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Bisphenol A (BPA), commonly found in plastics and epoxy resins, poses serious risks to human 
and animal health, particularly affecting reproduction and hormonal balance. This study investigates 
the removal of BPA from water using modified Moringa oleifera seed husks (H-MOH300) as a 
sustainable adsorbent. The husks were chemically activated with phosphoric acid and thermally 
treated at 300°C, yielding a BET surface area of 380 m2 g−1 and a pore volume of 0.282 cm3 g−1. SEM 
analysis showed a porous and fibrous morphology, while XRD indicated a crystalline nature. FTIR 
identified hydroxyl, aromatic, and carboxylic functional groups. The process followed the Langmuir 
isotherm model, achieving a maximum adsorption capacity of 27.5 mg g−1 at 22°C. Thermodynamic 
analysis indicated a spontaneous, endothermic process driven by electrostatic and π-π interactions. 
Regeneration tests up to 5 cycles confirmed H-MOH300’s reusability, demonstrating its potential as 
a cost-effective, eco-friendly solution for BPA removal.
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1. Introduction
The substance 2,2-bis(4-hydroxyphenyl) propane, 

commonly known as bisphenol A (BPA), is frequently 
used to produce epoxy resins and polycarbonate plastics. 
BPA is also used in the industrial manufacturing of plastic 
bottles, can linings, and thermal papers1. Many studies have 
highlighted the harmful effects of BPA, including its impact 
on reproduction, genetics, the nervous system, embryo 
development, and hormonal balance2,3. The permissible 
BPA concentration differs depending on the water source. 
Regulating BPA levels within the 1–15 µg L-1 range in 
freshwater, seawater, and wastewater is essential to protecting 
aquatic ecosystems4. Studies have shown worldwide BPA 
contamination in freshwaters used as sources of drinking 
water after treatment, especially in the most industrialized 
and urbanized regions5-9. Considering that the conventional 
drinking water treatment process, which involves coagulation, 
flocculation, sedimentation, and filtration stages, has low 
BPA removal rates10,11 and is the most applied process 
worldwide12, developing alternative treatments for BPA 
removal from water is imperative.

Various methods for removing BPA from water, including 
membrane filtration, biological processes, ultraviolet (UV) 
irradiation, and advanced oxidation techniques, have been 
investigated. The main advantage of these methods is their 
high capacity commonly found for removing BPA from 
water. However, challenges such as high cost and energy 
consumption, the generation of toxic by-products, and the use 
of hazardous chemicals limit the widespread implementation 
of these technologies on a large scale13,14.

Adsorption is also considered an effective method 
for BPA removal15,16 and offers multiple benefits, such 
as simplicity, cost-effectiveness, high efficiency, and the 
absence of hazardous byproduct formation17. However, large-
scale application of commercial activated carbons is still a 
challenge because of their high costs for activation related 
to energy consumption (500–900 °C)14. To address these 
challenges, increasing attention has been given to developing 
and producing environmentally friendly adsorbents using 
low-cost agricultural waste materials.

The utilization of agricultural waste materials as adsorbents 
to eliminate BPA has garnered significant attention. This is 
due to their abundance in nature, diverse functional groups, 
eco-friendliness, low cost, ease of surface modification, 
chemical stability, renewability, and biodegradability. These 
qualities make them favourable for regeneration and reuse 
after adsorption14,18. Therefore, developing new low-cost and 
eco-friendly adsorbents to remove BPA from water is essential.

Moringa oleifera (MO) is a plant belonging to the 
Moringaceae family that is native to India and the sub-
Himalayan regions. MO is now commonly found in tropical 
areas, including the American continent19. In addition to 
the various applications of MO as a food and medicinal 
plant, MO seeds have been used as a natural coagulant 
in water and wastewater treatment20-22. However, the 
use of MO seeds generates husks as waste, which have 
been studied for potential applications as adsorbents for 
different contaminants, such as methylene blue23, atrazine24, 
and acetaminophen25. The probable explanation for the 
promising adsorption results lies in the structure, micropore 

volume, and composition of the materials, as adsorption 
is favored by the presence of carboxyl, hydroxyl, and 
carbonyl groups26. However, no studies in the literature 
have reported the potential use of MO seed husks as an 
adsorbent for bisphenol A (BPA) removal. Furthermore, 
research using MO husks as adsorbents indicates a low 
surface area post-activation, with surface areas such as 
10.32 m2 g-1 24 and 4.6 m2 g-1 25. Further studies are needed 
to enhance this crucial property for effective adsorption.

In this context, given the urgent need for low-cost and 
eco-friendly adsorbents to remove BPA from water due to 
its risks to human health and the environment, as well as the 
necessity to repurpose Moringa oleifera seed husk residues, 
this study introduces a novel approach by optimizing the 
activation method for MO seed husks and demonstrating their 
effectiveness as a sustainable adsorbent for BPA removal. This 
research provides a comprehensive investigation, including 
advanced adsorbent characterization using scanning electron 
microscopy (SEM), X-ray diffraction (XRD), Brunauer-Emmett-
Teller (BET) surface area analysis, Fourier transform infrared 
(FTIR) spectroscopy, particle size distribution, and point 
of zero charge determination. Various kinetic and isotherm 
models were assessed to elucidate the adsorption mechanism 
and thermodynamic behavior. Furthermore, the adsorbent’s 
performance was critically evaluated against previous studies 
using different adsorbents for BPA removal, and its regeneration 
capacity was tested, reinforcing its potential as an efficient 
and reusable material for water decontamination.

2. Materials and Methods

2.1. Chemicals and Reagents
Moringa oleifera seeds were purchased from Arbocenter, 

Brazil and the BPA (purity ≥ 99%) was procured from Sigma-
Aldrich. In chemical activation processes, potassium hydroxide 
(KOH) (purity ≥ 85%, ACS Científica) or phosphoric acid 
(H3PO4) (purity 85%, Vetec) was used. The point of zero 
charge (pHPZC) test used the reagent NaNO3 (purity ≥ 98%, 
Êxodo Científica) and for pH adjustments was used HCl 
(purity = 36.80%, Neon) or NaOH (purity = 98.81%, Neon).

2.2. Adsorbent Preparation
Moringa oleifera seeds were manually peeled, and the 

seed husks were dried at 105°C for 2 h. After drying, the 
husks were ground and sifted to be standardized to a 28-mesh 
(600 µm) maximum particle size. The obtained powder was 
used as an adsorbent (H-MO) and was also the precursor for 
the chemically and thermally treated adsorbents.

Chemical activation (CA) was carried out via potassium 
hydroxide (KOH) or phosphoric acid (H3PO4), as these reagents 
have shown promising results in activating precursors from 
agricultural waste to remove BPA16,27,28. CA occurred at a 
mass ratio of 1:5 m/v (H-MO/KOH or H3PO4) in aqueous 
solution (0.1 mol L-1), which was maintained for 1 h at room 
temperature and then dried at 105°C for 15 h. The chemically 
activated material was subsequently thermally activated in a 
single stage (carbonization and activation) in a muffle furnace 
(LF02310, Jung) at a heating rate of 20°C min-1 under two 
different conditions (300°C or 500°C) for 1 h. The mixture 
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was then washed with deionized water until a neutral pH 
was reached. Only thermal activation of H-MO at 750°C for 
30 min (H-MO750) was also carried out. A summary of the 
chemical and physical activations is presented in Table 1 and 
a schematic diagram describing the fabrication process of the 
adsorbents is presented in Figure 1. After preliminary adsorption 
tests, the most promising material was chosen for the study. 

2.3. Characterisation
The adsorbent was characterized by scanning electron 

microscopy (SEM) (FEI model INSPECT S50 equipment) to 
determine the surface morphology, N2 physisorption (BET) 
(NOVA 4200e, Quantachrom) to determine the specific 
surface area, Fourier transform infrared spectroscopy (FTIR) 
(IR PRESTIGE-21, Shimadzu) operating in the attenuated 
total reflectance (ATR) mode to determine the surface 
functional groups, multi-laser technology to determine the 
particle size distribution (CILAS 1190, CPS US, Inc.), and 
X-ray diffraction analysis (XRD) (Miniflex 600, Rigaku) to 
evaluate the structural properties. The crystallinity index (CI) 
was calculated through the deconvolution of the peaks from 
XRD using OriginPro® 2024, as presented in Equation 129.

( ) % 100p

t

A
CI

A
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where Ap is the integrated area of the peak and At is the 
total integrated area.

The point of zero charge (pHPZC) test was performed via 
the salt addition method with NaNO3 in an aqueous solution 
(0.1 mol L-1) according to Bakatula et al.30. In the ‘11 point 
experiment’ method, 50 mL of NaNO3 solution at different 
initial pH values (2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 
11.0 and 12.0) adjusted with HCl  (0.1 mol L-1) or NaOH 
(0.1 mol L-1) was added to 0.2 g of sample, which was shaken 

on a temperature-controlled stirring apparatus (Dubnoff 304-
TPA) at 100 rpm and 22°C for 16 h.

2.4. Adsorption studies
Preliminary adsorption tests were conducted with the 

adsorbents H-MO, H-MO 750, H-MOK300, H-MOK500, 
and H-MOH300 in the batch adsorption process using a 
2 g L-1 dosage of the adsorbent in 50 mL of BPA solution 
with a 20 mg L-1 concentration for 24 h at room temperature 
to evaluate the most promising candidate for BPA removal. 
As the literature shows that BPA can be quantified using 
a spectrophotometric method at wavelengths between 
270 and 290 nm 31-33, the developed quantification method 
was performed with a UV‒Vis spectrophotometer (Genesys 
50, Thermo Fisher Scientific) at 276 nm.

The adsorption tests were carried out in batch mode in 
triplicate via a temperature-controlled stirring apparatus 
(Dubnoff 304-TPA) at 100 rpm at room temperature for 
24 h. The adsorbent dosage effect was evaluated using 0.6, 
1.0, 1.6, 2.0, 3.0, 4.0, 5.0, and 6.0 g L-1 adsorbent in 50 mL 
of BPA (20 mg L-1) at a pH of 6.0. To evaluate the effect of 
the pH, 2.0 g L-1 adsorbent and 50 mL of BPA (20 mg L-1) 
solution were used, and the pH was adjusted to 5.0, 6.0, 7.0, 
8.0, 9.0, 10.0, 11.0, 12.0, and 13.0.

2.5. Adsorption kinetics
The kinetic study was conducted under the optimal conditions, 

with 2.0 g L-1 adsorbent in 50 mL of BPA solution (20 mg L-1). 
The contact time intervals from the analysed samples were 
0.5–32 h at a temperature of 22°C at 100 rpm. After the contact 
time, the solutions were filtered through a Whatman Grade 1 
filter, and the BPA concentration was quantified. The data were 
subjected to nonlinear regression analysis via the OriginPro® 
2024 software program. The adsorption capacity q (mg g−1) 
was calculated, as presented in Equation 234.
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where C0 and Ce are the initial and equilibrium concentrations 
of BPA, respectively (mg L-1), V is the volume of BPA 
solution (L), and m is the adsorbent mass (g).

Kinetic studies were conducted via the pseudo-first-
order (PFO) equation proposed by Lagergren35, the pseudo-
second-order (PSO) equation proposed by Ho and Mckay36, 
the intraparticle diffusion equation proposed by Weber and 
Morris37, and the Elovich equation proposed by McLintock38. 
These kinetic equations are expressed as Equations 3, 4, 
5 and 6, respectively.
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where qt and qe are the adsorption capacities at time t and at 
equilibrium (mg g−1), t is the contact time (min), and k1 is 
the pseudo-first-order rate constant (min−1).
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where qt and qe are the adsorption capacities at time t and at 
equilibrium (mg g−1), t is the contact time (min), and k2 is the 
pseudo-second-order rate constant (g mg−1 min−1).

Table 1. Chemical and physical activations using M. oleifera seed 
husk powder as a precursor.

Adsorbent Chemical activation Physical activation

H-MO - -

H-MO750 - 750°C/30 min

H-MOK300 KOH/60 min 300°C/60 min

H-MOK500 KOH/60 min 500°C/60 min

H-MOH300 H3PO4/60 min 300°C/60 min

Figure 1. Schematic diagram describing the fabrication process 
of the adsorbents.



Roledo et al.4 Materials Research

   t difq K t C= + 	 (5)

where Kdif is the intraparticle diffusion rate constant 
(mg g−1 min1/2), qt is the adsorption capacity at time t (mg g−1), 
t is the adsorption time (min), and C is the constant related 
to the thickness of the boundary layer (mg g−1).

( )1 ln 1  tq tαβ
β

= + 	 (6)

where qt is the adsorption capacity at time t (min), α is the 
initial rate constant (mg g-1 mg-1), and β is the desorption 
constant during experiment (mg g-1).

2.6. Adsorption isotherms
Three different temperatures (22°C, 32°C, and 42°C) were 

used to determine the adsorption equilibrium of BPA and the 
effect of temperature. A BPA concentration of 10–120 mg 
L-1 was studied in 50 mL of solution, with 2.0 g L-1 adsorbent, 
a contact time of 16 h, a pH of 6.0, and a stirring speed of 
100 rpm. After the conclusion of the contact time, the BPA 
concentration was analysed.

This study tested the Langmuir, Freundlich, and Temkin 
isotherm models via nonlinear regression analysis. The 
Langmuir isotherm assumes a finite number of independent 
active sites, with no interaction or competition between 
them. The adsorption probability at an active site remains 
unaffected by the occupation of neighbouring sites. The 
Langmuir equation is presented in Equation 739.

   
1  
máx L e

e
L e

q k C
q

k C
=

+ 	 (7)

where kL is the isothermal constant of Langmuir (L mg−1) 
and qmax is the maximum adsorption capacity (mg g−1).

The Freundlich model is related to heterogeneous surfaces 
and does not make assumptions about the adsorption capacity 
of the monolayer. Instead, it assumes that adsorbed molecules 
interact. It is presented in Equation 840.

1/ n
e F eq K C= 	 (8)

where, KF is Freundlich’s isothermal constant (mg L−1) 
(L g−1)1/n and 1/n is the Freundlich intensity parameter.

The Temkin and Pyzhev model assumes that the process 
heat decreases linearly as the surface layers of the solid 
increase41, as presented in Equation 9. 

( )lne T e
T

RTq K C
b

= 	 (9)

where, bT is the Temkin constant related to adsorption heat 
(J mol−1), KT is the isothermal equilibrium constant related 
to the maximum binding energy (L mg−1), R is the universal 
gas constant (8.314 J mol−1 K−1) and T is the temperature 
of the solution (K).

2.7. Thermodynamics
Thermodynamic studies are indispensable for understanding 

adsorption mechanisms42. Based on the equilibrium adsorption 
experimental data, the thermodynamic parameters can be 
calculated according to thermodynamic laws. The Gibbs 

free energy (ΔG°) (kJ mol-1) was estimated according to 
Equation 1043.

  CG RT lnK∆ ° =− 	 (10)

The relationships among ΔG°, enthalpy (ΔH°) (kJ mol-1) 
and entropy (ΔS°) (J mol-1 K-1) are described in Equation 11, 
and the van’t Hoff Equation 12 is obtained by substituting 
Equation 10 into Equation 1143.

G  H T S  ∆ ° = ∆ ° − ∆ ° 	 (11)

H 1 Sln  
R RCK

T
∆ ° ∆ °
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where R is the ideal gas constant (8.314 J mol-1 K-1) and T 
is the temperature in K.

KC should be dimensionless and was obtained by 
multiplying KL by the molecular weight of the adsorbate 
(MW) (g mol-1), by 1,000, and then by 55.5 [Equation 13]44.

   55.5 1 ,000   C w LK M x x x K= 	 (13)

2.8. Regeneration study
To investigate the reusability of the adsorbent, an 

adsorption test was carried out with 250 mL of BPA solution 
(120 mg L−1) and 2.0 g L-1 adsorbent at 22°C for 16 h. The 
loaded adsorbent was filtered and washed thoroughly with 
deionized water. It was then introduced into 50 mL of 
ethanol solution (75% v/v) (purity 95.1–96.9%, Merck) 
and stirred at 100 rpm for 5 h. Ethanol was chosen because 
it was shown to be a proper substance for BPA desorption 
from other adsorbents18,19,45. The regenerated adsorbent 
was filtered, washed thoroughly with deionized water, and 
dried at 105°C for 1 h. Five adsorption–desorption cycles 
were carried out in triplicate, and the adsorption capacity 
q (mg g−1) was measured after each cycle.

3. Results and Discussion

3.1. Activation performance
The five types of adsorbents produced were preliminarily 

tested in the batch adsorption process. The efficiency of 
BPA removal in preliminary tests and the yield rate were 
calculated and are shown in Table  2. The H-MOH300 
adsorbent was selected for this study based on its ability to 
remove BPA from aqueous solution (67% removal and an 
adsorption capacity of 6.6 mg g-1) and its production yield 
(26%) compared with those of the other adsorbents studied.

Table 2. Adsorption of BPA by different adsorbents derived from 
H-MO with different chemical and thermal activations.

Adsorbent q (mg g-1) BPA Removal % Yield rate %
H-MO 0 0 83.9

H-MO750 0 0 1.5
H-MOK300 0 0 10.8
H-MOK500 2.3 15.5 2.1
H-MOH300 6.6 66.6 25.6
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3.2. Characterization

3.2.1. BET analysis and particle size distribution
The N2 adsorption–desorption curves of the H-MOH300 

adsorbent are presented in Figure  2, which shows the 
behaviour of a reversible type II isotherm. This type 
of isotherm is typical of a macroporous material with 
gradual curvature related to monolayer coverage (point B), 
indicating multilayer adsorption44. The hysteresis loop is 
type H3, which is characteristic of nonrigid aggregates of 
plate-like particles, despite desorption not converging to 
adsorption. The curves for adsorption/desorption do not 
overlap, possibly because N2 might have been trapped 
between the plates or fibres, and at P/P0 values below 0.5, 
the cavitation process forced out N2.

H-MOH300 presented a BET specific surface area and 
total pore volume of 380 m2 g-1 and 0.282 cm3 g-1, respectively. 
Compared with those of H-MO, the specific surface area 
and porosity of H-MO increased after chemical and thermal 
treatment, which presented a surface area and total pore 
volume of 3.24 m2 g-1 and 0.010 cm3 g-1, respectively23. 
Compared with other studies with modified MO husks, 
the BET specific surface area of H-MOH300 substantially 
increased (Table 3). This can be associated with the method 
of preparation of the adsorbent. Quesada et al.25 prepared an 
adsorbent from MO seed husk modified with phosphoric acid 
at 300°C. However, the precursor was washed before the 
heating process, unlike the H-MO used in this study, which 
was washed only after thermal activation. The presence of 
phosphoric acid during thermal activation may explain the 
larger surface area of H-MOH300. In their research, chemical 
activation was performed with a ratio of 30 g to 1 L of 
0.1 mol L-1 phosphoric acid for 3 h, whereas H-MOH300 was 
activated with a 1:5 (m/v) ratio for 1 h. Another difference 
to be considered is the separation by particle size; they used 
particles between 500 and 600 µm25, and the particle size 
distribution of H-MOH300 is from 0.04 μm to 600 μm, 
with an 88.8 μm D50 and 294.2 μm D90 (Figure 3). These 
differences could explain the difference in the BET specific 
surface area between the two adsorbents, especially the particle 
size, since a study with BPA adsorption showed that as the 
particle size increased, the sorption capacity decreased47.

3.2.2. Surface morphology and crystallinity
The SEM image (Figure  4) shows heterogeneous 

morphological characteristics, and the porous and fibrous 
structures presented agree with previous observations24,25,46. 
The surface presents some pores that are 4.06 ± 1.62 µm in 
size connected to the inside of the fibres, which explains the 
isotherm type and lack of overlap of N2 desorption (Figure 2).

The X-ray diffractogram presented in Figure 5 shows a 
defined peak at 2θ = 25°, indicating the presence of an alignment 
of the material layers46. The calculated crystallinity index (CI) 
is 78.0%, suggesting a predominantly crystalline nature of the 
material. An elevation is also observed at 2θ = 45°. It cannot 
be considered a peak, but its presence can be explained by 
the heterogeneity and complexity of the adsorbent 46. This 
elevation could be associated with disordered layers of graphite 
formed during the activation process48.

Figure 2. N2 physisorption isotherm for H-MOH300.

Table 3. BET specific surface areas of different modified Moringa 
oleifera seed husk adsorbents.

Modification Method
BET specific 
surface area 

(m2 g-1)
Reference

Without modification 3.24 23

H3PO4 at 300°C 4.6 25

Methanol, HNO3 at 300°C 5.77 46

Methanol, HNO3 at 300°C 10.32 24

H3PO4 at 300°C 380 This study

3.2.3. FTIR spectroscopy
The Fourier transform infrared spectra are shown in 

Figure 6, in which the functional groups present in H-MOH300 
were determined before and after BPA adsorption. The broad 
peak at 3342 cm-1 indicates the presence of O‒H hydroxyl 
bonds 25,49,50. The band at 1589 cm−1 indicates the presence 
of aromatic rings25. Furthermore, the peak at 1232 cm−1 is 
associated with C‒O groups25, which, along with the O‒H 
band, may indicate the presence of carboxylic functional 

Figure 3. Particle size distribution of H-MOH300 (cumulative 
curve and histogram).
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C‒C stretching in both the rings and from C‒H out-of-plane 
bending movements. In addition, the peak at 746 cm-1 could 
be caused by C‒C stretching in BPA molecules51.

3.2.4. Point of zero charge (pHPZC) and the effect of the 
pH on the adsorption process

The pHPCZ analysis of H-MOH300 is shown in Figure 7. 
The pHPZC of approximately 4.5 is the neutral loading point 
of H-MOH300. The pHPZC value is important to consider 
when studying the adsorption process. If the solution pH 
exceeds the pHPZC value, the functional groups of the 
adsorbent become deprotonated, leading to a negatively 
charged surface, which enhances the adsorption of cationic 
adsorbates23. For H-MOH300, deprotonation is favoured 
due to the low pHPZC value, indicating that the protons are 
weakly bonded to the functional groups. This is because the 
driving force in the solution, which is composed of anionic 
groups such as OH- and NO3

-, is strong enough to eliminate 
them. At pH values below the pHPZC, the positive charge 
developed on the adsorbent surface is smaller than that at 
pH values above the pHPZC. This suggests that the functional 
groups responsible for increasing the pH are more strongly 
bonded to the adsorbent surface and that the driving force 
of the solution (e.g., H+ and Na+) cannot displace them. This 
observation is consistent with the FTIR results (Figure 6), 
which indicate the presence of carboxylic groups and explain 
the pHPZC profile.

The pKa values of BPA range from 9.6–10.252,53. This 
means that when the pH is higher than the pKa, the BPA 
molecule can undergo ionization to form a bisphenol 
anion. This leads to electrostatic repulsion between the 
negatively charged carbon surface and the bisphenol anion, 
which reduces the adsorption of BPA onto the adsorbent. 
However, when the pH is lower than the pKa, BPA adsorption 
remains at its highest level and nearly constant because 
BPA is undissociated. At this pH, the adsorptive interaction 
between the undissociated BPA molecules and the adsorbent 
is the main factor53. Figure 8 shows the results for the pH 
effect. The significant reduction in adsorption capacity at 
pH values exceeding 8.2 can be attributed to electrostatic 
repulsion. This repulsion arises from the negative charges 
on the surface of the adsorbent, which has a pHPZC of 4.5, 
and BPA, which has a pKa ranging between 9.6 and 10.2. At 
higher pH values, the adsorbent and BPA molecules become 
negatively charged, resulting in repulsive interactions that 
hinder effective adsorption. Considering that tests with pH 
values between 5.9 and 6.6 presented approximately the same 
qe, a pH of 6.0 was chosen for the subsequent experiments 
since there was no need for pH correction.

3.3. Adsorption studies

3.3.1. Adsorbent dosage effect on the adsorption 
capacity

The effect of the H-MOH300 concentration on the 
capacity for BPA adsorption is shown in Figure 9. At initial 
concentrations, the percentage of BPA removal increases 
sharply as the adsorbent dosage increases. This increase 
could be linked to the greater quantity of active adsorption 
sites available on the adsorbent18. The adsorption capacity 

Figure 4. Scanning electron microscopy image of H-MOH300.

Figure 6. FITR spectra of H-MO300 before and after BPA adsorption.

Figure 5. X-ray diffractogram of H-MOH300.

groups. After BPA adsorption, additional peaks related to 
BPA molecules can be observed. The peak at 2980 cm−1 is 
possibly associated with C‒H bonds. The peak at 1508 cm−1 is 
related to H‒C‒H interactions outside the aromatic rings; 
the peak at 829 cm-1 could be related to C‒O stretching and 
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values (qe) decreased as the H-MOH300 concentration 
increased. This can be attributed to the larger quantity and 
greater availability of binding sites as the adsorbent mass 
increases. As a result, determining the maximum adsorption 
capacity is not possible because the remaining sites are not 
saturated25. The maximum removal of 74 ± 2% was achieved 
at a dosage of 3 g L-1. At a dosage of 2 g L-1, a BPA removal 
efficiency of 69 ± 3% was attained, and further increasing the 
dosage did not significantly improve the removal efficiency. 
Therefore, using 2 g L-1 adsorbent is economically justified 
and was selected for this study.

3.3.2. Adsorption isotherms
Figure  10 shows the experimental data obtained at 

22°C, 32°C, and 42°C by plotting the BPA adsorbed on 
H-MOH300 at equilibrium (qe) versus the equilibrium BPA 
concentration in solution (Ce). The maximum adsorption 
capacity improved with increasing temperature. The isotherm 
equations provide the parameters outlined in Table  4. 
Furthermore, the suitability of these equations was assessed 
via the most suitable statistical parameters (R2 and χ2) for 
equilibrium curves.

Based on the information in Table  4, the Langmuir 
model provided the best fit for the three temperatures tested 
(higher R2 and lower 𝜒2), achieving maximum capacity 
(qmax) of 27.5 ± 1.3 mg g-1 at 22°C. This suggests that the 
adsorption surface is uniform, that the adsorption takes 
place at specific locations, and that the maximum adsorption 
indicates saturation of the monolayer47. 

3.3.3. Comparison of H-MOH300 with other 
adsorbents

The adsorption performance of H-MOH300 was evaluated 
against various natural agricultural waste-derived adsorbents 
used for BPA removal from water. Table  5 provides a 
comparative analysis, considering key parameters such 
as maximum adsorption capacity (qmax), optimal pH, and 
equilibrium time.

H-MOH300 demonstrated a superior adsorption capacity 
(27.5 mg g−1) compared to most natural adsorbents, outperforming 
materials such as barley husk (15.51 mg g−1)54, rice husk ash 
(2.65 mg g−1)55, and reed straws (1.72 mg g−1)49. Additionally, 
unlike several adsorbents that require pH adjustments to acidic 
conditions, H-MOH300 operated efficiently at near-neutral 
pH (pH 6.0), enhancing its practical applicability.

However, the adsorption equilibrium time for 
H-MOH300 (960 min) was longer than that of many other 
adsorbents, such as ZnCl2 activated Moringa oleifera 
pods (60 min)50, Cellulose fibres-Spanishbroom plant 
(60 min)13 and HCl-treated barley husk (90 min)54. This 
extended equilibrium time may influence its large-scale 
application, where rapid adsorption kinetics are desirable. 
Despite this limitation, the high adsorption capacity and 
mild pH requirement highlight H-MOH300’s potential as 
an effective and sustainable solution for BPA removal from 
contaminated water sources.

3.3.4. Thermodynamic study
Studying the thermodynamic process of adsorption is 

important for understanding how adsorption works and whether 

Figure 7. Point of zero charge (pHPZC) of H-MOH300.

Figure 8. Effect of the pH on the BPA adsorption of H-MOH300 
(C0 = 20 mg L-1, 22°C, V = 50 mL, H-MOH300 dosage = 2.0 g L-1, 
1440 min, 100 rpm).

Figure 9. H-MOH300 dosage effect on BPA adsorption (C0 = 20 mg L-1, 
22°C, V = 50 mL, pH = 6.0, 1440 min, 100 rpm).
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Table 6. Thermodynamic parameters of BPA adsorption using H-MOH300 as the adsorbent.

Temperature (°C) KC

ΔG° ΔH° ΔS°
Van’t Hoff equation

(kJ mol-1) (kJ mol-1) (J mol-1K-1)
22 611,965 -32.7

2.9 120.6 Y=-350.3x+14.5 R2 = 0.9332 624,635 -33.9
42 660,111 -35.1

Table 4. Isotherm model parameters of equilibrium adsorption data for BPA onto H-MOH300.

Isotherm Model Parameters 22°C 32°C 42°C

Langmuir

qmax (mg g-1) 27.5 ± 1.3 27.9 ± 1.6 32.7 ± 1.8

KL (L mg-1) 0.048 ± 0.006 0.049 ± 0.008 0.052 ± 0.007

R2 0.9815 0.9690 0.9727

𝜒2 0.7359 1.2245 1.3185

Freundlich

KF (mg g-1) 3.1 ± 0.5 3.2 ± 0.6 3.8 ± 0.5

n 2.1 ± 0.2 2.2 ± 0.2 2.1 ± 0.2

R2 0.9509 0.9339 0.9660

𝜒2 1.9494 2.6133 1.6395

Temkin

KT (L mg-1) 0.53 ± 0.07 0.50 ± 0.07 0.57 ± 0.08

bT (J mol-1) 419 ± 22 416 ± 22 376 ± 22

R2 0.9709 0.9691 0.9639

𝜒2 1.1567 1.2220 1.7411

Table 5. Comparison of the maximum adsorption capacity of adsorbents from different sources for BPA.

Absorbents Modification Method Equilibrium time 
(min) pH qmax

(mg g-1) Reference

MO pods ZnCl2 at 500°C 60 7 20.14 50

Barley husk HCl, dried at 105°C 90 3 15.51 54

Cellulose fibres-Spanishbroom 
plant (FF) Hydrophobization with MDI 60 5 4.86 13

Rice husk ash - 180 6 2.65 55

Reed straws K3PO4 at 500°C 1440 Not informed 1.72 49

MO husk seed H3PO4 at 300°C 960 6 27.5 This study

adsorption is through physical or chemical mechanisms. 
Specific thermodynamic parameters, such as the change in 
Gibbs energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), 
can distinguish physical from chemical adsorption56. As 
the experimental equilibrium data (Figure 10) indicated a 
dependence on temperature, the thermodynamic parameters 
of the BPA adsorption process onto H-MOH300 were 
investigated via the Langmuir model, which best fitted the 
experimental data. Table  6 lists the calculated values of 
ΔG°, ΔH°, and ΔS°. The parameter KC was calculated using 
the KL constant from the Langmuir model via Equation 13.

The change in Gibbs energy is crucial in deciding how 
spontaneous the adsorption process is. If the Gibbs energy 
is negative, the adsorption process will occur favourably 
and spontaneously at a given temperature55, as presented for 
H-MOH300. The Gibbs energy also decreases with increasing 
temperature, which implies that BPA removal is favoured 
with increasing heat. The positive enthalpy shows that the 

BPA adsorption process with H-MOH300 absorbs heat, 
making it an endothermic process. An enthalpy of less than 
20 kJ mol-1 indicates physisorption57. The positive entropy 
value suggests that the organization of the adsorbate at the 
solid/solution interface becomes more random, indicating 
a dissociative mechanism. Other authors have also reported 
that the adsorption of BPA is endothermic, with an enthalpy 
value indicating physisorption and positive values for the 
change in entropy (ΔS°)15,18.

3.3.5. Adsorption kinetics
The kinetics of the adsorption data were analysed via 

the pseudo-first-order, pseudo-second-order, intraparticle 
diffusion, and Elovich kinetic models. The results are 
illustrated in Figure 11, and the corresponding parameters 
are provided in Table  7. The adsorption capacity of 
H-MOH300 for BPA increases and becomes stable with a 
contact time of 960 min (qe = 8.20 mg g-1). On the basis of 
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Table 7. Kinetic model parameters for BPA adsorption when 
H-MOH300 was used as the adsorbent.

Kinetic Models Estimated 
parameters

Experimental data 
H-MOH300

Pseudo-first-order

qeq (mg g-1) 7.8 ± 0.3

k1 (min-1) 0.031 ± 0.005

R2 0.9909

𝜒 2 61.463

Pseudo-second-order

qeq (mg g-1) 8.6 ± 0.3

k2 (g mg-1 min-1) 0.005 ± 0.001

R2 0.9924

𝜒 2 51.218

Intraparticle diffusion 
model

Kdif (mg g-1 min-0.5) 0.11 ± 0.04

C (mg g-1) 4.5 ± 0.9

R2 0.4623

𝜒 2 2.939

Elovich model

α (mg g-1 min-1) 207 ± 232

β (mg g-1) 1.5 ± 0.2

R2 0.9816

𝜒 2 0.101

Figure 11. Kinetics of BPA adsorption using H-MOH300 as 
an adsorbent (C0 = 20 mg L-1, 22°C, V = 50 mL, H-MOH300 
dosage = 2.0 g L-1, pH = 6.0, 100 rpm).

Figure 10. Adsorption isotherms for BPA adsorption using H-MOH300 
as an adsorbent at different temperatures (V = 50 mL, H-MOH300 
dosage = 2.0 g L-1, pH = 6.0, 960 min, 100 rpm).

the regression coefficients R2, error function analyses (𝜒2), 
and proximity of the experimentally determined qt values to 
the theoretical values, the pseudo-second-order kinetic model 
was clearly preferable, indicating that physical interactions 
occurred between the adsorbent and adsorbate58. This model 
also accurately represents the kinetics data for other BPA 
adsorption processes15,49,50.

3.4. Mechanisms of adsorption
Based on the dataset discussed, BPA removal by H-MOH300 

primarily occurs through electrostatic interactions. This is 
supported by the increased adsorption capacity at pH values 
above the pHPZC and below the BPA pKa. At a pH of 6.0, 
the adsorbent surface is partially negative, as indicated by 
the pHPZC profile (Figure 7), suggesting the presence of both 
protonated and nonprotonated functional groups. According 
to the FTIR analysis after adsorption (Figure 6), the O–H 
functional groups were not suppressed, and C–O and H–C–H 
functional groups were observed. The electrostatic potential 
map of BPA59 indicates that the carbons in the ring are likely 
bonded to both nonprotonated and protonated adsorbent 
surface groups, whereas the oxygen atoms are bound to 
protonated groups and to the hydrogen of the OH functional 
group of BPA. The proposed adsorption mechanism between 
BPA and H-MOH300 is illustrated in Figure  12. Other 
authors have reported similar conclusions regarding the 
adsorption of BPA by agricultural waste adsorbents31,49,60. The 
calculated ΔH° (2.9 kJ mol-1) also supports the hypothesis 
that these interactions are primarily electrostatic, indicative 
of physisorption with no electron sharing or exchange. On 

the basis of the FTIR spectra (Figure 6), the O–H groups 
of H-MOH300 could interact with BPA molecules through 
dipole‒dipole hydrogen bonds, and the aromatic rings in 
both H-MOH300 and BPA structures can also favour π‒π 
interactions45.

3.5. Regeneration study
The regeneration capacity of an adsorbent corroborates 

its effectiveness, stability, and reusability for adsorption, 
as well as its economic feasibility19. Figure 13 shows the 
H-MOH300 regeneration capacity for BPA adsorption 
after five cycles. The adsorption capacity of H-MOH300 
decreases by approximately 11 % after the fifth cycle of reuse, 
ranging from 22.5 ± 3.7 to 20.1 ± 2.6 mg g−1. These results 
demonstrated the capacity of H-MOH300 to be restored 
and utilized multiple times in water treatment processes, 
similar to other adsorbents investigated for BPA removal 
in the recent literature15,18,19.
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4. Conclusion
This research assessed the bisphenol A (BPA) adsorption 

capacity of an adsorbent prepared with Moringa oleifera 
seed husks chemically activated with phosphoric acid and 
thermally activated at 300°C. The BET-specific surface 
area and total pore volume of 380 m2 g-1 and 0.282 cm3 g-1, 
respectively, indicate successful activation compared with 
the M. oleifera seed husk activation reported in the literature. 
Scanning electron microscopy (SEM) revealed a porous and 
fibrous structure, while XRD indicated a crystalline nature. 
Fourier transform infrared spectroscopy (FTIR) identified 
key functional groups, including hydroxyl, aromatic, and 
carboxylic groups, that play a role in BPA binding. The 
Langmuir model isotherm provided the best fit for the three 
temperatures tested, indicating a favourable adsorption 
process with a maximum adsorption capacity of 27.5 ± 
1.3 mg g-1 at 22°C, which is higher than that reported in 
some agricultural waste adsorbent studies on the removal 
of BPA recently published in the literature. The adsorption 
kinetics were best described by the pseudo-second-order 
model, indicating that the process is endothermic, with a 

ΔH° of 2.9 kJ mol-1, indicating physisorption. The adsorption 
process is also spontaneous, with a ΔG° ranging from -35.1 to 
-32.7 kJ mol-1. The results also suggest that the adsorption 
mechanisms are mainly electrostatic, with some hydrogen 
bonds and π‒π interactions. 

The regeneration study demonstrated that H-MOH300 
retained 89% of its adsorption capacity up to 5 adsorption-
desorption cycles, reinforcing its potential for reuse in water 
treatment applications. The ability to regenerate the material 
without a significant loss in performance enhances its 
economic viability and sustainability as a low-cost alternative 
to conventional adsorbents. Additionally, compared to other 
agricultural waste-derived adsorbents, H-MOH300 exhibited 
a higher adsorption capacity while operating effectively at 
near-neutral pH, eliminating the need for pH adjustments 
that could complicate large-scale applications.

However, some limitations must be considered. The 
adsorption equilibrium time for H-MOH300 (960 min) 
was longer than that of other adsorbents, which could be 
a disadvantage in practical applications requiring rapid 
treatment. Further research should focus on optimizing the 
adsorption kinetics to enhance process efficiency. Moreover, 
while the study was conducted under controlled laboratory 
conditions, real water matrices often contain a complex 
mixture of contaminants, natural organic matter, and 
competing ions that may influence adsorption performance. 
Future studies should evaluate the adsorbent’s efficiency in 
real-world scenarios, such as wastewater treatment plants 
or industrial effluents, to better understand its applicability 
under variable environmental conditions.

Despite these challenges, this study highlights the 
potential of H-MOH300 as a promising eco-friendly and 
cost-effective material for removing BPA from contaminated 
water sources. The valorization of agricultural residues as 
functional adsorbents not only contributes to the development 
of sustainable water treatment technologies but also provides 
an environmentally responsible solution for repurposing 
agro-industrial waste.
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