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ABSTRACT

The removal of 2,4-dichlorophenoxyacetic acid (2,4-D) from aqueous solution by coconut
shell-activated carbon (CSAC) was studied adopting batch adsorption techniques. The effect
of contact time, initial concentration of 2,4-D, and pH was investigated. From the kinetic
data, 8 h was considered as the equilibrium time for determining adsorption isotherms.
Adsorption data were fitted to the Langmuir, Freundlich, Temkin, and the new Brouers–
Sotolongo (BS) adsorption isotherms. Results showed that the BS isotherm model best
described the adsorption process and the BS maximum adsorption capacity determined was
368.0mg/g at 30˚C. The Lagergren pseudo-first-order, Ho pseudo-second-order, Elovich,
and the new Avrami models were applied to fit the kinetic results and it was found that
the Avrami model was most suitable. The adsorption decreased with increasing pH, in the
pH range 3–9, due to increased repulsion between 2,4-D molecules and CSAC surface. The
results suggest that CSAC is effective as adsorbent for 2,4-D removal from water.
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1. Introduction

Water pollution by pesticides, especially the orga-
nochlorines, has generated public concern throughout
the world in the last few decades because of their tox-
icity and persistence in the environment, being mostly
non-biodegradable [1]. These compounds are danger-
ous to human health and the environment even at low
concentrations [2]. 2,4-Dichlorophenoxyacetic acid (2,4-
D), an organochlorine and an anionic phenoxy herbi-
cide, is widely applied in the control of broad leaf
weeds and grasses in crop plantations and lawns,

because of its low cost, good selectivity, and effective-
ness [3]. Since 2,4-D is used in the open environment,
its residues easily find their way into water resources,
thereby contaminating them [4].

Consequently, several techniques have been devel-
oped for the removal of pollutants from water. Most
of these techniques adopt a combination of physical,
chemical, and biological processes which include
photo-oxidation, chemical coagulation, sedimentation,
filtration, disinfection, and adsorption. Nevertheless,
adsorption is one of the most efficient methods for
removal of pollutants from water offering many
economical, technological, and ecological advantages
[5–10]. A number of adsorbents have been used for
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the removal of 2,4-D including fertilizer and steel
industry wastes, organo-palygorskite, bituminous
shale, and calcined hydrotalcite [11–14]. Recently, new
materials like metal organic frameworks have been
used for the adsorption of 2,4-D and other chloro-
aromatics even though it is not so attractive for eco-
nomic reasons [15,16]. Activated carbon has evolved
as one of the most favored adsorbents for the removal
of pesticides and other pollutants from water and
wastewater because of its large surface area, porosity,
thermo-stability, low acid/base reactivity, and
efficiency even at low concentrations of pollutants
[17–20]. Some researchers have demonstrated the use
of activated carbon in the removal of pesticides and
other pollutants from aqueous phase [21–26], nonethe-
less, there is relative paucity of literature covering the
removal of 2,4-D by activated carbon. Chingombe
et al. [27], as well as Salman and Hameed [28] demon-
strated the use of commercial activated carbon made
from coal-based sources in the removal of 2,4-D from
aqueous solutions. A variety of materials have been
utilized for the production of activated carbon includ-
ing wood, sawdust, nutshells, fruit stones, peat, lig-
nite, coal, and petroleum coke [29]. The specific
precursor has been shown to have impact on the tex-
tural properties and adsorption performance of acti-
vated carbon for particular applications [30–32].
Previous studies have shown that the presence of
other inorganic salts and organics in water/wastewa-
ter reduces the adsorption capacity of the sorbent for
the sorbate [32].

In this study, activated carbon prepared from coco-
nut shell-activated carbon (CSAC) was studied for its
adsorptive performance in the removal of 2,4-D from
aqueous solutions. The activated carbon was charac-
terized by surface area, pore structural features,
fourier transform infrared (FTIR) spectroscopy, and
scanning electron microscopy (SEM). The effects of

contact time, initial concentration of 2,4-D, and initial
solution pH were investigated. Langmuir, Freundlich,
Temkin, and Brouers–Sotolongo (BS) models were
used in fitting equilibrium isotherm data to determine
maximum adsorption capacity and nature of adsorp-
tion. Kinetic parameters were also obtained to eluci-
date the adsorption mechanism.

2. Materials and methods

2.1. Adsorbate

Analytical grade 2,4-D of 97% purity was supplied
by Sigma–Aldrich (M) Sdn. Bhd., Malaysia and was
used as adsorbate as received without further treat-
ment. Distilled water was used in the preparation of
all solutions. The physicochemical properties of 2,4-D
are listed in Table 1.

2.2. Adsorbent

The adsorbent used in this study is CSAC, pro-
duced by steam activation. It was in granular form
and was obtained from local market, Malaysia. It was
used without further treatment. Some physical and
chemical properties of CSAC as provided by the sup-
plier are presented in Table 2.

2.3. Characterization of CSAC

The surface area and pore characteristics of CSAC
were measured using a surface area and porosity ana-
lyzer (Micromeritics, ASAP 2010, USA), which uses
nitrogen adsorption–desorption method at 77 K. The
density functional theory model was used to analyze
the results. The functional groups present on the sur-
face of the activated carbon were determined using
FTIR spectroscopy (Perkin–Elmer, Model 2000 FTIR,

Table 1
Physicochemical properties of 2,4-D

Chemical structure

O
OH

O

ClCl

CAS number 94-75-7
Molecular formula C8H6Cl2O3

Molecular weight (g/mol) 221.04
Melting point (˚C) 140.5
Boiling point at 0.4 mm Hg (˚C) 160
Solubility in water at 25˚C (mg/L) 900
pKa 2.8
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USA). The KBr pellet method was adopted for sample
handling and the spectrum was run from 4,000 to 400
cm−1. The surface morphology of CSAC was studied
by examining the sample under a SEM (Model Supra
50VP-23-57, Germany).

2.4. Adsorption studies

Stock solution of 500mg/L 2,4-D was prepared by
dissolving 515.46mg of 2,4-D (97% purity) in a 1 L
volumetric flask under stirring and making up the
volume to the mark using distilled water. Different
initial solution concentrations of 50–300mg/L were
prepared by serial dilution of the stock solution. The
kinetic and equilibrium studies were undertaken at
the pH of 3.5. Batch adsorption studies were per-
formed by shaking 200mL of the 2,4-D solution of
desired concentration with 0.2 g of CSAC. The CSAC
dose used is the optimum in the range of initial

concentrations of 2,4-D studied and was obtained
from preliminary experiments. The water bath shaker
was set at temperature 30˚C and speed 120 rpm. For
the pH studies, the initial pH of the solutions before
contact were adjusted to pH 3–11 using 0.1M HCl
and 0.1M NaOH and 2,4-D initial concentration of
100mg/L was used. The final concentrations of 2,4-D
were measured at predetermined time intervals using
a double beam UV/Visible spectrophotometer (Shima-
dzu, Model UV 1700, Japan) at 283 nm. The 2,4-D
uptake at a given time, qt (mg/g), was calculated
using Eq. (1).

qt ¼ ðC0 � CtÞV
M

(1)

where C0 (mg/L) and Ct (mg/L) are the concentra-
tions of 2,4-D in the liquid phase at the initial and
time t, respectively; V (L) the volume of solution
treated and M (g) the dry mass of CSAC.

3. Results and discussion

3.1. Characterization of CSAC

The surface area, pore volume, and pore size data
for CSAC are also summarized in Table 2. Adsorbent
pores can be classified using their pore diameter based
on the definition by the International Union of Pure
and Applied Chemistry as micropores (<2 nm), mes-
opores (2–50 nm), and macropores (>50 nm) [33]. The
average pore diameter of CSAC was found to be 2.2
nm, indicating mesoporosity. The FTIR spectrum of
CSAC is shown in Fig. 1. The peak observed at
3,402 cm−1, is typical of O–H stretching vibration

Table 2
Some physical, chemical, and textural characteristics of
CSAC

Form Granular
Size (mm) 0.045–0.212
Iodine number (mg/g) 1,000
Apparent density (g/cm3) 0.50
Ball pan hardness (%, minimum) 98
Moisture content (%) <5
Ash content (%) <3
BET surface area (m2/g) 986.2
Mesopore area (m2/g) 40.25
Micropore area (m2/g) 945.9
Total pore volume (cm3/g) 0.54
Average pore diameter (nm) 2.20
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Fig. 1. FTIR spectrum of CSAC.
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mode of hydroxyl functional group including H bond-
ing [34,35]. The peak at 2,339 cm−1 denotes the C≡C
stretching vibrations in alkyne groups [17], while the
peak at 1,568 cm−1 indicates the C=C stretching vibra-
tion of aromatic rings [36]. The bands at 1,115 and
1,049 cm−1 are assigned to C–OH stretching vibration
in secondary and primary alcohols, respectively [37].
On the overall, the significant functional groups
identified in the FTIR analysis are hydroxyl,

unsaturated bonds of carbon and aromatic groups.
The scanning electron micrograph of CSAC at 1,000
magnification is shown in Fig. 2. From the figure, it
could be observed that the CSAC surface has well-
distributed pores, where 2,4-D molecules could be
trapped and adsorbed.

3.2. Effect of contact time and initial concentration of 2,4-D

The effect of contact time and initial concentration
of 2,4-D on the adsorption was studied in the 2,4-D
initial concentration range 50–300mg/L. Other condi-
tions used are pH 3.5, CSAC dose 1,000mg/L, 30˚C
temperature, and 120 rpm speed. The studies were
undertaken at different contact times to establish the
equilibrium time. Fig. 3 shows the plots of 2,4-D con-
centration against contact time for different initial con-
centrations of 2,4-D. It shows that the concentration of
2,4-D decreases with increase in contact time indicat-
ing an increase in adsorption with increase in contact
time, until equilibrium is reached at a certain time.
The result reveals that the adsorption is fast at the ini-
tial stage and becomes slower as it approaches to
equilibrium. This could be explained on the basis of
availability of vacant sites on the CSAC surface. With
increase in contact time, most of the sites become

Fig. 2. SEM image of CSAC.
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occupied leading to decrease in the number of avail-
able sites for adsorption which in turn reduces the
adsorption rate. From Fig. 3, it could be seen that
equilibrium was attained in 8 h. Therefore, a contact
time of 12 h was set for subsequent studies to ensure
that equilibrium was attained.

From Fig. 3, it could further be observed that the
initial concentration of 2,4-D plays an important role
in the adsorption of 2,4-D onto CSAC. The amount of
2,4-D adsorbed on CSAC increased with increase in
initial concentration of 2,4-D. This could be attributed
to the utilization of all available active sites for
adsorption at higher 2,4-D concentration, a larger mass
transfer driving force and increased number of colli-
sion between 2,4-D molecules and CSAC.

3.3. Effect of initial solution pH on 2,4-D adsorption

Solution pH affects the surface charge of the adsor-
bent and the degree of ionization of the adsorbate and
is therefore one of the most important parameters
affecting adsorption process in aqueous solutions. The
pH studies were undertaken in the pH range 3–11
using 100mg/L 2,4-D and 1,000mg/L CSAC dose at
30˚C and 120 rpm. The effect of initial pH on the
adsorption of 2,4-D is depicted in Fig. 4. It could be
observed that the equilibrium adsorption quantity
(uptake) decreased with increasing solution pH from 3
to 9 and showed a slight increase with further increase
in pH. This behavior clearly indicates that the adsorp-
tion was characterized by interaction between 2,4-D

and the CSAC surface. 2,4-D can be dissociated in
water solution according to the reaction:

2; 4-D þOH� ! 2; 4-D� ðdeprotonated formÞ þH2O (2)

The protonated species is dominant when the solution
pH is below 2.8 the pKa of 2,4-D while at higher solu-
tion pH, 2,4-D is dissociated and a greater proportion
is in the ionized form, 2,4-dichlorophenoxyacetate ion.
The main factors influencing the pH profile being the
repulsion between the negatively charged hydroxyl
functional groups on CSAC surface, as was revealed
by the FTIR spectroscopic analysis. This clearly shows
the absence of strong chemical interactions and there-
fore the proposed mechanism of adsorption is physi-
sorption.

Similar observations were reported in some previ-
ous studies [11,28]. The increase in 2,4-D uptake at pH
higher than 9 could be attributed to precipitation of
the adsorbate in strong alkaline media [38].

3.4. Adsorption isotherms modeling

Adsorption isotherms are mathematical models
that describe the distribution of the adsorbate species
between the liquid phase and the solid phase when
the adsorption process reaches equilibrium state. The
experimental data obtained in this study were fitted to
four adsorption isotherms: Langmuir, Freundlich,
Temkin, and the new BS models. The Langmuir iso-
therm model [39] is given by:

qe ¼ qmKLCe

1þ KLCe
(3)

where qe (mg/g) represents the amount of 2,4-D
adsorbed at equilibrium, qm (mg/g) the maximum
monolayer adsorption capacity, Ce (mg/L) the equilib-
rium concentration of 2,4-D in the liquid phase, and
KL (L/mg) a constant related to the affinity of binding
sites. The Langmuir adsorption model assumes that
maximum adsorption corresponds to a monolayer sat-
uration of 2,4-D molecules on the CSAC surface, and
that no lateral interaction between the 2,4-D molecules
exists [40]. The Freundlich isotherm model [41] is
based on the assumption of adsorption on heteroge-
neous surface, whereby the stronger sites are occupied
first and the binding strength decreases as more sites
are occupied [42] and is given by:

qe ¼ KFC
1=n
e (4)

2 4 6 8 10 12
75

80

85

90

95

100

105

q e (m
g/

g)

pH

Fig. 4. The effect of solution pH on 2,4-D equilibrium
adsorption.
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where KF (L/g), defined as the adsorption or distribu-
tion coefficient, is related to the adsorption capacity
and therefore a measure of the affinity of the adsor-
bent for the adsorbate and n is a measure of the
adsorption intensity. The value of 1/n usually falls in
the range 0–1 and gives an indication of the surface
heterogeneity of the adsorbent. The more the value
tends to 0, the more heterogeneous the adsorbent sur-
face. The Temkin isotherm [43] considers the effects of
indirect adsorbate–adsorbate interactions on adsorp-
tion isotherm and assumes that heat of adsorption
decreases linearly with coverage due to adsorbate–
adsorbate interactions. It is commonly expressed by:

qe ¼ RT

bT
lnðACeÞ (5)

where bT (J/mol) is the Temkin isotherm constant
related to the heat of adsorption and is given by
bT = −ΔH/qm [44]; A (L/g) a constant corresponding
to the maximum binding energy; R (8.314 J/mol K) the
universal gas constant, and T (K) the absolute
temperature. The BS isotherm [45] is defined by a
deformed exponential (Weibull) function and is given
by:

qe ¼ qmð1� expð�KBSC
a
e ÞÞ (6)

where the BS constant KBS (L/mg) = KF/qm, and the
exponent, α (dimensionless) is a measure of the width
of the adsorption energy distribution and therefore of
the energy heterogeneity of the adsorbent surface.

The equilibrium data for the adsorption of 2,4-D
onto CSAC at 30˚C were fitted to the four adsorption
isotherm models by non-linear regression methods.
The non-linear fits of the adsorption equilibrium data
for the four isotherm models are shown in Fig. 5,
while the isotherm parameter values obtained are
listed in Table 3.

The adjusted coefficient of determination (R2
adj),

which accounts for the number of variables and
sample size in the model, is generally considered
superior to the coefficient of determination (R2), as it
corrects the overestimation by R2 [46]. It is more
accurate than R2 especially when dealing with small
samples [47]. The closeness to unity of R2

adj was used
to adjudge the goodness-of-fit and applicability of the
isotherm models. In addition, the lowest value of the
root-mean-squared error (RMSE), also known as
standard deviation analyses was utilized in confirming
the suitability of the isotherm models in the fitting of
adsorption data. The R2

adj and RMSE values obtained
from the isotherm models are shown in Table 3. The

BS model gives the highest R2
adj and lowest RMSE

values, which shows that the adsorption of 2,4-D on
CSAC is best represented by the BS model. The good
fit obtained with the BS model suggests the existence
of a heterogeneous adsorption energy landscape [48].
The BS and Langmuir maximum adsorption capacities
obtained at 30˚C were 368.0 and 352.3mg/g, respec-
tively. The Temkin isotherm parameter, b is related to
the heat of adsorption, and the positive values
obtained for 2,4-D adsorption onto CSAC is indicative
of an exothermic process. The Hall separation factor
(dimensionless constant), RL [49] was calculated from
the Langmuir parameter, KL, using Eq. (7):

RL ¼ 1

1þ KLC0
(7)

where KL is the Langmuir parameter defined earlier
and C0 (mg/L) the initial concentration of 2,4-D. The
values of RL obtained could be used in the interpreta-
tion of adsorption type as unfavorable (RL < 0 or RL >
1), favorable (RL < 1 or RL = 1 (linear)), and irreversible
(RL = 0) [50]. In this study, the RL values were found
to be in the range 0.02–0.11 at 30˚C, indicating that the
adsorption of 2,4-D onto CSAC is a favorable process.

The Langmuir maximum monolayer adsorption
capacity for the adsorption of 2,4-D onto various acti-
vated carbon reported by other researchers in litera-
ture are summarized in Table 4 [27,28,51]. The results
showed that activated carbon prepared from coconut
shell, CSAC, exhibited higher maximum monolayer
adsorption capacity in the removal of 2,4-D than other
activated carbons produced from other sources.
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Fig. 5. Adsorption isotherms for 2,4-D adsorption onto
CSAC at 30˚C.
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3.5. Adsorption kinetics

To investigate the mechanism of adsorption of
2,4-D onto CSAC, the kinetic data was modeled with
the pseudo-first-order, pseudo-second-order, Elovich,
and the new Avrami kinetic equations. The Lagergren
pseudo-first-order model [52] could be expressed as:

qt ¼ qeð1� e�k1tÞ (8)

where k1 (1/h) is the pseudo-first-order rate constant
and t (h) the contact time. The Ho pseudo-second-order
kinetic model [53] could be represented by:

qt ¼
q2
e
k2t

1þ qek2t
¼ h

1þ qek2t
(9)

where k2 (g/mg h) is the pseudo-second-order rate
constant and h (mg/g h) is regarded as the initial
sorption rate, as qt when t approaches 0, and is given
by:

h ¼ q2ek2t (10)

The Elovich equation [54] is given by:

qt ¼ 1

b
lnðabÞ þ 1

b

� �
ln t (11)

where a (mg/gmin) is the initial adsorption rate and
b (g/mg) the desorption constant related to the
extent of surface coverage and activation energy for
chemisorption. The Avrami kinetic equation determines
the fractionary kinetic orders and some kinetic parame-
ters reflecting possible changes in the adsorption rates
as function of the initial concentration and adsorption
time [55]. The Avrami equation [56] is expressed as:

Table 3
Langmuir and Freundlich isotherm model parameters for adsorption of 2,4-D onto CSAC at 30˚C

Langmuir Freundlich Temkin Brouers–Sotolongo

KL

(L/mg)

qm
(mg/g) R2

adj RMSE

KF

(L/g) n R2
adj RMSE

A

(L/g)

bT
(J/mol) R2

adj RMSE

qm
(mg/g)

KBS

(L/mg) α R2
adj RMSE

0.15 352.3 0.977 15.08 70.1 2.36 0.941 21.20 1.78 36.0 0.979 14.39 368.0 0.19 0.77 0.985 13.30

Table 4
Comparison of Langmuir adsorption capacities of 2,4-D by various activated carbons under similar conditions

Activated carbon type Precursor Adsorption capacity (mg/g) Reference

Granular activated carbon F400 Coal-based 8.1–10.5 [25]
Modified granular activated carbon F400 Coal-based 11.8–16.3 [25]
Granular activated carbon F300 Coal-based 181.8 [26]
Granular activated carbon Date stone-based 238.1 [48]
Granular activated carbon Pumpkin seed hull-based 260.8 [16]
Granular activated carbon Corncob-based 300.2 [20]
CSAC Coconut shell-based 352.3 This study
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Fig. 6. Kinetic model fitting for the adsorption of 2,4-D on
CSAC (30˚C; agitation rate, 120 rpm; CSAC dose, 1,000
mg/L).
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qt ¼ qef1� exp½�kAvðtÞnAv �g (12)

where kAv (1/h) is the Avrami kinetic constant and
nAv is a constant which can be relational to the
adsorption mechanism.

The experimental data were fitted to the four
kinetic models by non-linear regression methods as
shown in Fig. 6. The kinetic model parameters, R2

adj,
and RMSE values obtained are listed in Table 5 and
were utilized in confirming the suitability of the mod-
els in the fitting of adsorption kinetic data. The R2

adj

values for the Avrami model are closest to unity at all
initial concentrations of 2,4-D studied and therefore
the Avrami model is most suitable for describing the
adsorption of 2,4-D on CSAC. The lowest values of
the RMSE confirm the applicability of the Avrami
model for adsorption of 2,4-D on CSAC. In addition,
the qe values predicted by the Avrami model were
closest to experimental values further indicating that
the adsorption of 2,4-D onto CSAC follows the Av-
rami model platform. The best data fit to the Avrami
model suggests possible changes of the adsorption
mechanism during the adsorption process following
multiple kinetic orders that change during the contact
of 2,4-D with CSAC [56]. Similar kinetics was
observed for the adsorption of methylene blue on acti-
vated carbon produced from flamboyant pods [55].

4. Conclusion

The results of this investigation revealed that acti-
vated carbon produced from coconut shell (CSAC) has
suitable adsorption capacity for the removal of 2,4-D
from aqueous solutions. The equilibrium between 2,4-
D in solution and on CSAC surface was achieved in 8
h. The equilibrium adsorption data were best described
by the BS adsorption isotherm model. The BS and
Langmuir maximum adsorption capacities of 368.0 and
352.3mg/g were obtained, respectively, which are
high when compared with activated carbon from other
precursors. The adsorption kinetics was found to fol-
low the Avrami model platform. Adsorption of 2,4-D
on CSAC was influenced by initial solution pH
showing that the adsorption was characterized by
interaction between 2,4-D molecules and the CSAC
surface. Generally, CSAC showed excellent adsorptive
characteristics and could be used as a good adsorbent
for the removal of 2,4-D from water.
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