palm-shell 
waste adsorbent impregnated with magnesium silicate, with 
a qmax equal to 168.4 mg/g [13].

Computational chemistry is an area of chemistry that 
uses computer science to investigate many properties of 
molecules, including structure, electron density distribu-
tions, vibrational frequencies, among others [14]. Density 
functional theory (DFT) methods have been used before 
to investigate BPA with several different purposes, such 
as synthesizing new less-toxic monomers [14], investigat-
ing the main degradation pathway of BPA polycarbonate 
[15,16], and finding the primary pathway of byproduct for-
mation in a Fenton reactor [17]. The non-covalent interac-
tions (NCI) index is a useful tool to understand NCI, even 
in large systems such as proteins [18]. It has been applied 
before in adsorption studies, for example, the acetamiprid 
adsorption by carbon nanocones [19]. Nevertheless, to the 
best of our knowledge, there is a lack of studies employ-
ing the NCI index to understand the interactions of BPA on 
the surface of activated carbons. Experimental adsorption 
studies and theoretical chemistry are not usually combined, 
although both can benefit from one another, deepening our 
understanding of how to address water pollution problems. 
Since activated carbons are widely used in water treatment 
systems, knowing which interactions are responsible for 
removing BPA is significant, as it deepens the discussions of 
adsorption studies, supports the development of new adsor-
bent materials and gives rise to new treatment conditions in 
which BPA adsorption is favored.

This study aims to (1) characterize PAC using different 
techniques; (2) use a computational simulation in order to 
investigate the behavior of BPA in water and its interaction 
with a generic carbonaceous surface; and (3) apply kineti-
cally and isotherm models to investigate PAC efficiency in 
removing BPA from water.

2. Materials and methods 

2.1. Materials

Powder activated carbon (Norit® SAE SUPER) was pro-
vided by Cabot Brasil Indústria e Comércio Ltda. BPA (≥99% 
purity) was purchased from Sigma-Aldrich. Physicochemical 
properties of BPA are given in Table 1. All solutions were pre-
pared using ultrapure water.

2.2. Methods

2.2.1. Characterization of PAC

To determine the point of zero charges (pHPZC), a 0.01 M 
NaCl solution was prepared. The pH of this solution was cor-
rected to multiple points (2–12), using NaOH and HCl (0.1 or 
1.0 M) [25]. After that, Erlenmeyer flasks containing 25 mL of 
this NaCl solution and 0.05 g of PAC each were placed inside 
a TE-4200 orbital shaker (Tecnal®), which was kept operat-
ing for 24 h at 200 rpm and 298 K. After that, the pH of each 
solution was measured and used to plot an initial pH vs. final 
pH graph.

Textural analysis was carried out using an N2 sorption/
desorption analyzer (NOVA 4000e – Quantachrome®). In 
order to remove water and other contaminants, samples 
were previously treated in a vacuum system at 353 K for 3 h 
30 min. Experiments were performed for 4 h, using gaseous 
nitrogen as adsorbate and liquid nitrogen as a refrigerant 
liquid, with 20 adsorption/desorption points. Relative pres-
sures (p/p0) between 0.04 and 1.00 were used in order to per-
form this analysis. Then, Brunauer–Emmett–Teller (BET) and 
t-plot methods were employed to calculate the surface area, 
porevolume, and pore diameter of PAC.

In order to understand the surface morphology of PAC, a 
scanning electron microscopy (SEM) (VEGA 3 – TESCAN®) 
was employed.

Table 1
Physicochemical properties of bisphenol A [20–24]

Molecular structure

IUPAC name 4,4-dihydroxy-2,2-diphenylpro-
pane

Molecular formula C15H16O2

Molecular weight 228.29 g/mol
pKa 9.6–10.2
LogKow 3.4
Solubility in water 300 mg/L
Maximum adsorption 

wavelength
276 nm

Uses Production of polycarbonate and 
epoxy resins

Appearance White powder
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Functional groups were characterized by Fourier 
transform infrared spectroscopy (FTIR) (1725X – Perkin 
Elmer®) using KBr discs. Before this analysis, PAC was 
dried at 110°C for 1 h. Crystalline structure was analyzed 
by X-ray diffraction (XRD) (7000 – Shimadzu®) with Cu-Kα 
radiation.

2.2.2. Theoretical studies

To assess the interactions between BPA and PAC, as 
well as their structural features in solution on a microscopic 
level, electronic structure calculations were performed. 
Given that there is no information on how the Norit® SAE 
SUPER activated carbon is prepared, or on what is used 
as the raw material, the carbonaceous structure employed 
was built based on a literature review [26,27] and FTIR 
and DRX results found in this study. The molecular struc-
ture of PAC was modeled based mainly on a study [26], in 
which infrared spectroscopy showed that graphene oxide 
exhibited very similar characteristics to PAC. Thus, the 
molecular structure for PAC has dimensions L1 = 1.68 nm 
and L2 = 1.57 nm, with an area of 0.26 nm3, while the BPA 
molecule has dimensions of L1 = 0.99 nm, L2 = 0.79 nm, and 
L3 = 0.44 nm.

The BPA + PAC molecules were placed in the center of a 
cubic cell and solvated with 64 water molecules. This num-
ber of water molecules is known to be a minimum amount 
to avoid the finite size effect in simulations in an aqueous 
medium [28]. A structure optimization was performed 
employing the DFT formalism, using the Perdew, Burke, 
and Ernzerhof (PBE) [29] generalized gradient approxima-
tion (GGA) for the exchange-correlation functional. Ultrasoft 
pseudopotentials available from Pslibrary 1.0.0 [30] were 
used to represent effective nuclei. A kinetic energy cutoff of 
100 RY was found to be suitable, providing an energy conver-
gence of better than 2 meV per atom. Grimme’s dispersion 
correction (D2) [31] was included for all atoms. These calcu-
lations were performed using the plane wave code Quantum 
ESPRESSO [32] version 6.0.

In order to identify and characterize the interactions 
between BPA and PAC (hydrogen bonds, van der Waals 
forces, repulsive, and attractive steric interactions), the 
NCI [33] approach was applied for stable geometry. Since 
it’s based on electron density and reduced gradients, this 
approach is capable of revealing very weak interactions, of 
low electron density, using only molecular geometry infor-
mation. This method provides a representation of the intra- 
and inter-molecular interactions through surfaces generated 
by the NCIPLOT [18] software.

2.2.3. Adsorption studies

Removal efficiency and equilibrium adsorption quantity 
were calculated using Eqs. (1) and (2), respectively [34], in 
which C0 and Ce are the initial and the equilibrium BPA con-
centrations (mg/L), respectively; V is the solution volume (L); 
and m is the mass of adsorbent (g).
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2.2.4. Kinetics

Kinetic experiments were conducted using 0.01 g 
of PAC and 25 mL of a 100 mg/L BPA solution with pH 
adjusted to 7. This pH condition was chosen based on pKa 
and pHPZC of BPA and PAC, respectively. Adsorbent and 
solution were placed inside a 125 mL Erlenmeyer flask, 
which was positioned inside a TE-4200 orbital incuba-
tor shaker (Tecnal®) that was kept operating at 200 rpm 
and 25°C ± 2°C. At different intervals (5–300 min), 10 mL 
samples were collected and centrifuged at 4,000 rpm for 
5 min. The supernatant was analyzed at 276 nm using a 
UV-vis spectrophotometer [35]. In order to quantify the 
amount of BPA in solution after treatment, analytical 
curves were prepared with concentrations ranging from 
0.5 to 60 mg/L. 

Pseudo-first-order (PFO), pseudo-second-order (PSO), as 
well as intraparticle diffusion, were employed to evaluate the 
adsorption kinetic behavior (Table 2).

2.2.5. Influence of pH and mass

The second test was performed to analyze the influence 
of adsorbent mass (0.01, 0.02, 0.03, and 0.04 g) and solution 
pH (2, 4, 7, 9, and 12) over the adsorption capacity of PAC. 
In order to carry out this test, 25 mL of a 100 mg/L BPA 
solution was placed inside a 125 mL Erlenmeyer flask. After 
3 h in the incubator shaker operating at 200 rpm, samples 
(10 mL) were collected and centrifuged as reported before. 
Experiments were performed in triplicate.

2.2.6. Isotherms

In order to investigate BPA removal by PAC using iso-
therm models, the best condition of mass, and pH was 
employed, together with 25 mL of varied BPA concentra-
tions (50, 75, 100, 125, 150, and 175 mg/L). Samples were 

Table 2
Pseudo-first-order, pseudo-second-order, and intraparticle 
 diffusion kinetic models [34]

Model Equation Equation 
number

Pseudo-first- 
order log logq q q

k t
e t e�� � � � � � �1

2 303.

Eq. (3)

Pseudo- second-
order

t
q k q

t
qe e

� �
�
1

2
2

Eq. (4)

Intraparticle 
diffusion

q k t Ct p� �� Eq. (5)

Note: (qe) is the mass of BPA adsorbed at equilibrium (mg/g); (qt) 
is the mass of BPA adsorbed at time t (mg/g); (k1) is the pseu-
do-first-order constant (min–1); (k2) is the pseudo-second-order 
constant (g/mg min); and (kp) is the intraparticle diffusion constant 
(mg/g min1/2).
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placed inside Erlenmeyer flasks, shaken for 3 h, centrifuged, 
and analyzed as described before. Langmuir, Freundlich, 
Dubinin–Radushkevich, and Redlich–Peterson models were 
applied to evaluate the data obtained (Table 3).

3. Results and discussion

3.1. Characterization of PAC

To determine the superficial charge density of PAC in 
a certain solution pH, the pHPCZ analysis was performed. 
This is an important analysis for adsorbents, as it indi-
cates whether the material is positively charged (pHsolu-

tion < pHPCZ), facilitating the removal of anions, or negatively 
charged (pHsolution > pHPCZ), attracting cations in solution 
[36]. The point of zero charges (pHPZC) was equal to 6.29. 
BPA is ionized to form bisphenolate anions at pH between 
9 and 10 [37], and at this same pH, PAC is negatively 
charged. It was expected, consequently, that pH conditions 
greater than 9 would result in lower removal efficiencies.

Textural analysis of PAC was performed in order to inves-
tigate its specific and external areas, as well as its porous 
structure. The sorption/desorption of N2 was employed, and 
results were evaluated using BET and t-plot methods. Results 
can be seen in Table 4.

PAC has a high specific area (851.0 m2/g), and an exter-
nal area of 156.6 m2/g. The difference between these two 
results (694.4 m2/g) shows that PAC’s high specific area is 
mainly due to its internal structure, the consequence of a 
well-developed porosity. According to Dubinin’s classifica-
tion, PAC is in the mesoporous range (average pore radius: 
1.36 nm). This material also presented a type IV(a) isotherm, 
which confirms its mesoporous nature [38]. Mesopores are 
essential [39], especially for larger molecules, as an increase 
in pore size facilitates adsorption kinetics and regeneration 
of the adsorbent [40]. The larger distance in BPA molecule 
(0.94 nm) is related to the –OH groups located in both 

aromatic rings. BPA’s height corresponds to 0.53 nm, the 
benzene ring’s width is 0.43 nm and the superficial area is 
equal to 4.32 nm2 [41]. The average pore diameter in PAC 
is 2.72 nm, indicating that BPA had access to PAC’s inter-
nal porous structure, which increased PAC’s efficiency in 
removing this contaminant.

SEM image can be seen in Fig. 1. SEM showed that PAC 
particles are compacted and unevenly distributed in the 
samples. The particles have small cavities and rough areas 
with pores on their surface, confirming the results of BET for 
this material, which have already indicated a highly porous 
material.

PAC was also characterized by FTIR and XRD analysis 
(Fig. S1). FTIR spectrum (Fig. S1a) shows an intense peak 
next to 3,500 cm–1, which corresponds to stretching of –OH 
groups from water or oxygenated functional groups such as 
alcohol and carboxylic acids. PAC also showed a peak near 
1,635 cm–1, which can be attributed to the stretching of C=C 
bonds (1,900–1,500 cm–1). Furthermore, signals that appear 

Table 4
Textural analysis of PAC obtained with N2 sorption/desorption 
technique analyzed by BET and t-plot equations

Specific area (m2/g) 851.0
External area (m2/g) 156.6
Micropore area (m2/g) 694.4
Micropore volume (cm3/g) 0.357
Total pore volume (cm3/g) 0.579
Average pore radius (nm) 1.36

Table 3
Langmuir, Freundlich, Dubinin-Radushkevich and Redlich- 
Peterson isotherm models [34]

Model Equation Equation 
number

Langmuir
q

q bC
bCe

e

e

�
�
max

1

Eq. (6)

Freundlich q K Ce F e
n= Eq. (7)

Redlich–Peterson
q

K C
Ce
e

e
g�

�
RP

RP1 �

Eq. (8)

Dubinin–Radushkevich q q Ke � �� �DR DRexp �2 Eq. (9)

Note: (qmax) is the maximum monolayer adsorption capacity (mg/g); 
(b) is the Langmuir constant (L/mg); (KF) is the Freundlich constant 
(mg/g)/(mg/L)n; (n) is the heterogeneity factor (dimensionless); (KRP) 
and (αRP) are the Redlich–Peterson constants (L/g) and (mg/L)–g, 
respectively; (g) is the exponent that must lie between 0 and 1 (dimen-
sionless); (qDR) is the adsorption capacity (mg/g); (KDR) is the constant 
related to the sorption energy (mol2/kJ2); (ε) is the Polanyi potential.

Fig. 1. Scanning electron microscopy (SEM) image of PAC 
(80,000×).
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between 1,500 and 650 cm–1 indicate the presence of C–O 
bonds [42]. FTIR indicates that this adsorbent possesses, 
mainly, –OH groups on its surface. This is an interesting fea-
ture, as these –OH groups can be potential interaction points 
between PAC and contaminants.

In XRD results (Fig. S1b), PAC showed two intense 
peaks, one near 26 and another near 44, both related to 
Bragg’s reflection of the (002) and (100) planes, respec-
tively. These peaks correspond to the mineralogical phase 
of graphite [43,44], which is associated with the processes 
of graphitization and the formation of a nanocrystalline 
structure, which was expected to be present. Also, peak 
width indicates that PAC has an amorphous structure [45]. 
The basic surface of carbon materials is made of carbon 
atoms arranged in fused aromatic rings, mainly exhibiting 
sp2-hybridization. Van der Waals interactions are respon-
sible for maintaining graphene layers stacked on top of 
each other [27]. This stacking can either form a disor-
dered structure (also called a turbostratic structure), or an 
ordered structure (graphitic). The turbostratic structure is 
found in activated carbons [27], and is interesting because 
of its high porosity and surface area when compared to a 
graphitic structure [46].

3.2. Theoretical studies

The FTIR spectrum of PAC (Fig. S1a) provided evi-
dence that this material has some oxygenated functional 
groups on its surface, such as alcohol and carboxylic acids, 
as well as peaks associated with C=C bonds. This result 
was used, together with a literature review [26,27], to pro-
pose a generic carbonaceous structure (Fig. 2a) to further 
 investigate BPA and PAC interactions using computational 
simulation (Fig. 2b).

Fig. 2b shows the structure obtained after a geometry 
optimization, where the BPA molecule interacts with the 
surface of PAC mainly by dispersion interactions, while the 
water molecules prefer the hydrogen bonding sites of the 
hydroxyl, carbonyl, and pyran groups located on the edges 
and face of the activated carbon structure.

The 3D isosurfaces, showing the nature of the inter- 
and intra-molecular interactions, are depicted in Fig. 3. 
They allow visualization of NCI as large regions of real 
space according to the density in the respective interatomic 
interaction.

Fig. 3 shows the density surface between the overlapping 
moieties of the phenyl ring and activated carbon surface, 
where the π-stacking is expected. It was possible to iden-
tify C–H…O, C–H…π, lone-pair…π and π…π interactions 
between BPA and activated carbon, which are represented in 
green. Also, red regions of nonbonded overlap located at the 
center of each ring are shown. More intense attractive inter-
actions, such as hydrogen bonds or electrostatic interactions, 
are represented in a blue-green scale.

The NCI analysis also provided a graph (Fig. 4) of the 
reduced density gradient (RDG) as a function of the den-
sity (ρ). The sign(λ2)ρ describes attractive (large negative 
values) interactions such as dipole-dipole or hydrogen 
bonding, and nonbonding interactions (large positive 
values). Values near zero indicate very weak, van der 
Waals interactions. 

Therefore, the troughs in range of −0.01 and +0.01 cor-
respond to the weak C–H…π, lone-pair…π and π…π and 
dispersion H...H interactions, represented in green in the 
RDG isosurface (Fig. 4). These interactions are responsi-
ble for stabilizing the BPA molecule on the activated car-
bon surface. The interactions at sign(λ2)ρ 0.025 a.u. have 
one trough with a negative value and one trough with a 
positive value, corresponding to an attractive steric force 
(blue–green color scale of the RDG isosurface) and a repul-
sive steric force (green–red color scale of the RDG isosur-
face), respectively. This is due to ring formation, which 
results in C–H…O and H…H intramolecular interactions 
in the activated carbon. The  positive troughs from +0.045 to 
+0.055 a.u. sign(λ2)ρ values correspond to the non-bonded 
overlap located at the center of each benzene and furyl ring 
(red color), respectively. NCI analysis was successfully 
applied to characterize and quantify similar interactions in 
some substituted furans [47].
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Fig. 2. Structure of: (a) generic activated carbon and (b) BPA 
interacting with PAC in solution.
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3.3. Adsorption studies

3.3.1. Kinetic study

Adsorption studies were initiated with kinetic experi-
ments (Fig. 5). Kinetic parameters are very important to be 
established since adsorbents with high adsorption rates are 
considered ideal for water treatment systems [48]. PAC was 
able to remove 90.88% of BPA in 5 min and a total of 96.68% 
after 120 min, the time when it reached equilibrium.

In one study that investigated BPA removal by activated 
carbon made from palm oil extraction residue, 48 h were 
necessary for the system to reach equilibrium, achieving 
96.10% of BPA reduction [49]. The authors needed two days 
to reach a result similar to that obtained in 2 h with PAC. 
In another study, which investigated BPA adsorption using 
two commercially available granular activated carbons (veg-
etal and bituminous), 8 and 4 h were needed, respectively, 
for equilibrium to be reached [50]. These results indicate that 
PAC used in this study is an excellent option to remove BPA 
from water.

Kinetic data were adjusted to PFO, PSO, and intraparticle 
diffusion models. The best adjustment was achieved with the 
PSO equation (Fig. 5b). Data was not properly fitted to the 
PFO model (Fig. S2). Kinetic parameters obtained with these 
models can be seen in Table 5.

A calculated qe equal to 229.88 mg/g and a constant 
(k2) of 0.77 × 10–4 g/mg min were obtained from the PSO 
 equation. The calculated qe is in good agreement with the 
experimental qe (229.20 mg/g), which indicates, together 
with R2 (0.999), that PSO is the best model to describe this 
kinetic experiment. PSO model suggests chemical adsorp-
tion [51]. The result found for the parameter qe (mass of 
BPA adsorbed at equilibrium, in mg/g), is superior to 
many others found in literature, such as the ones obtained 
using activated carbon made from palm oil extraction res-
idue (19.28 mg/g) [49], modified zeolite (114.90 mg/g) [52], 
and graphene (182.00 mg/g) [53]. The activated carbon 
made from palm oil residue also had an inferior k2 value 
(0.03 × 10–4 g/mg min), which indicates that commercial 
PAC used in this study is faster in removing the same com-
pound from water.

PAC data was not well-fitted to PFO model (R2 = 0.712). 
This poor fitting can be noted from the difference between 
the calculated qe (7.55 mg/g), and the one obtained experi-
mentally (229.20 mg/g). For k1, the PFO constant, a value 
equal to 0.01 min–1 was achieved. This is similar to those 
obtained when removing BPA using one granular activated 
carbon and one made from black-tea waste, equal to 0.02 and 
0.01 min–1, respectively [54].

The data were also fitted to the intraparticle diffusion 
model. If a linear relationship between qt and t1/2 is obtained 
with kinetic data, intraparticle diffusion can be considered 
the main mechanism of sorption [55]. If the linear relation-
ship also passes through the origin, intraparticle diffusion 
is the only limiting step of adsorption. Data also indicates 
that adsorption is controlled by more than one mechanism 
when a multi-linear relationship is observed [56]. As it can 
be seen in Fig. 6, qt vs. t1/2 forms a multi-linear relationship 
with at least two distinct regions (different angular coeffi-
cients), indicating that BPA removal by PAC is controlled by 
more than one mechanism: an initial step of diffusion in the 

 

 

(a)  

(b)  

Fig. 3. NCI isosurfaces for the BPA + activated carbon complex 
from top (a) and side view (b). RDG isosurface value: 0.3 a.u., and 
a blue–green–red color scale from −0.04 < sign (λ2)ρ < 0.04 a.u. 
The water molecules were stripped for better visualization of the 
BPA-activated carbon interactions (for interpretation of the ref-
erences to color in this figure legend, the reader is referred to the 
web version of this article).

Fig. 4. Plots of the reduced density gradient (RDG) vs. sign (λ2)ρ 
of BPA + activated carbon.
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Table 5
Kinetic parameters of bisphenol A removal in PAC obtained with pseudo-first-order (PFO), pseudo-second-order (PSO)  
and intraparticle diffusion models

Model Equation R2 k1 qe,cal

PFO log(qe – qt) = 0.878 – 0.0045·t 0.712 0.01 7.55
k2 qe,cal qe,exp

PSO t/qt = 0.00247 + 0.00435·t 0.999 0.77 × 10–4 229.88 229.20
kp C

Intraparticle diffusion qt = 211.58 + 1.87 t1/2 0.926 1.87 211.58

Note: (qe) is the mass of BPA adsorbed at equilibrium (mg/g); (k1) is the pseudo-first-order rate constant (min–1); (k2) is the pseudo-second-order 
rate constant (g/mg min); (kp) is the intraparticle diffusion constant (mg/g min1/2); (C) is the intraparticle diffusion constant associated to the 
boundary layer width (mg/g).
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adsorbent surface and the second step of equilibrium condi-
tion. Since the lines don’t pass through the origin, it can be 
concluded that intraparticle diffusion is not the only limiting 
step [56].

Linear adjustment applied to the first portion of Fig. 6a 
can be seen in Fig. 6b. Intraparticle diffusion constant, C, 
indicates the amount of contaminant adsorbed up to the limit 
layer [34], and was equal to 211.58 mg/g, close to what was 
obtained for qe (229.88 mg/g).

3.3.2. Influence of pH and mass

Adsorption was evaluated using different masses of PAC 
and solution pH, in order to investigate the effect of both 
variables over the adsorptive capacity (qe). Results can be 
seen in Fig. 7.

A general trend of reduction of qe with increasing masses 
of PAC was observed. This trend is reported by other 
researchers [57,58], and explained by a decrease in surface 
area and adsorption sites available to remove the contami-
nant, caused by the adsorbent aggregation in higher doses 
[59]. The highest qe,exp with PAC was achieved with 0.01 g at 
pH 9 (246.20 mg/g). Nevertheless, variations in results using 
different pH with the same mass of adsorbent were very 
small. Using 0.01 g of PAC, pH 12 was the condition in which 
PAC removed less BPA (232.39 mg/g).

In a study that investigated removing BPA with two 
granular activated carbons (coconut shell and bituminous) 
at different pH levels (3, 5, 7, 9, and 11), a similar result was 
achieved. Using the bituminous carbon, the highest qe was 
obtained at pH 9 (239.10 mg/g) and the lowest qe at pH 11 
(196.10 mg/g) [60]. In another investigation, in which two 
commercial activated carbons were modified by acidic and 
thermal treatment, the worst adsorption capacity was also 
observed at pH 11 [12]. This tendency is explained by the pKa 
value of BPA, which lies between 9.6 and 10.2 and causes it to 
ionize and form bisphenolate anions at pH between 9 and 10 
[60]. The reduction of qe at high pH values (>10) is probably 

caused by repulsion between bisphenolate anions and the 
negative charge of oxygenated functional groups on the car-
bon surface [60]. This reduction of qe at higher solution pH is 
in good agreement with the pHPZC of PAC (6.29), which also 
points to the existence of a negatively charged surface in this 
adsorbent (pHsolution > pHPCZ).

Based on this investigation, the mass and pH conditions 
chosen to be applied in the isotherm studies were 0.01 g 
and pH 9, as this combination provided the highest value of 
adsorption capacity.

3.3.3. Isotherm studies

The adsorption isotherm of BPA in PAC adjusted to 
non-linear Dubinin–Radushkevich, Redlich–Peterson, 
Langmuir, and Freundlich models can be seen in Fig. 8.

Isotherms like the ones in Fig. 8, characterized by an 
ascending convex curvature, are classified as favorable or 
highly favorable [61]. This behavior is expected, as increasing 
concentrations provide a driving force to overcome the mass 
transfer resistance between adsorbent and adsorbate [62]. 
Parameters obtained with Dubinin–Radushkevich, Redlich–
Peterson, Langmuir, and Freundlich isotherm models can be 
seen in Table 6. The non-linear forms of the equations were 
applied, since the transformation of data into linear fittings 
can introduce unnecessary errors, altering the weight placed 
on each experiment point [34].

Data was best described by the DR equation (R2 = 0.985), 
followed by RP (R2 = 0.942), Langmuir (R2 = 0.925), and 
Freundlich (R2 = 0.788) models.

DR was developed in order to encompass the effects of 
the adsorbent porous structure. An adsorption capacity of 
318.43 mg/g and a constant KDR equal to 7.92 × 10–7 mol2/kJ2 
were obtained.

Although a good R2 was obtained when using the RP 
model (R2 = 0.942), g (1.24) indicates that the data is not 
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properly explained by this model, as this parameter is not 
inside the range of 0–1 [34].

For a good adsorbent, a high maximum monolayer 
adsorption capacity (qmax) and a steep slope in the first 
portion of its isotherm (high value for the Langmuir con-
stant – b) are expected, being b a parameter related to the 
affinity between adsorbent and adsorbate [34]. Although 
the data showed a less proper fitting to the Langmuir 
model when compared to the DR model, the parameter 
qmax is commonly used in adsorption studies to compare 
different adsorbents as to their capacity to remove pol-
lutants from water. Therefore, Langmuir parameters are 
also used in this study. Langmuir is based on the follow-
ing principles: (1) molecules are adsorbed in specific sites 
in the adsorbent surface, with all sites having the same 
adsorption energy; (2) adsorption is reversible; (3) when 
the contaminant molecule occupies one site, this site 
becomes unavailable to other adsorptions to occur; (4) 
there is no interaction between adsorbed molecules; (5) a 
monolayer formation occurs; (6) adsorbent surface is con-
sidered homogeneous; and (7) intensity of intermolecular 
attraction forces decrease rapidly with increasing distance 
[34,63]. A qmax equal to 367.88 mg/g and b equal to 0.334 L/
mg were obtained from the Langmuir equation. In another 
study that investigated the removal of BPA by powdered 
activated carbon, a qmax equal to 354.71 mg/g and b equal 
to 0.230 L/mg were obtained [64]. This value of qmax is very 
similar to that obtained in the present study. However, b 
value is inferior, indicating that PAC used here presents 
greater affinity to BPA.

A comparison of literature data of BPA adsorption 
obtained with the use of varied materials can be seen in 
Table 7.

The maximum monolayer adsorption capacity (qmax) of 
PAC is inferior to those of other materials, such as activated 
carbon made from potato peels (454.60 mg/g) However, it 
is superior to many others, for example, the modified zeo-
lite (114.90 mg/g) used by Dong et al. [52]. This parameter 
alone, however, does not fully indicate the best adsorbent 
to be used in real treatment systems, since the material can 
remove a great amount of BPA, but demands a long time to 

reach equilibrium. GAC made from potato peels reached the 
highest qmax, as can be seen in Table 6. Nevertheless, 24 h were 
necessary to perform isothermal experiments, while 2 h were 
enough for PAC to reach equilibrium. This means that PAC 
should be considered a very interesting material to enhance 
the performance of water treatment systems in removing 
BPA and possibly other organic contaminants from water.

4. Conclusion

The main conclusions are: (1) the C–H…O, C–H…π, 
lone-pair…π and π…π interactions between BPA and acti-
vated carbon were identified through DFT, being them 
responsible for BPA adsorption; (2) PSO was the best 
model to describe kinetic data (R2 = 0.999) and equilibrium 
was reached after 120 min, with a total of 96.68% of BPA 

Table 6
Dubinin–Radushkevich, Redlich–Peterson, Langmuir, and Freundlich parameters of BPA removal by PAC

Model Non-linear equation R2 Parameter Result

DR qe,exp = 318.43·e(–7.92 × 10–7 ε2) 0.985 qDR (mg/g) 318.43
KDR (mol2/kJ2) 7.92 × 10–7

RP qe,exp = (89.40·Ce)/(1 + 0.11·Ce
1.24) 0.942 KRP (L/mg) 89.40

αRP (mg/L)–g 0.11
g 1.24

Langmuir qe,exp = (367.88·0.334·Ce)/(1 + 0.334·Ce) 0.925 qmax (mg/g) 367.88
b (L/mg) 0.334

Freundlich qe,exp = 126.62·Ce
0.298 0.788 n 0.298

KF ((mg/g)/(mg/L)n) 126.62

Note: (qmax) is the maximum monolayer adsorption capacity (mg/g); (b) is the Langmuir constant (L/mg); (KF) is the Freundlich constant 
(mg/g)/(mg/L)n; (n) is the heterogeneity factor (dimensionless); (KRP) and (αRP) are the Redlich–Peterson constants (L/g) and (mg/L)–g, respec-
tively; (g) is the exponent that must lie between 0 and 1 (dimensionless); (qDR) is the adsorption capacity (mg/g); (KDR) is the constant related to 
the sorption energy (mol2/kJ2); (ε) is the Polanyi potential.

Table 7
Values of maximum monolayer adsorption capacity (qmax) for 
BPA removal in different adsorbents

Adsorbent qmax (mg/g) Reference

Potato peels GAC 454.60 [11]
Modified commercial GAC 424.90 [12]
Modified commercial GAC 392.90 [12]
PAC Norit® SAE-super 367.88 Present study
Commercial PAC 354.71 [64]
Graphene 182.00 [53]
Modified zeolite 114.90 [52]
Graphene 94.06 [65]
Graphene oxide 49.26 [66]
Graphene oxide 17.27 [65]
Commercial GAC 16.26 [54]
Black tea leaves GAC 18.35 [54]
Hydrogel of βCD and HPMC 14.60 [67]
Graphene 2.00 [68]

Legend: (βCD) is the β-ciclodextrin; (HPMC) is the hidroxipropil 
metilcelulose.



247R.A. Konzen et al. / Desalination and Water Treatment 227 (2021) 238–249

removal; (3) PAC was not greatly affected by pH variations 
(2–12), maintaining a similar efficiency in varied conditions, 
which is interesting for real water treatment systems; (4) 
data was better described by Dubinin–Radushkevich iso-
therm model (R2 = 0.985), with a qDR of 318.43 mg/g and a 
constant KDR equal to 7.92 × 10–7 mol2/kJ2; and (5) Langmuir 
model was also applied, providing a calculated qmax equal to 
367.88 mg/g, which represents a higher efficiency in com-
parison to other adsorbents described in the literature.
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Fig. S1. Fourier transform infrared spectroscopy (FTIR) analysis (a), and X-ray diffraction (b) of PAC.
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Fig. S2. Kinetic study of bisphenol A removal by PAC evaluated by pseudo-first-order model (0.01 g of adsorbent; 25 mL of 100 mg/L 
BPA solution; pH 7; 200 rpm; 25°C ± 2°C).
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