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a b s t r a c t
This research investigates the potential of Balanites aegyptiaca (desert date) seed shells, an abundant 
renewable bio-waste product, as a precursor for producing low-cost activated carbon for the removal 
of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) from aqueous solution via batch technique 
adsorption. The chemical activation process was carried out using ZnCl2 as an activating agent at 
700°C and 1:2 impregnation ratio. The activated carbon was characterized by “Boehm” titration, 
measurements of pH of the point zero charge, scanning electron microscopy, Fourier-transform infra-
red spectroscopy and specific surface areas (SMB) by methylene blue adsorption. The effects of initial 
herbicide concentration, contact time, solution pH, and solution temperature on the sorption capac-
ity were investigated. Equilibrium data were fitted to the Langmuir, Freundlich, Temkin, Redlich–
Peterson, Sips, and Toth models. The highest correlation coefficient (R2) values were obtained from 
Temkin model, with values of 0.997, 0.999, and 0.996 at 298.15, 308.15, and 318.15 K, respectively. 
The enthalpy change (ΔH°), entropy change (ΔS°) and free energy change (ΔG°) were also evalu-
ated. The negative value of ΔG° shows that the adsorption process is spontaneous, and the posi-
tive value of ΔH° shows the endothermic nature of the process. The experimental data were tested 
through the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models. The pseu-
do-second-order kinetic model was the most fitting to the kinetics data (R2 > 0.981). Results showed 
that Balanites aegyptiaca seed shell activated carbon is very efficient for the removal of 2,4-D from  
aqueous solutions.

Keywords:  Balanites aegyptiaca; Activated carbon; Adsorption isotherms; 2,4-Dichlorophenoxy-
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1. Introduction

The presence of halogenated organic contamina-
tions in water poses a significant danger to aquatic life [1]. 
Nanofiltration, photocatalytic degradation, electrocoagu-
lation, photo-Fenton, biological processes, ultrasound, sed-
imentation, and adsorption are commonly used methods 
for treating contaminated water holding pesticides [2,3].

The most used adsorbent is activated carbon, in its pow-
dered or granular form. Its particles have a porous structure 
consisting of interconnected macropores, mesopores, and 
micropores. The high surface area of these structures allows 
for a greater number of active sites, which can effectively 
adsorb a wide range of organic molecules. This makes acti-
vated carbons highly versatile and capable of addressing 
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various environmental and industrial challenges [4]. Due 
to its high removal efficiency, activated carbon has become 
extensively used for reclaiming pollutant-laden wastewa-
ter in the past few decades.

One reason why activated carbon has not been exten-
sively used in large-scale industrial applications is the cost 
associated with their production. The manufacturing pro-
cess involves heating carbonaceous materials, such as coal 
or coconut shells, at high temperatures to create a porous 
structure. This process requires significant energy input 
and specialized equipment, making it relatively expensive 
compared to other adsorbents [5].

Nowadays, the necessity to find sustainable adsorbents 
with zero damage to the environment is the economic and 
environmental challenge faced by researchers. Various types 
of waste materials are used to produce highly effective acti-
vated carbons. To highlight recent achievements related to 
the topic, we can present some exemplary research reports. 
Peanut shells (PNS), coffee husks (CH), corn cobs (CC), and 
banana peels (BP) were converted into multi-substrate acti-
vated carbon to efficiently remove CO2 [6]. Other researchers 
obtained the activated carbons from rice straw [7], hazel-
nut husks [8], hazelnut shell [9], Plantain (Musa paradisiaca) 
[10], and cassava sieve biomass [11] for the removal of dif-
ferent pollutants from an aqueous solution. Another note-
worthy research report by Wu et al. [12] explored the use 
of agricultural waste, specifically rice straw, as a precursor 
for activated carbon synthesis. Lately, activated carbons 
made from Balanites aegyptiaca seed shells are appearing 
in the literature. They have been used for the removal of 
crystal violet [13], hexavalent chromium [14], and Hg2+ and  
As3+ [15].

The herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) 
is popularly used for generic weed control owing to its 
low cost and high selectivity [16]. It is used for post-emer-
gent control of broad-leaf weeds in both agricultural and 
household applications. 2,4-D may endanger human and 
animal health through exposure to polluted water, air, 
soil, and food [17]. It is the active ingredient in several her-
bicide formulations recommended for broadleaf weeds  
control.

The maximum allowed concentration of 2,4-D in aque-
ous medium is 0.03 mg/L [18]. The main properties of 2,4-D 
include relative toxicity with high movability, durability, 
non-volatility, and high solubility in aqueous medium [19].

This study investigates the isotherms, kinetics, and ther-
modynamics of 2,4-D herbicide adsorption onto Balanites 
aegyptiaca seed shells activated carbon to further under-
stand its efficacy as a remediation technology.

2. Experimental set-up

2.1. Chemicals and reagents

2,4-Dichlorophenoxyacetic acid of 98% purity was used 
as an adsorbate. Zinc chloride of 98% purity is used as a 
chemical activating agent. Hydrochloric acid (HCl, 37%) and 
sodium hydroxide (NaOH, 98%–100%) were used for pH 
adjustment. Methylene blue (λmax: 665 nm) of 99.8% purity 
was used for surface area determination. All chemicals were 
purchased from Sigma-Aldrich. Double distilled water 
was used to prepare the solutions.

2.2. Adsorbent

Balanites aegyptiaca seeds were obtained from local mar-
ket in Gezira Province (Central Sudan). The samples were 
soaked in water for 5 h, washed thoroughly to remove the 
pulp, dried, weighed, grinded and sieved into particles 
sizes ranging between 1.00–2.00 mm. The sample was then 
heated at 220°C for 2 h and the produced char was ground 
into fine powder by a kitchen mixer. The char was impreg-
nated with ZnCl2 (Char: ZnCl2 = 1:2, wt./wt.). The impreg-
nation was followed by carbonization at 700°C for 2 h in 
a crucible under N2 environment. The resulting material 
(activated carbon) was soaked overnight in a 0.1 M HCl 
solution to extract any residual ZnCl2 from inner pores, 
and then washed with worm distilled water until a pH of 
6.5–7.0 is reached. The product sample Balanites aegyptiaca 
seed shell activated carbon (BAC) was dried at 105°C for 
24 h. Finally, the sample was grinded and sieved to a par-
ticle size less than 0.212 mm and then preserved in desic-
cator before characterization and application.

2.3. Characterization of BAC

2.3.1. Determination of oxygen containing functional groups

The quantification of surface functional groups on 
BAC was conducted by following a standardization pro-
cedure using Boehm titration method [20]. An adsorbent 
mass of 0.2 g (m) was mixed with 25 mL of NaOH (0.10 M), 
Na2CO3 (0.10 M), NaHCO3 (0.05 M), and HCl (0.10 M) in a 
series of 100-mL Erlenmeyer flasks. The flasks were sealed 
and shaken for 48 h in a LabTech Shaking Incubator (LSI-
1005R) at 250 rpm. After filtering the mixtures, 10 mL of 
each filtrate was pipetted and the excess of base or acid 
was titrated by 0.10 M solution of HCl or NaOH, respectively.

2.3.2. Point of zero charge

The point of zero charge (pHpzc) was studied by pH drift 
method using a glass electrode pH meter (Jenway 3510, 
Cole-Parmer, Essex, UK) calibrated by buffers of pH 4, 7 and 
10 [21]. By preparing aliquots with 50 mL of 0.01 M KNO3 
solution in various flasks and adjusting their pH from 2 to 
12 using either HCl or NaOH, we were able to create a range 
of acidic and alkaline conditions. Once the desired pH value 
was achieved and stabilized, we introduced 0.15 g of the 
carbon sample into each flask. The flasks were then sealed 
and placed in a shaker for three days, allowing sufficient 
time for any chemical reactions or interactions between the 
carbon sample and the surrounding solution to occur.

To ensure accurate results, blank tests were also con-
ducted without adding any carbon samples. These blank 
tests helped us determine if any changes in pH were solely 
due to the presence of CO2, which could potentially influ-
ence the final pH readings. After three days of shaking, the 
final pH of each solution was determined. The pHpzc value 
is the point where the curve pHfinal vs. ΔpH crosses the hori-
zontal line of pHinitial.

2.3.3. Surface area determination

The specific surface area of BAC was found by the 
method of methylene blue (MB) adsorption [22,23]. 
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To perform these experiments, a series of 50 mL bottles were 
used. Each bottle was filled with 50 mL of methylene blue 
solution with concentrations ranging from 5.0 to 50.0 mg/L. 
In total, there were 10 different standard concentrations 
used. In addition to the MB solution, each bottle contained 
0.01 g of BAC. This amount was carefully measured and 
added to ensure consistent conditions for all experiments.

To ensure proper mixing and contact between the 
solution and BAC, the stoppered bottles were placed in a 
LabTech Shaking Incubator (LSI-1005R, DAIHAN Labtech 
Co., Ltd., Namyangju, Korea) set at a temperature of 25°C. 
The incubation period lasted for 24 h, allowing sufficient 
time for adsorption to occur. After which a 3.0 mL portion 
of each solution was withdrawn and filtered. The MB con-
centrations were determined spectrophotometrically using 
UV-Visible Spectrophotometer (APEL PD-303UV, APEL Co., 
Ltd., Saitama, Japan).

2.3.4. Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy (FTIR) spec-
troscopy was employed to pinpoint the functional groups 
on BAC surface. The spectra were recorded in the range of 
400–4,000 cm–1, which is a typical range for FTIR analysis. 
To carry out the measurements, a FTIR spectrophotometer 
(Thermo Scientific™ Nicolet™ iS™50, Madison, USA) was 
utilized. The spectra were recorded in the range between 
4,000 and 400 cm–1 as KBr pellets.

2.3.5. Scanning electron microscopy analysis

The surface morphology of BAC was figured out using 
JEOL scanning electron microscopy (SEM) equipment 
(JEOL, JSM-6490, Tokyo, Japan).

2.4. Adsorption experiments

Batch adsorption experiments were conducted by mix-
ing a fixed amount of BAC activated carbon with 25 mL of 
2,4-D solutions of the desired concentration in 50 mL glass 
flasks. During the period of equilibration, the flasks were 
stoppered and kept in a thermostatic shaking incubator. The 
amount of adsorption at equilibrium (qe mg/g) was calcu-
lated according to the expressions:

q
C C
m

Ve
e�

�� �
�0  (1)

where C0 and Ce are the initial and equilibrium concen-
trations (mg/L), V the volume of solution (L), m is the 
mass of the carbon material (g). Both the initial and final 

equilibrium concentrations of 2,4-D were determined using 
a single-beam UV/Visible spectrophotometer with a 1.0 cm 
light-path quartz cell.

2.5. Effect of Initial pH on 2,4-D adsorption

To investigate the influence of pH on the adsorption 
of 2,4-D by BAC in the aqueous phase, different pH val-
ues ranging from 2 to 12 (in intervals of 2) were used. The 
herbicide concentration was set at 100 mg/L, the adsorbent 
dose was 0.15 g per 50 mL solution, and the contact time 
was 3 h in a shaking incubator at 25°C. The pH was adjusted 
by adding a few drops of diluted 0.1 N NaOH or 0.1 N 
HCl and measured using Jenway 3510 pH meter.

3. Results and discussion

3.1. Characterization of BAC

Table 1 summarizes quantitative information on the acidic 
and basic groups on the adsorbent surfaces; the information 
was obtained through Boehm titration. Generally, acidic 
and basic groups coexist on the surface of any adsorbent. 
The BAC used in this study is considered acidic because the 
total number of acidic groups is more than the basic sites.

To find the pHpzc, the pH drift method was used. The 
experimental results are shown in Fig. 1. The pHpzc is the 
point where the curve of ΔpH vs. pHinitial intersects the hor-
izontal axes of pHinitial. The pHpzc value for BAC was found 
to be 6.8, which coincided with the results of Boehm’s  
titration.

The specific surface area of BAC was calculated from 
the Langmuir adsorption isotherm (Fig. 2) by Eq. (2):
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Table 1
Boehm titration results and surface density of functional groups and pHpzc of BAC

Basic groups 
(µmol/g)

Lactonic 
groups 
(µmol/g)

Carboxylic 
groups 
(µmol/g)

Phenolic 
groups 
(µmol/g)

Total acidic 
groups 
(µmol/g)

Total functional 
groups (µmol/g)

Density of group 
on the surface 
(group/nm2)

pHpzc

850.0 150.0 200.0 650.0 1,000.0 1,850.0 2.67 6.8

∆p
H

Fig. 1. Point of zero charge of BAC, determined using the pH 
drift method.
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where SMB is the specific surface area in m2/g; qm is the 
amount of methylene blue monolayer adsorbed at the sur-
face of adsorbent in mol/g calculated from Langmuir iso-
therm (Fig. 2). aMB is the surface area occupied by one mol-
ecule of methylene blue = 197.2 Å2 [24], NA is Avogadro’s 
number, 6.02 × 1023 mol–1, and M is the molecular weight of 
methylene blue. The surface area of BAC was found to be  
417.0 m2/g.

The use of FTIR spectroscopy was crucial for identify-
ing and characterizing the functional groups present on the 
surface of BAC. By analyzing the infrared spectra obtained, 
valuable information about the chemical composition 
and structure of BAC could be deduced.

Fig. 3a shows the FTIR spectrum of 2,4-D. Absorption 
band seen at 1,732.20 cm–1 corresponds to the vibration of 
the (C=O) of the carboxylic group. The aromatic C=C bond 
is marked by a noticeable peak at 1,476.31 cm–1, while the 
presence of a band at 1,229.91 cm–1 can be attributed to the 
concurrent O–H deformation and C–O stretching vibration. 
The presence of the antisymmetric and symmetric vibra-
tions of C–O–C results in two bands located at 1,310.36 and 
1,092.00 cm–1, respectively [25]. The peak at 695.00 cm–1 is a 
sign of C–Cl stretching [26].

Fig. 3b shows the FTIR spectrum of raw BAC. The 
1,648 cm–1 band seen in the aromatic region may indicate 
either C=C or C=N vibrations, while the absorption peaks 
at 1,597 and 1650 cm–1 are linked to C=O stretching [27]. 
Peaks observed at frequencies of 1,519 and 1,338 cm–1 can 
possibly be explained by the C=C stretching of the aro-
matic skeletal modes [28]. The bending modes of O–C–H, 
C–C–H and C–O–H can be acknowledged as the cause of the 
peak at 1,228 cm–1 [29]. The 1,047–988 cm–1 region features 
peaks resulting from C–O stretching vibrations [30].

The vibration modes at 1,111 and 1,047 cm–1 point 
towards C–O stretching for alcohols/phenols molecules 
[31,32]. These results agree with those obtained through 
Boehm titrations.

Post adsorption, there was a rise in frequency from 
1,519 to 1,520 cm–1, 1,338 to 1,339 cm–1, and 8,31 to 832 cm–1, 
while peaks at 1,228, 589, and 529 cm–1 slightly shifted to 
lower frequency bands of 1,226, 586 and 528 cm–1, respec-
tively. It can be seen from the FTIR spectra of BAC before 
and after adsorption (Fig. 3b and c) that a considerable 
number of functional groups have shifted positions to other 

bands which shows the possible interaction of those active 
functional groups with that of 2,4-D molecules.

The SEM technique played a crucial role in unraveling 
the morphology of BAC sample both pre- and post-adsorp-
tion process (Fig. 4a and b). SEM is a powerful imaging 
technique that provides high-resolution, three-dimensional 
images of samples. It works by bombarding the sample 
with a focused beam of electrons and collecting the signals 
emitted from the surface. This enables scientists to visualize 
the topography, size, shape, and even elemental composi-
tion of the sample. Numerous pores were discovered on the 
samples surface due to the release of most organic volatiles 
during analysis, leaving behind a ruptured carbon surface.

3.2. Effect of contact time

In all transfer phenomena, the essential parameter to 
consider is the contact time. The adsorption capacity of 2,4-D 
onto BAC at concentration 80 mg/L and at three different 
temperatures is shown in Fig. 5. Initially, as the contact time 
increases, the adsorption capacity of 2,4-D onto BAC also 
increases rapidly. This can be attributed to the availability 
of more time for the adsorbate molecules to encounter the 
adsorbent surface. However, as the contact time continues to 
increase, it is observed that the rate of increase in adsorption 
capacity slows down. This could be due to several factors. 
One possibility is that most of the easily accessible active 
sites on BAC have already been occupied by 2,4-D mole-
cules during the initial rapid phase.

3.3. Equilibrium modeling

Adsorption isotherms are mathematical models that 
describe the relationship between the adsorbate concentra-
tion in solution and the amount adsorbed onto the adsorbent 
material at equilibrium. Six different adsorption isotherm 
models were considered in this study: Langmuir, Freundlich, 
Temkin, Redlich–Peterson, Sips, and Toth, since they are 
the most studied and they are the best understood models. 
Each model offers unique insights into the adsorption pro-
cess and provides valuable information about the interaction 
between the adsorbate and adsorbent.

3.3.1. Two-parameter models

3.3.1.1. Langmuir isotherm

The Langmuir isotherm model assumes a monolayer 
adsorption on a homogeneous surface, where the adsorp-
tion sites are energetically equivalent. It describes the for-
mation of a saturated layer of adsorbate molecules on the 
surface, with no further adsorption occurring once this 
layer is formed [33]. The linear form of Langmuir isotherm 
equation is given as:

C
q q K q

Ce

e m L m
e� �

1 1  (3)

where qm is the maximum adsorption capacity (mg/g), and 
KL is the equilibrium adsorption constant related to the free 
energy of the adsorption (L/mg). The value of qm, KL constants 

Fig. 2. Adsorption isotherm (blue) and Langmuir isotherm (red) 
for methylene blue onto BAC at 298.15 K.
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and R2 are presented in Table 2. The essential feature of the 
Langmuir isotherm can be expressed with a dimension-
less constant (RL) that is referred to as separation factor or 
equilibrium parameter. It is defined by Xiao et al. [34] Eq. (4):

R
K CL
L o

�
�� �

1
1

 (4)

where Co (mg/L) is the highest initial concentration of 2,4-
D. RL values between 0 and 1 (Table 2) imply a favorable 
adsorption process [35].

3.3.1.2. Freundlich isotherm

The Freundlich isotherm model, on the other hand, 
suggests a heterogeneous surface with varying energies of 

 

 

(a) 

(c) 

(b) 

Fig. 3. Fourier-transform infrared spectrum of (a) 2,4-D, BAC before (b) and after (c) 2,4-D adsorption.
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adsorption sites. It accounts for multilayer adsorption and 
allows for non-ideal behavior by introducing an empirical 
constant that represents the intensity of adsorption. This 
model can be expressed in the linear form by Hazzaa and 
Hussein [36] Eq. (5):

ln ln lnq K
n

Ce F e� �
1  (5)

where KF is the Freundlich isotherm constant and 1/n is 
the heterogeneity factor which can vary between 0 and 1, 
suggesting favorable adsorption process. The values of 

KF and n are calculated from the intercept and slope of the 
plot of lnqe against lnCe and listed in Table 3. Values of 1/n 
below one indicates normal adsorption, while values above 
1/n imply cooperative adsorption.

0.0

10.0

20.0
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50.0

0.0 70.0 140.0 210.0 280.0

q e
/ 

m
g.

g-1

t / min

298.15 K
308.15 K
318.15 K

Fig. 5. Effect of contact time on the adsorption of 2,4-D onto 
BAC (2,4-D concentration = 80 mg/L, adsorbent dose = 0.80 g/L, 
and contact time = 240 min).

 

b 

a 

Fig. 4. Scanning electron microscopy image of BAC before adsorption (a), and after adsorption of 2,4-D (b).

Table 2
Isotherm parameters for the adsorption of 2,4-D onto BAC 
(two-parameter isotherms)

T (K) 298.15 308.15 318.15

Langmuir

qm 68.03 69.93 70.42
KL 0.063 0.084 0.129
RL 0.162 0.126 0.086
R2 0.981 0.987 0.994
APE% 5.13 5.33 4.44

Freundlich

1/n 0.621 0.585 0.518
KF 5.69 7.47 10.79
R2 0.936 0.928 0.929
APE% 12.22 13.12 12.40

Temkin

BT 14.87 15.21 15.25
AT 0.65 0.88 1.33
R2 0.997 0.999 0.996
APE% 2.11 1.36 2.45
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3.3.1.3. Temkin isotherm

The Temkin isotherm model incorporates the effect of 
heat of sorption on the equilibrium constant. It assumes a 
linear decrease in heat of sorption with increasing coverage, 
due to adsorbate–adsorbate repulsions and uniformly dis-
tributed adsorption binding energies [37]. Additionally, this 
isotherm assumes that the decrease in heat of adsorption is 
linear, rather than logarithmic as implied in the Freundlich 
isotherm [38]. Temkin model is given by:

q B A B Ce T T T e� �ln ln  (6)

where BT = (RT/b), it is related to the heat of adsorption 
(J/mol). T is the absolute temperature in K, R the univer-
sal gas constant, 8.314 J/mol·K, AT the equilibrium binding 
constant (L/mg). By plotting qe vs. lnCe the constants AT and 
BT can be determined. The constants AT and BT are listed in 
Table 2.

The coefficient of determination (R2) was used to test 
the best-fitting isotherm to the experimental data. R2 is a 
statistical measure that shows how well the regression line 
fits the observed data points. It ranges from 0 to 1, with a 
value closer to 1 indicating a better fit.

R
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11 i

N

i

N
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where qe,calc is the calculated equilibrium adsorbed amount, 
qe,exp is the measured equilibrium adsorbed amount and 

qe ,calc  is the average of qe,calc.
The average percentage error (APE%) is applied to 

minimize the fractional error distribution across the entire 
concentration range. Considering both positive and neg-
ative errors, the APE% offers a comprehensive analysis of 
the overall error in our measurements. By calculating the 
average percentage error, we can determine how much our 
measured values deviate from the true values on average. 
It is given by Eq. (8):

APE

exp. pred.

exp.%

, ,

,
�

�

�
�
�
q q

q

N

e e

ei

N

1
100  (8)

where N is the number of experimental points.
Fig. 6 shows the experimental and the predicted data 

using two parameter isotherms for the adsorption of 2,4-D 
onto BAC at 298.15 K. It seems that the Temkin isotherm has 
the highest coefficient of determination and low average 
percentage error values when compared to Langmuir and 
Freundlich isotherms (Table 2).

Consequently, the Temkin isotherm can describe ade-
quately the adsorption isotherms of 2,4-D onto BAC. 
Additionally, the heat of adsorption (BT) in the Temkin 
model (Table 2) rests within the realm of physical adsorp-
tion at the investigated temperatures [39].

Table 3 compares the Langmuir adsorption capacities 
of 2,4-D by some other adsorbents reported in the literature 
with that of BAC.

3.3.2. Three-parameter models

3.3.2.1. Redlich–Peterson isotherm

The Redlich–Peterson isotherm, proposed by Redlich and 
Peterson [47], has been widely used to describe adsorption 

Table 3
Comparison of 2,4-D Langmuir adsorption capacities of BAC with various activated carbons

Adsorbent Adsorption capacity (mg/g) Reference

Oil palm frond activated carbon 45.00 (at 30°C) [40]
AC from cocoa pod husks 37.45 (at 30°C) [41]
AC from pristine biomass 88.40 [42]
Chestnut shell AC 0.93 (at 35°C) [43]
AC from filter paper and cotton 77.33 [44]
Algal magnetic activated carbon nanocomposite 60.61 (at 30°C) [45]
AC from date palm coir waste 50.25 [46]
AC from Balanites aegyptiaca seed shell 68.03 (at 25°C)

69.93 (at 35°C)
70.42 (at 45°C)

This work

Fig. 6. Isothermal two parameter models for adsorption of 2,4-D 
on BAC (C0 = (8–82) mg/L, BAC dosage = 0.80 g/L, equilibra-
tion time = 250 min, and temperature = 298.15 K).
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phenomena in various systems. One of the limitations of the 
Langmuir isotherm equation is its assumption of a homoge-
neous adsorbent surface, which may not hold true in many 
practical cases. On the other hand, the Freundlich isotherm 
equation considers heterogeneity but does not accurately 
describe certain adsorption systems due to its oversimpli-
fied assumptions.

The Redlich–Peterson isotherm offers a flexible method 
that can be employed in both heterogeneous and homo-
geneous systems by incorporating elements from both 
Langmuir and Freundlich equations. It has a linear and 
exponential dependence on equilibrium concentration in 
the numerator and the denominator, respectively. It can be 
described by Eq. (9):

q
k C
a Ce
R e

R e

�
�1 �

 (9)

where kR (L/g) and aR (L/mg) are Redlich–Peterson isotherm 
constants, b is an exponent which lies between 0 and 1. At 
high concentrations of the adsorbate, Eq. (1) reduces to the 
Freundlich equation, where kR/aR = KF and (1 – β) = 1/n of the 
Freundlich isotherm model. When b = 1, Eq. (5) reduces to 
Langmuir equation with aR = KL (Langmuir adsorption con-
stant (L/mg) and kR = KLqm where qm is Langmuir maximum 
adsorption capacity of the adsorbent (mg/g). This isotherm 
model has versatile applications in either homogeneous 
or heterogeneous systems, displaying hybrid adsorption 
behavior.

3.3.2.2. Sips isotherm

Sips isotherm is a widely used model in adsorption stud-
ies, particularly for heterogeneous systems. It combines the 
characteristics of both Langmuir and Freundlich isotherms, 
making it a more versatile and accurate representation of 
adsorption behavior. The general expression for the Sips 
isotherm can be written by the study of Ayawei et al. [48]:
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where kS (L/mg) is the Sips isotherm model constant and 
nS is Sips isotherm exponent which describes the surface 
heterogeneity, limited from 0 to 1. At low adsorbate con-
centration this model effectively reduces to the Freundlich 
model, but at high adsorbate concentrations this model 
predicts a monolayer sorption capacity characteristic of the 
Langmuir isotherm.

3.3.2.3. Toth isotherm

The Toth isotherm model [49], suggested as an improve-
ment to the Langmuir isotherm equation, presents a more 
precise representation for adsorption in heterogeneous sys-
tems with sub-monolayer coverage. While the Langmuir 
isotherm assumes a uniform surface and complete mono-
layer coverage, the Toth model considers the presence of 
multiple adsorption sites and incomplete surface coverage. 
The Toth isotherm model is given by Eq. (11):
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where kT is the Toth equilibrium constant, and (t) is the 
Toth model exponent that characterizes the heterogeneity 
of the adsorption system.

The three parameters of Eqs. (9)–(11) were obtained by 
maximizing the value of R2 using a trial-and-error proce-
dure using the solver adds-in with Microsoft’s spreadsheet, 
Microsoft Excel. The parameters of these isotherms at three 
temperatures are given in Table 3 together with APE%.

Fig. 7 shows experimental data and the predicted 
equilibrium curves using non-linear method for the three 
parameter isotherms Redlich–Peterson, Sips and Toth. The 
correlation coefficient values were moderately good for all 
three-parameter models, and the average percentage of 
errors were comparable to each other (Table 4), which clearly 
implies that Redlich–Peterson, Sips, and Toth isotherms 
can fit the adsorption data of 2,4-D onto BAC.

The Redlich–Peterson exponent “b” value at differ-
ent temperatures is close to unity (b = 0.970–0.976). This 
shows that the adsorption of 2,4-D onto BAC is compati-
ble with the Langmuir model rather than the Freundlich 
model. The Toth isotherm exponent (t) is nearly unity 
(t = 0.925–0.956). It tells us that the adsorption process occurs 
on a homogenous surface [50].

3.4. Effect of pH on the adsorption

The amount of adsorbed 2,4-D for different solution pH 
values (2.0–12.0) is shown in Fig. 8. The equilibrium uptake 
of 2,4-D decreased from 145.5 to 81.8 mg/g with increasing 
pH from 2 to 12. At pH values lower than the pHpzc, the 
carbon surface is positively charged. This positive charge 
can attract and bind with negatively charged species, lead-
ing to a higher adsorption capacity. As the pH increases 
above the pHpzc, the carbon surface becomes less positively 
charged and may even become negatively charged.

This change in surface charge can affect the interaction 
between the absorbent (BAC) and adsorbate (2,4-D). In this 

Fig. 7. Isothermal three parameter models for adsorption of 
2,4-D on BAC. (C0 = (8–82) mg/L, BAC dosage = 0.80 g/L, equili-
bration time = 250 min, and temperature = 298.15 K).
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case, as the pH of the solution increased from 2 to 12, it moved 
further away from the pHpzc value of 6.8. Consequently, the 
carbon surface became less positively charged and poten-
tially more negatively charged. This change in surface 
charge likely reduced the attraction between BAC and 2,4-D 
molecules, resulting in a decrease in equilibrium uptake.

Additionally, changes in solution pH can also directly 
affect the chemical properties of 2,4-D itself. The acid disso-
ciation constant (pKa) of 2,4-D was 2.73 [51], hence the 2,4-D 
molecule was dissociated and existed in a large proportion 
of anions in solution when pH value was higher than pKa. 
The degree of dissociation increased with increasing pH 
value and therefore decreasing the electrostatic attraction 
between more deprotonated 2,4-D and negatively charged 

BAC surface. This result is consistent with that reported 
previously for the adsorption of 2,4-D onto activated 
carbons derived from different materials [52–54].

3.5. Effect of temperature on 2,4-D adsorption

Thermodynamics describes the energy changes that 
occur during an adsorption process. The thermodynamic 
parameters can provide insights into the mechanism of 
adsorption and the feasibility of the process.

The effect of temperature on 2,4-D adsorption onto 
BAC was studied by performing experiments at 25°C, 35°C 
and 45°C. Results showed that 2,4-D adsorption capacity 
increased with increasing temperature, (Fig. 9) showing 
that the adsorption was endothermic. temperature affects 
both the adsorption capacity in equilibrium experiments 
and the adsorption rates in batch kinetic experiments. The 
increase in adsorption ability of BAC at higher temperatures 
may be attributed to the enlargement of pore size, activa-
tion of the adsorbent surface, or creation of new pores on 
the adsorbent surface due to bond rupture. Additionally, it 
may be due to the heightened mobility of 2,4-D molecules 
from the bulk solution towards the adsorbent surface and the 
extent of penetration within the BAC structure, enhancing 
the rate of intraparticle diffusion.

To calculate the enthalpy change (ΔH°), entropy change 
(ΔS°) and free energy change (ΔG°) for the investigated 
adsorption process, ΔH°, ΔS° and ΔG° the Eqs. (12)–(15) [55]:
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From Eq. (13) and Eq. (14):
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where kd is the distribution coefficient (mL/g). The values of 
ΔH° and ΔS° are calculated from the slope and intercepts 

Table 4
Isotherm parameters for the adsorption of 2,4-D onto BAC 
(three-parameter isotherms)

T (K) 298.15 308.15 318.15

Redlich–Peterson

kRP 4.782 6.609 9.922
aRP 0.080 0.109 0.160
b 0.976 0.972 0.970
R2 0.993 0.994 0.994
APE% 5.26 4.84 4.16

Sips

qm 67.110 68.510 73.209
ks 0.067 0.091 0.118
ns 0.983 0.987 0.938
R2 0.993 0.994 0.992
APE% 5.17 4.88 4.74

Toth

qmT 66.882 70.780 71.056
kT 0.073 0.094 0.146
t 0.956 0.931 0.925
R2 0.993 0.994 0.993
APE% 5.34 4.95 4.07
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Fig. 8. Effect of pH on the adsorption of 2,4-D onto BAC at 
298.15 K.

0.0

20.0

40.0

60.0

80.0

0.0 10.0 20.0 30.0 40.0 50.0

q e
/m

g.
g 

-1

Ce /mg.l -1

298.15 K 308.15 K 318.15 K

Fig. 9. Effect of temperature on the adsorption of 2,4-D onto 
BAC.
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of the linear plot of lnkd vs. 1/T (Table 5). Once these two 
parameters are obtained, ΔG° is calculated using the Eq. (14).

Negative values of ΔG° at different temperatures indi-
cate the spontaneous sorption process of 2,4-D onto BAC. 
The positive values of ΔH° confirm the endothermic nature 
of adsorption. Positive values of entropy change show an 
increase in the randomness of the system before and after 
adsorption. These results agree with the observations made 
by Goscianska and Olejnik [56] for the removal of 2,4-D 
herbicide from an aqueous solution by aminosilane-grafted 
mesoporous carbons, and those concluded by Aksu and 
Kabasakal [57] for the adsorption of 2,4-D from an aqueous 
solution by granular activated carbon.

3.6. Adsorption kinetics

Kinetic models describe the rate at which adsorption 
occurs and the time needed to reach equilibrium. They are 
crucial in understanding the efficiency of adsorbent mate-
rials for water treatment. The adsorption kinetics of 2,4-D 
onto BAC were investigated using the pseudo-first-order 
and pseudo-second-order models [8]. The pseudo-first-order 
kinetic equation is expressed as:

ln lnq q q k te t e�� � � � 1  (16)

where qt is the amount of 2,4-D herbicide adsorbed in time 
t (mg/g), t is the time (min), k1 is the adsorption rate con-
stant of pseudo-first-order model (min–1). k1 values were 
found from the slope of the linear plots of log(qe – qt) vs. t.

The pseudo-second-order model was defined by Eq. (17):
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where k2 is the rate constant of pseudo-second-order 
(g/mg·min). The term k2qe

2 is the initial sorption rate, repre-
sented as h = k2qe

2 (mg/g·min). The value of qe and k2 can be 
obtained by plotting t/qt against t.

The kinetic data for the pseudo-first-order and pseu-
do-second-order models for the adsorption of 2,4-D in 
aqueous solution onto BAC were reported in Table 5. The 
R2 values for the pseudo-second-order are close to unity at 
all temperatures studied, and therefore, this model is the 
most suitable for describing the adsorption of 2,4-D on BAC. 
Furthermore, the pseudo-second-order model calculation 
of qe (mg/g) closely aligned with the experimental values, 
confirming suitability of the model. This result is in accord 
with many published reports for the removal of 2,4-D by 

activated carbon derived from biosorbents [58–60]. With 
increasing temperature, there was a corresponding increase 
in the values of both k2 and h.

3.7. Adsorption mechanism

The intraparticle diffusion model is proposed to ana-
lyze the mechanism of the adsorption. The model is used 
fundamentally to prognosticate whether the intraparticle 
diffusion of particles is a rate-determining step or not. The 
intraparticle diffusion model is expressed by Eq. (18) [61]:

q k t Ct i� �0 5.  (18)

where ki is the intraparticle diffusion rate constant 
(mg/g·min1/2), C (mg/g) gives an idea about the boundary 
layer thickness, that is, the larger the intercept, the greater is 
the boundary layer effect.

The intraparticle diffusion plot for the adsorption of 
2,4-D onto BAC is shown in Fig. 10. The existence of two lin-
ear segments have been noticed to explain the two consecu-
tive adsorption phases: initial mass transfer at a maximum 
limit of 50 min (steep portion) then followed by intrapar-
ticle diffusion of 2,4-D onto BAC (gradual portion). The 
observation of these two intercepting lines is a typical out-
come when the adsorption phases operate independently, 
depending upon the exact mechanism.

The values of the pore diffusion parameters ki1  and ki2  
for the two stages were calculated from the plots of linear 
portions of the curves (Table 6). The presence of the two dif-
fusion stages shows that the pores of BAC have two percep-
tible sizes (macropores and mesopores). Values of ki1  and 
ki2  increase with increasing temperature which shows the 
enhanced diffusion of 2,4-D through the meso- and microp-
ores at higher temperatures. Differences seen during straight 
lines departing from the origin (as depicted in Fig. 10) might 
result from a discrepancy between rates of adsorption 
during early and late stages [62]. Furthermore, the devia-
tion in the slope value from 0.5 shows that diffusion through 
the pores is one of the rate-controlling steps [63].

Additionally, the kinetic data were analyzed using the 
Boyd model [64] to predict the rate-controlling step in the 
adsorption process. The Boyd model could be expressed as:

Table 5
Thermodynamic parameters for 2,4-D adsorption onto BAC at 
different temperatures

T (K) ΔS° (J/mol·K) ΔH° (kJ/mol) ΔG° (kJ/mol)

298.15
85.97 24.16

–1.472
308.15 –2.332
318.15 –3.191
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Fig. 10. Intraparticle diffusion plot for the adsorption of 2,4-D 
onto BAC. (2,4-D concentration = 80 mg/L, adsorbent dose = 1 g/L, 
contact time = 240 min).
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Fig. 11 illustrates the Boyd plots for the adsorption of 
2,4-D on BAC at different temperatures. The plots are close 
to being linear (0.996 ≤ R2 ≤ 0.998), and the regression curves 
approach the origin, which implies that the adsorption of 
2,4-D on BAC is controlled by the pore diffusion mechanism.

4. Conclusion

In this work, we explored the adsorption of 2,4-D onto 
low-cost activated carbon prepared from Balanites aegypti-
aca seed shells (BAC). The presence of oxygen-containing 
functional groups on the surface of BAC was accurately 
identified through the FTIR technique and Boehm titration 
method. BAC had a relatively large surface area (417.0 m2/g).

The Langmuir, Freundlich, and Temkin adsorption mod-
els were used to fit the adsorption equilibrium data of 2,4-D 
by BAC. The Temkin adsorption isotherm closely matched 
the experimental data within the tested concentrations. 
The three-parameter adsorption isotherm models (Redlich–
Peterson, Sips, and Toth) were the models that best fit the 
adsorption data over the concentration range used and at all 
temperatures studied.

2,4-D adsorption capacity was increased with increas-
ing temperature, while the removal efficiency of 2,4-D 
decreased with increasing solution pH. The thermodynamic 
study showed that adsorption was endothermic with pos-
itive values of ΔH° (24.16 kJ/mol) and ΔS° (85.97 J/mol·K). 
Meanwhile, negative values of ΔG° for the process of 
adsorption of 2,4-D at all analyzed temperatures indicate 
that the process is spontaneous.

The uptake pattern of 2,4-D was found to be primar-
ily influenced by a pore diffusion process. The kinetic data 
obtained from the experiment was found to be in excellent 
agreement with a pseudo second-order model. The adsorp-
tion data obtained from this research study provides valu-
able insights into the potential of using BAC as a low-cost 
adsorbent for the removal of 2,4-D herbicide from aque-
ous solutions. Furthermore, the efficient removal of 2,4-D 
herbicide by BAC suggests its potential application in 
water treatment systems.
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