
Vol.:(0123456789)1 3

Applied Water Science (2022) 12:201 
https://doi.org/10.1007/s13201-022-01724-1

ORIGINAL ARTICLE

Magnetic supported activated carbon obtained from walnut shells 
for bisphenol‑a uptake from aqueous solution

A. O. Uzosike1 · E. A. Ofudje2 · O. K. Akiode1 · C. V. Ikenna3 · A. I. Adeogun1 · J. O. Akinyele4 · M. A. Idowu1 

Received: 7 July 2020 / Accepted: 21 June 2022 / Published online: 13 July 2022 
© The Author(s) 2022

Abstract
This work investigated the usability of activated carbon walnut shell (ACWS) and magnetic activated carbon walnut shell 
(MACWS) for Bisphenol-A (BPA) elimination from aqueous solution. Fourier-transform infrared (FT-IR) and X-ray dif-
fraction (XRD) were used to study the chemistry of the adsorbents. Batch sorption studies at different temperatures, contact 
time, adsorbent dosage, pH and varied Bisphenol-A concentrations were performed, while pseudo-first-order and pseudo-
second-order kinetics models were deployed to investigate the kinetic data. Equilibrium parameters were computed using the 
Dubinin–Radushkevich, Freundlich, Temkin and Langmuir isotherms, while Box–Behnken design was used to optimize the 
adsorption factors. FT-IR report showed the existence of O–H, C=O, C–O and C=C stretches in both adsorbents and Fe–O in 
MACWS, while XRD revealed an amorphous morphology. BPA removal by ACWS and MACWS with correlation coefficient 
 (R2) > 0.9 showed that the pseudo-first-order kinetic model was the most appropriate for explaining the kinetic data. Judging 
from the values of the maximum adsorption capacity (115.85 and 166.67 mg/g for ACWS and MACWS, respectively), it 
can be inferred that the Langmuir isotherm best describes the equilibrium results. Thermodynamic investigation showed the 
process of Bisphenol-A uptake to be spontaneous and endothermic with entropy change (∆So) values of 0.033 and 0.039 kJ/
mol for ACWS and MACWS, respectively. The data obtained from the kinetics, isotherm and equilibrium studies revealed 
that ACWS and MACWS adsorbents were effective for the treatment of Bisphenol-A.
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Introduction

The incorporation of Bisphenol-A otherwise known as 2, 
2-bis (4-hydroxyphenyl propane) (BPA) as a monomeric unit 
and as an additive in polymer industry has come of age. BPA 
was first used on commercial scale to solidify plastics and in 
the preparation of epoxy resin found in the protective linings 
of infant-feeding bottles, food and beverage packs, tableware 
(plates and mugs), water bottles, sports equipment, storage 

containers and compact disks (Pivnenko et al. 2015). BPA 
has been classified as a xenoestrogen which is composed 
of different groups of naturally occurring chemicals that 
imitate the property of estradiol which is the female sex 
hormone estrogen. According to available report, there is a 
link between the deterioration in male reproductive function 
and environmental exposure of xenoestrogens (Akande et al. 
2013). Presently, as a result of the wide use of BPA in the 
production of food packaging materials and other reports 
associating BPA imitating the property of estradiol, there is 
serious disquiet about its safety in consumer products con-
tainers. When foods with very high or very low pH or foods 
at high temperature come into contact with plastic material, 
it often leads to leaching of BPA from the plastic material 
into the food matrix (vom Saal and Hughes 2006). The high 
consumption of BPA in the plastics industry has caused 
great concern and the possible adverse health effects, and 
research on the elimination of BPA from the environment is 
of immense significance.
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Activated carbon can be obtained from different kinds of 
carbon-containing materials via carbonization and pyrolysis 
using activating agent in case of chemical activation (Ofudje 
et al. 2020; Adeogun et al. 2018). The pore volume, surface 
area and the functional group present on the surface deter-
mine the sorption capacity of the adsorbent (Ahmedna et al. 
2004). High volume of lignocellulosic by-products from 
walnut shells may present low-cost and renewable precur-
sors for the production of granular activated carbons. This is 
because it is readily available, and moreover, it can produce 
significant amounts of by-products of agricultural wastes. 
Their transformation into useful materials such as activated 
carbon will add value to these by-products of agricultural 
wastes, thereby diminishing the costs of waste disposal and 
providing alternative substitute to the commercial adsor-
bents obtained from nonrenewable sources (Ahmedna et al. 
2004).

In water treatment technology, the use of magnetic filtra-
tion has emerged as one of the promising methods because 
it can provide rapid and efficient pollutant elimination 
from wastewater. Inexpensive but efficient activated carbon 
adsorbents which can bind to pollutants can be prepared and 
can then be separated magnetically. A magnetic separator 
can easily be used to separate the activated carbon adsor-
bents from solution even at a significant concentration of 
solids. This study effectively recycled walnut shells into 
inexpensive activated carbon (ACWS) and magnetic car-
bon (MACWS) which were subsequently utilized for BPA 
removal. Factors such as the effect of pH, duration time, 
adsorbent dosage and initial concentration of BPA on the 
uptake process were investigated. The study also evaluated 
the thermodynamic parameters, while the adsorption data 
were modeled using various isotherms and kinetic mod-
els. Statistically, the adsorption data were optimized using 
response surface model.

Materials and methods

Reagents and equipment

The sodium hydroxide (99%), phosphoric acid (99%), Bis-
phenol-A (99%), methanol (98%) and ferrous sulfate (99.5%) 
were obtained from Chemie Ltd. Distilled water was used 
throughout the study. The preparation of stock solution 
of BPA (≈ 200 mg/L) was made using distilled water. A 
UV–visible spectrophotometer (PerkinElmer Lambda) was 
used to measure the concentration of BPA.

Preparation of activated walnut shells

Washing of the walnut shells was done with tap water to 
eliminate contaminants and thereafter crushed so as to 

separate the edible part from the shell. The shells were air-
dried and soaked in 0.1 M  H3PO4 acid for 24 h for chemi-
cal activation followed by rinsing with distilled water. The 
drained shells were carbonized at a temperature of 500 °C in 
a furnace and thereafter pulverized and sieved. The walnut 
shell-derived activated carbon was referred to as ACWS and 
was then preserved for subsequent study.

Development of magnetic activated carbon

Exactly 20 g of  FeSO4 was dissolved in 150  cm3 of dis-
tilled water, while a freshly prepared ferric chloride solution 
was made by dissolving 18 g of  FeCl3 in 1300  cm3 distilled 
water. The prepared ferrous sulfate and ferric chloride solu-
tion were vigorously stirred together at a temperature of 
70 °C. 50 g of the ACWS was weighed and suspended into 
this mixture and slowly stirred together for 30 min at room 
temperature. The solution pH was raised to 11 following the 
drop-wise addition of 10 M NaOH solution to the mixture. 
The mixing was left to age for 24 h at room temperature, 
after which the content was separated and washed thor-
oughly with distilled water followed by ethanol. Thereafter, 
the sample was dried overnight at 80 °C in a hot air oven. 
The magnetic activated carbon as obtained from walnut shell 
was referred to as MACWS and preserved in an air tight 
container ready for use.

Characterization of the prepared adsorbents

Functional groups available on the surface of the two adsor-
bents before and after the adsorption of BPA were investi-
gated using Fourier-transform infrared spectroscopy (FT-
IR). Measurements were done with the aid of KBr technique 
using a model 8400S (Shimadzu, Japan) at room tempera-
ture. The recording was done over the range of wavelength of 
400–4000  cm−1. The X-ray diffraction (XRD) measurements 
were performed using PANalytical (X’Pert Pro, Netherlands) 
using Cu Kα (γ = 1.54178 Å) radiation at room temperature. 
The zeta potential of the ACWS and MACWS was carried 
out using 0.1 g of the sorbent in 15  cm3 of Bisphenol-A 
solution. The pH adjustment was achieved using 0.1 M HCl 
or NaOH, and a Zetasizer Nano ZS instrument (Malvern, 
UK) was used to analyze the zeta potential of the adsorbents.

Sorption procedure using ACWS and MACWS

To generate kinetics and equilibrium data, series of batch 
experiments were performed under different experimental 
conditions such as solution temperature, pH, adsorbent dosage, 
initial BPA concentration and duration time. The BPA sorption 
experiments were conducted within the range of 25–200 mg/L 
of BPA concentration. In a conical flask, 0.1 g of the adsorbent 
was dispersed into 25  cm3 of BPA solution and agitated for a 
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maximum time of 140 min. The adsorbent was separated from 
the solutions and the absorbance was taken at a wavelength 
of 276 nm while the amount of BPA adsorbed was estimated 
using Eq. 1:

where qe is the quantity (mg/g) of BPA adsorbed,  C0 and 
 Ce are the concentrations (mg/L) of BPA at the beginning 
and final stage of the reaction process, V stands for the vol-
ume of BPA used in L, and m is the weight (g) of ACWS 
or MACWS used. To evaluate the role of contact time on 
the adsorption of BPA by the adsorbents, predetermined 
amounts of adsorbent were employed in the sorption process 
and agitated for preset time intervals until 140 min, and the 
percentage removal was estimated by using Eq. 2:

Surface response evaluation by box–behnken 
design

The relationship that exists between the experimental out-
puts or responses and the various factors affecting it which 
are referred to as  X1,  X2,  X3,  X4, etc., can be explained using 
the surface response methodology as an empirical optimiza-
tion technique. The number of experimental sets can be sub-
stantially reduced by adopting Box–Behnken designs with-
out affecting the accuracy of the optimization. Symbol codes 
such as coded and uncoded terms were used to illustrate the 
minimum and maximum ranges of the four factors tested as 
illustrated in Table 1. The relationships between the coded 
and uncoded variables were obtained following the modified 
method Eqs. 3–6 described by Qiu et al. (2014):

(1)qe =
Co − Ce

m
× V

(2)RE =
Co − Ce

Co

× 100

(3)x1 =
((

X1 − 7
))

∕5

(4)x2 =
((

X2 − 47.5
))

∕17.5

where the uncoded variables are given as  X1,  X2,  X3 and  X4, 
while  x1,  x2,  x3 and  x4 are the coded variables. A quadratic 
model was used to explain the impacts of these four vari-
ables on the removal efficiency (Y) of BPA using Eq. 7 (Qiu 
et al. 2014):

where  x1,  x2,  x3 and  x4 are pH, temperature, concentra-
tion and dosage, respectively (Gbasemian et al. 2013), and 
Y is the percentage removal efficiency which denotes the 
dependent variable and is given as Eq. 8 (Manzato et al. 
2018):

where  Co and  Ce are as previously defined.

Results and discussion

Characterizations

Powder X-ray diffraction patterns for ACWS and MACWS 
are presented in Fig. 1. A broad peak was observed at about 
2θ ≈ 25° in ACWS authenticating the amorphous nature 
of the prepared carbon. On the other hand, the XRD pat-
terns of MACWS display several sharp peaks (2θ = 35.69, 
43.11, 57.5 and 63.2°) which indicate the presence of Fe. 
Similar X-ray powder pattern was confirmed by Mohan and 
his group (Mohan et al. 2011). These iron contents were 
introduced during the preparation of MACWS. There were 
slight shifts in the positions of the peaks following adsorp-
tion of BPA, possibly due to interaction of the BPA with the 
adsorbents.

The FT-IR spectra of ACWS and MACWS before and 
after adsorption with BPA are listed in Fig. 2. Bisphenol-A 
FT-IR chart shows strong and broad band below 3500  cm−1 
displaying the existence of phenolic compound and peak at 
3000  cm−1 which indicates C-H stretch in aromatic com-
pound (phenol), while the peak around 1600  cm−1 signifies 
C–C stretch (in-ring) of aromatic compound. In ACWS, dif-
ferent functional groups were observed with peaks ranging 
from 1750 to 1735  cm−1 indicating carbonyl (C=O stretch) 
in esters and saturated aliphatic compound. Activated walnut 
shell with BPA shows disappearance of phenolic functional 
group with peak indicating the formation of C=O stretch 
(carbonyl compound) in the range of 1750 to 1735  cm−1. 

(5)x3 =
((

X3 − 112.5
))

∕87.5

(6)x4 =
((

X4 − 465
))

∕435

(7)
Y = x1 + x2 + x3 + x4 + x2

1
+ x2

2
+ x2

3
+ x2

3
+ x1x2 + x2x3 + x3x4 + x1x4

(8)Y =
Co − Ce

Co

× 100

Table 1  Minimum and maximum levels of coded and uncoded sym-
bols of the four factors of BPA adsorption

Variables Symbols Level

Coded Uncoded  − 1 0 1

pH x1 X1 2 7 12
Temperature (oC) x2 X2 30 47.5 65
Dosage (mg) x3 X3 30 465 900
Concentration (mg/L) x4 X4 25 112.5 200
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FT-IR of MACWS indicates O–H stretch above 3500  cm−1, 
while the peak around 1700  cm−1 indicates C=O stretch. 
MACWSB shows weak peak around 3500  cm−1 indicat-
ing disappearance of O–H group. The strong peak around 
2500  cm−1 indicates formation of O–H from carboxylic acid, 
and broad band around 700  cm−1 indicates C-H bond of aro-
matic compound. In general, the notable adsorption sites of 
all the adsorbents mentioned are C=O, O–H and OH group 
sites on the surface of the adsorbent.

Sorption studies

Solution pH plays vital role in adsorption process because 
of its great sway effect on the chemistry of both the adsor-
bent and the pollutant. The variation of the percentage of 
BPA adsorbed by MACWS and ACWS at various alternate 
pH values (1–12) at 27 °C and initial BPA concentration 
of 200 mg/L is listed in Fig. 3. From the result of the pH 
dependence, BPA percentage removal was established to 
be relatively stable across low pH range but decreases at 
a pH greater than 7. BPA percentage removal was stable at 
around 81.0 to 87.3% at the initial solution pH range of 2 to 
7 for both ACWS and MACWS adsorbents. This happen-
ing can be explained that BPA mainly existed in a neutral 
molecular form of BPA at pH < pKa value which becomes 
deprotonated at pH higher than 8.0, thus forming mono- or 
divalent anions. This implies that the decrease in the removal 
percentage of BPA within the alkaline pH range might be 

Fig. 1  XRD spectra of ACWS and MACWS in the presence and 
absence of BPA

Fig. 2  FT-IR spectra of ACWS 
and MACWS in the presence 
and absence of BPA
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as a result of the revolting electrostatic relation that exists 
between the surface of the adsorbents which is negatively 
charged and the bisphenolate anion. Related trend had also 
been reported in the literature (Zhou et al. 2016, 2018; Riry 
et al. 2014). The zero point charge of ACWS and MACWS 
obtained is 6.3 and 6.6, respectively, and beneath these val-
ues, the adsorbents surfaces are expected to be positively 
charged. This implies that for this study, BPA solution exists 
as anionic species which enhances its adsorption onto the 
surface of ACWS and MACWS within the acidic range. 
Since a pH above the zero point charge makes the surface 
of the biomass to become negatively charged, this explains 
why the uptake of BPA was hampered at alkaline pH range 
(Himanshu et al., 2010; Ofudje et al., 2017).

Also, the effect of adsorbents dosages (0.03 to 1 g) on the 
sorption of BPA was evaluated, while other parameters were 
kept constant. As shown in Fig. 4, the percentage of BPA 
removal at equilibrium for ACWS and MACWS increased 
from 64.10 to 75.84% and 73.90 to 79.48%, respectively, 
with increase in the adsorbents’ dosage from 0.03 to 0.9 g. 
This result is supported by previous findings (Adeogun 
et al. (2018)), when it was found out that a rise in adsor-
bent dosage will lead to an increase in the amount of pollut-
ant adsorbed which is due to increase in surface area of the 
adsorbent which accordingly increases the available receptor 
sites.

The results of the impacts of duration time (40 to 
140  min) and initial adsorbate concentration (25 to 
200 mg/L) for ACWS and MACWS are revealed in Figs. 5 

and 6, respectively, which show that the reaction was quick 
at the early stage but reduces as the reaction approaches 
equilibrium. Ceiling uptake of BPA was achieved at a con-
tact time of 100 min and BPA concentration of 200 mg/L. 
The amount of BPA adsorbed was established to rise from 
4.32 to 10.33 mg/g for ACWS and from 10.23 to 14.80 mg/g 
for MACWS, respectively, when the duration time rose from 
40 to 100 min at initial BPA concentration of 25 mg/L. Upon 
increasing the initial BPA concentration to 200 mg/L, the 
value of BPA adsorbed rose tremendously from 53.71 to 
113.60 mg/g for ACWS and from 67.22 to 156.32 mg/g for 
MACWS, respectively.

The changes in the amount of adsorption with respect to 
time and BPA concentration might be due to the fact that at 
opening stage of the reaction, there were vacant absorber 
sites of the adsorbents coupled with high solute concentra-
tion which enhanced the process of adsorption; but, as the 
reaction proceeds, these vacant sites become filled up by 
the adsorbate particles, while the amount of the pollutant 
in the solution has been used up in the process, thus result-
ing in a decrease in the adsorption uptake as observed 
(Adeogun et al. 2018). According to Han et al. (2012a), 
longer time to get in touch with the adsorbate gives ade-
quate duration time for the adsorption process to occur 
which enhances the adherence of the pollutant onto the 
receptor sites of the adsorbent. The results of the impact 
of temperature on the removal of BPA are shown in Fig. 7 
which reveals that by increasing the temperature from 30 
to 55 °C, the sorption capacity of BPA rose from 72.98% 

Fig. 3  The role of pH on the 
removal of BPA by ACWS and 
MACWS at duration time of 
100 min, BPA concentration 
of 200 mg/L, biomass dose of 
0.09 g and temperature of 55 °C
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to 78.57% and 73.16% to 81.70% for ACWS and MACWS, 
respectively. Beyond a temperature of 55 °C, there was 
no further major increase in the uptake of the BPA by 
the adsorbents and as such a temperature of 55 °C was 
selected for subsequent experiments. Literature reports 

show that the rate of diffusion of the adsorbed molecules 
across the internal pores of the adsorbent particles as well 
as the external boundary layer can be enhanced by increase 

Fig. 4  The effect of dosage 
on the adsorption of BPA by 
ACWS and MACWS at contact 
time of 100 min, initial BPA 
concentration of 200 mg/L and 
temperature of 55 °C
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Fig. 5  Impact of duration time 
and initial BPA concentrations 
on BPA uptake by ACWS at 
adsorbent dose of 0.09 g and 
temperature of 55 °C
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in temperature of the adsorption process. The enhanced 
diffusion could be due to the decrease in the viscosity of 
the solution (Adeogun et al. 2011; Al-qodah 2000).

Thermodynamic studies

The driving force of the adsorption process (Gibb’s free 
energy change) can be obtained from the equilibrium con-
stant as described in Eq. 9 (Adeogun et al. 2011):

where the equilibrium temperature is given as T in Kel-
vin, the ideal gas constant is denoted as R having value as 
8.314  Jmol−1  K−1, and the thermodynamic equilibrium con-
stant is denoted as  Kc. The expression for the equilibrium 
constant can be obtained in Eq. 10:

where  Ca is the amount of adsorbate per liter and  Ce is as 
previously defined in mg/L. The enthalpy change (∆H0), 
equilibrium constant as well as the entropy change (∆S0) at 
constant temperature can be expressed using the Van’t Hoff 
equation (Eq. 11) as follows (Ofudje et al. 2020):

where the slope as well as the intercept of the Van’t Hoff plot 
of  lnKc against 1/T as shown in Fig. 8 was used to estimate 
the values of enthalpy change (∆Ho) and entropy change 
(∆So) for the adsorption of BPA by ACWS and MACWS 
and their values are presented in Table 2. The endothermic 
nature of the adsorption process was confirmed by the posi-
tive values of ∆Ho, while the randomness observed at the 

(9)ΔG0 = −RTlnKc

(10)Kc = Ca∕Ce

(11)InKC =
ΔS0

R
−

ΔH0

RT

Fig. 6  Impact of duration time 
and initial BPA concentrations 
on BPA uptake by MACWS at 
adsorbent dose of 0.09 g and 
temperature of 55 °C
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solid–solution interface in the course of the adsorption of 
BPA by ACWS and MACWS is substantiated from the posi-
tive values of ∆So (Dang et al. 2009). The spontaneity of the 
adsorption can be ascertained from the Gibbs free energy 
change, ∆Go, and can be used to predict the feasibility of the 
process. Thus, the negative values obtained for ∆Go in the 
adsorption of BPA as listed in Table 2 substantiate the spon-
taneity as well as the feasibility of the adsorption process 
(Upendra 2011). Also, the ∆Go is seen to have increased as 
temperature increased for the two adsorbents used. A similar 
phenomenon was reported (Balci and Erkurt 2017) in the 
removal of BPA by Eucalyptus bark/magnet composite.

Kinetic studies and modeling

Lagergren pseudo-first-order and Ho’s pseudo-second-order 
kinetic models were deployed as shown in the kinetic data 
plot in Fig. 9, while the values obtained from these plots are 
listed in Tables 3 and 4. The simple pseudo-first-order equa-
tion suggested by Lagergren is given as Eq. 12 (Ho 2004):

where the equilibrium concentration and the sorption capac-
ity at time t are given as qe and qt in mg/g, respectively, and 
k1 is the rate constant of pseudo-first-order kinetic model. 
For pseudo-second-order kinetic model, the integrated form 
is given as Eq. 13 (Ho 2004):

where t = time,  k2 is pseudo-second-order rate constant, and 
qe and  qt are as previously defined. The values of  qe and 
those of  k1 and  k2 were computed using the least square plots 
as shown in Fig. 9. We observed that the theoretical values 
of qe concur well with the values obtained for the experimen-
tal adsorption capacity from the pseudo-first-order model 
when compared with those of the pseudo-second-order 
kinetic model, although both models demonstrated high 
value of correlation coefficients and this is an indication of a 
physical adsorption process. Smaller values of sum of square 

(12)Log (qe − qt) = log qe −
k1

2.303
t

(13)
t

qt
=

1

k2q
2
e

+
1

qe

Fig. 8  Plot of  lnKc against 1/T 
for the adsorption of BPA by 
MACWS and ACWS
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Table 2  Thermodynamic 
parameters for the adsorption of 
BPA by ACWS and MACWS

Adsorbent ∆Ho ∆So T1 = T2 = T3 = T4 = T5 = T6 = T7 = T8 = 
(kJ/mol) (kJ/Kmol) 303 K 308 K 313 K 318 K 323 K 328 K 333 K 338 K

∆Go(kJ/mol)
 ACWS 9.17 0.039 − 2.64 − 2.84 − 3.03 − 3.23 − 3.42 − 3.62 − 3.81 − 4.01
 MACWS 7.45 0.033 − 2.55 − 2.71 − 2.88 − 3.04 − 3.21 − 3.37 − 3.54 − 3.70
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Fig. 9  Graph of (a and c) pseudo-first-order and (b and d) pseudo-second-order kinetic models for the adsorption of BPA by ACWS and 
MACWS, respectively

Table 3  Kinetics parameters 
for the adsorption of BPA by 
ACWS and MACWS

First order Second order

qe(exp) qe(cal) k1 R2 % SSE qe(cal) k2 R2 % SSE

ACWS
20.520 21.288 0.009 0.983 0.158 27.112 0.004 0.981 0.527
38.113 40.262 0.033 0.998 0.001 52.449 0.023 0.992 0.076
59.143 61.659 0.011 0.994 0.037 79.155 0.005 0.994 0.185
71.857 73.334 0.023 0.996 0.008 92.096 0.007 0.997 0.097
93.602 95.475 0.048 0.998 0.009 118.156 0.014 0.999 0.031

113.625 112.519 0.020 0.994 0.026 131.397 0.001 0.995 0.169
MACWS

22.331 22.960 0.014 0.974 0.022 25.738 0.002 0.93 0.367
42.302 44.474 0.013 0.959 0.006 55.861 0.003 0.93 0.216
68.426 71.989 0.017 0.989 0.030 82.883 0.004 0.996 0.128
90.105 94.757 0.034 0.997 0.004 108.737 0.007 0.999 0.114

134.221 135.335 0.053 0.997 0.012 166.516 0.016 0.999 0.032
146.704 153.287 0.020 0.995 0.027 181.447 0.001 0.998 0.148
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error observed from the pseudo-first-order model analysis 
further confirm that the process obeys the pseudo-first-order 
kinetics model perfectly.

Sorption isotherm

The correlation which exists between the concentrations 
of BPA adsorbed and that at equilibrium were achieved 
using four adsorption isotherms. The Langmuir isotherm 
which predicts identical adsorption energies onto the sur-
face can be described nonlinearly using Eq. 14 (Adeogun 
et al. 2011; Tewari and Kamaluddin 1998):

The linear form is given as Eq. 15:

with qe (mg/g) and Ce (mg/L) as previously discussed and 
the Langmuir constants (b (L/mg) and qmax (mg/g)) esti-
mated from the slope and intercept of the plot in Fig. 10a. 
The effectiveness of the sorption process was measured 
using the separation factor  (RL) (Mohan et al. 2011). The 
expression for  RL is given as Eq. 16:

(14)qe =
qmaxbCe

1 + bCe

(15)
Ce

qe
=

1

qmax

Ce +
1

bqmax

From Table 4, the value of  RL obtained is between 0 and 
1 which indicates that the adsorption process is favorable 
(Mohsin et al. 2012). Moreso, the maximum monolayer 
coverage capacities (qmax) deduced from the Langmuir 
isotherm for the two sorbents were determined to be 
115.85 mg/g and 166.67 mg/g for ACWS and MACWS, 
respectively. Table 5 presents favorable adsorption capaci-
ties of ACWS and MACWS adsorbents from this present 
study compared with various adsorbents for BPA removal 
reported in the literature.

The empirical equation proposed by Freundlich with 
given nonlinear form in Eq. 17 and linear form in Eq. 18 
is represented in Fig. 10b (Freundlich 1907):

where the Freundlich constants representing the relative 
adsorption capacity and the strength of sorption process 
are given as  KF (mg/g) and n, respectively. The extent of 

(16)RL =
1

1 + bCe

(17)qe = KFC
1∕n
e

(18)Inqe = InKF +
1

n
InCe

Table 4  Isotherm parameters for the adsorption of BPA onto ACWS and MACWS

Adsorbents

Langmuir isotherm

qmax (mg/g) KL(L/mg) RL R2 HYBRID RMSE

ACWS 115.85 0.0096 0.26 0.963 0.034 0.320
MACWS 166.67 0.0030 0.38 0.984 0.027 0.121

Freundlich isotherm

1/n n KF (mg/g) R2 HYBRID RMSE

ACWS 0.221 4.52 7.193 0.957 1.563 3.112
MACWS 0.877 1.14 8.306 0.965 1.890 4.220

Temkin isotherm

αT(L/mg) bT (J/mol) R2 HYBRID RMSE

ACWS 2.397 345.53 0.929 0.933 2.224
MACWS 2.117 336.58 0.942 0.484 2.807

Dubinin–Radushkevich isotherm

qs (mg/g) Kad  (mol2/kJ2) E(kJ/mol) R2 HYBRID RMSE

ACWS 10.585 4 ×  10–5 0.112 0.998 0.260 3.108
MACWS 12.613 1 ×  10–5 0.224 0.987 0.225 2.014
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adsorption intensity or surface heterogeneity can be deduced 
from the slope with values between 0 and 1, and when its 
value gets closer to zero, it becomes more heterogeneous, 
whereas a value less than unity depicts chemisorption pro-
cess (Adeogun et al. 2018). If n values are between 0 and 
10, it is an indication of favorable sorption. As evident in the 
data presented in Table 4, 1/n values for the two adsorbents 
were found to be 0.221 and 0.877, respectively, for ACWS 
and MACWS indicating that sorption of BPA unto the adsor-
bents is favorable (R2 = 0.957 and 0.965), respectively. How-
ever, this value is lower when compared to the  R2 value 
from Langmuir isotherm. The Temkin isotherm explains the 
relationship that exists between adsorbent–adsorbate and 
presumes that the heat of adsorption of all molecules would 
reduce linearly and is given as Eq. 19:

(19)qe =

(

RT

b

)

In��Ce
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Fig. 10  Plots of (a) Langmuir, (b) Freundlich, (c) Temkin and (d) Dubinin–Radushkevich isotherms for the adsorption of BPA unto ACWS–
MACWS

Table 5  Comparison of adsorption capacities of the two adsorbents 
used in this study with some other adsorbents for BPA adsorption

a 2-vinylpyridine functionalized magnetic nanoparticle
b Carbon nanotubes grafted by magnetic  Fe3O4 particles
c Reduced graphene oxide magnetic nanoparticles
d Magnetic molecularly imprinted polymers
e Aliquat 336-impregnated magnetic multiwalled carbon nanotubes

Adsorbents qmax (mg/g) References

magnetite 4.78 Orimolade et al. (2018)
Mag-PVPa 115.87 Li et al. (2018)
CNTs/Fe3O4

b 45.31 Li et al. (2015)
rGO-MNPs-3c 106.40 Zhang et al. (2014)
Graphene oxide 87.80 Xu et al. (2013)
MMIPsd 142 Guo et al. (2011)
A-m-MWCNTse 43.48 Bhatia and Dutta (2019)
Lignin 237 Han et al. (2012b)
ACWS 115.85 This study
MACWS 166.67 This study
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while the linear form is given as Eq. 20:

where αT �� and  bT are the Temkin isotherm constants in 
L/g and  Jmol−1, and R and T are as previously defined. The 
plot is shown in Fig. 10c, and the values of αT determined 
are 2.397 and 2.117 L/mg for ACWS and MACWS, respec-
tively, while  bT gave 345.53 and 336.58  Jmol−1, respectively, 
thus suggesting physical adsorption process, hence cor-
roborating the report from kinetic study. The  R2 was 0.929 
and 0.942 for ACWS and MACWS, respectively, showing 
that Temkin does not totally fit the data compared to Lang-
muir and Freundlich. The nonlinear representation of the 
Dubinin–Radushkevich (DRK) isotherm is given as Eq. 21 
(Gunnay et al. 2007; Dabrowski 2001):

while the linear form is given as Eq. 22: Kad

where  qe and  qs are the amount adsorbed at equilibrium and 
the theoretical saturation capacity of the adsorbent in mg/g 
and mol/g, respectively, Kad is DRK isotherm constant, and 
ε is the Polanyi potential which can be estimated as Eq. 23:

The mean free energy, E  (kJmol−1), was obtained as 
Eq. 24 (Dubinin 1960; Hobson 1969):

The constant � is the mean free energy of adsorption per 
mol of the adsorbent  (mol2J−2). The constants such as  qs 
and Kad for the two adsorbents (ACWS and MACWS) were 
estimated using the plot in Fig. 10d, and their correspond-
ing values were 10.585 and 12.613 mg/g and 4 ×  10–5 and 
1 ×  10–5  mol2kJ−2, respectively, while the mean free energy, 
E, values estimated to be 0.112 and 0.224  kJmol−1, respec-
tively, points to a physisorption process since E is less than 
8  kJmol−1 (Santhi et al. 2009). The corresponding  R2 values 
were 0.998 and 0.987, respectively, for ACWS and MACWS.

Error function analysis

Two different error analyses functions were deployed in an 
attempt to further improve the fit of the adsorption equilib-
rium data to the various isotherms used in this study.

The hybrid fractional error function (HYBRID) is 
described as Eq. 25 (Rahdar et al., 2019; Ofudje et al., 2020):

(20)qe =

(

RT

bT

)

In�� +
RT

br
InCe

(21)qe = qse
−Kad�

2

(22)Inqe = InqS − Kad�
2

(23)� = RIn

(

1 +
1

Ce

)

(24)E = 1
�

√

−2�

The root-mean-square error (RMSE) is given as Eq. 26 
(Rahdar et al., 2019; Ofudje et al., 2020):

where the number of degrees of freedom of the system is 
given as N and the number of parameters as p. The experi-
mental amount adsorbed and calculated amount adsorbed are 
qexp and qcal, respectively. The results of the error functions 
of all the parameters compared revealed that the Langmuir 
model has lowest overall experimental error. Thus, it can be 
further affirmed that the Langmuir model best describes the 
experimental data and, thus, the best suited model in this 
present study.

Statistical optimization analysis

To obtain proper regression equations, linear, two-factorial 
interaction (2FI), quadratic and cubic models were explored 
to evaluate the experimental data. In the same vein, sequen-
tial model sum of square coupled with model summary 
statistics was performed to establish the competence of 
these models in the removal of BPA by the two adsorbents 
used. The values of  R2 validate the fitness of this model 
with higher value of  R2 depicting better model in interpret-
ing the experimental data, while F-test was used to certify 
the statistical significance (Peng et al. 2002). The results 
from the analysis of variance (ANOVA) in Tables 6 and 7 
for BPA adsorption using ACWS and MACWS as adsor-
bents by quadratic model affirmed good relationship which 
exists between the response and the significant variables as 
described by the equation. If the value of F is large, while 
that of the probability (p) is small, then the more reliable is 
the corresponding coefficient term. According to Cobas et al. 
(2014), values of p lower than 0.05 certify a statistically 
significant model. The ANOVA (Table 6) reveals the F val-
ues as 5.13 and 9.89 for ACWS and MACWS, respectively, 
suggesting the applicability of the regression equation. In 
addition, the probability (p) value (p < 0.005) for the adsor-
bents suggests that the model is significant.

Figures 11 and 12 present the combination effects of 
dosage, initial concentration, pH and temperature on the 
sorption of BPA by ACWS and MACWS, respectively. 
It was observed that greatest removal percentage was 
optimized at higher BPA concentration, temperature and 
dosage values. This was, however, contrary to what was 
observed in case of the effect of pH with greatest removal 
percentage in acidic range (lower pH values). This greater 

(25)HYBRD =
100

N − P

N
∑

i

(

q(exp) − q(cal)
)

q(exp)

(26)RMSE =

�

∑N

i
(q(exp) − q(cal))

2

N
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sorption percentage at acid pH range may be as a result 
of the electrostatic interaction that exists between the 
surface of the adsorbents which is positively charged and 
the negative charge of the bisphenol structure. Also, the 
increase in the sorption percentage of BPA with the adsor-
bents is due to the increase in the surface area available 

for sorption which thus increases the adsorption recep-
tors for the removal of the contaminants. It was deduced 
further that magnetic treatment of the walnut shell greatly 
enhanced the removal ability of the adsorbent, thus boost-
ing the adsorption process. Similar report was documented 
before by de Sales et al. 2013.

Table 6  ANOVA analysis of 
Box–Behnken model for BPA 
on ACWS adsorption factors

Source Sum of squares DF Mean square F value Prob > F

Model 1995.74 14 142.55 5.13 0.0021 significant
Dosage 538.05 1 538.05 19.35 0.0006
Temperature 21.87 1 21.87 0.7867 0.3901
Concentration 322.52 1 322.52 11.60 0.0043
pH 129.34 1 129.34 4.65 0.0489
Dosage × Temp 348.08 1 348.08 12.52 0.0033
Dosage × Conc 8.08 1 8.08 0.2904 0.5984
Dosage × pH 155.39 1 155.39 5.59 0.0331
Temp. × Conc 55.31 1 55.31 1.99 0.1802
Temp. × pH 28.02 1 28.02 1.01 0.3325
Conc. × pH 32.10 1 32.10 1.15 0.3008
(Dosage)2 261.48 1 261.48 9.40 0.0084
(Temp.)2 31.44 1 31.44 1.13 0.3056
(Conc,)2 5.23 1 5.23 0.1882 0.6710
pH2 94.15 1 94.15 3.39 0.0870
Residual 389.26 14 27.80
Lack of Fit 336.97 10 33.70 2.58 0.1874 Not significant
Pure Error 52.29 4 13.07
Cor Total 2385.00 28

Table 7  ANOVA analysis of 
Box–Behnken model for BPA 
on MACWS adsorption factors

Source Sum of squares DF Mean square F value Prob > F

Model 2373.27 169.52 9.89  < 0.0001 Significant
Dosage 1548.71 1 1548.71 90.31  < 0.0001
Temperature 117.03 1 117.03 6.82 0.0205
Concentration 162.67 1 162.67 9.49 0.0082
pH 283.40 1 283.40 16.53 0.0012
(Dosage)2 11.95 1 11.95 0.70 0.4179
(Temperature)2 7.62 1 7.62 0.44 0.5158
(Concentration)2 3.07 1 3.07 0.18 0.6784
(pH)2 8.75 1 8.75 0.51 0.4869
Dosage × Temp 42.52 1 42.52 2.48 0.1377
Dosage × Conc 76.10 1 76.10 4.44 0.0537
Dosage × pH 33.60 1 33.60 1.96 0.1834
Temp × Conc 20.04 1 20.04 1.17 0.2980
Temp × pH 66.70 1 66.70 3.89 0.0687
Conc. × pH 1.57 1 1.57 0.091 0.7668
Residual 240.08 14 17.15
Lack of fit 215.44 10 21.54 3.50 0.1194 Not significant
Pure Error 24.63 4 6.16
Cor Total 2613.35 28
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Conclusion

The work assessed the use of activated carbon prepared 
from walnut shells and its magnetized counterpart as 
adsorbents in the adsorption of BPA from aqueous solu-
tion. It was observed that the uptake of BPA on ACWS 
and MACWS decreased with increased pH, while the 
adsorption capacity increased as the adsorbent dosage and 
BPA concentration increased for the two adsorbents. The 
adsorption process followed pseudo-first-order model. The 
equilibrium data were well explained by the Langmuir iso-
therm model implying monolayer formation. The thermo-
dynamic parameters revealed that the adsorption process 
is spontaneous and endothermic in nature. From the FT-IR 
investigation, carboxylate and phenolic functional groups 
could be associated with the adsorption process as evident 
from the changes in the IR bands.
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