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ABSTRACT

Adsorptive removal of herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) and humic acid
(HA) from their single- and binary solutions was investigated using powdered activated
carbon. Both pore- and film diffusion coefficients for 2,4-D calculated based on two resis-
tance diffusion kinetics were higher than those found for HA both single- and binary com-
ponent systems. Similar trend was also observed for the rate constants calculated by
applying pseudo-second-order kinetic model. The L-shaped isotherm curves converted into
H shaped with an increase in the temperature from 288 to 318 K indicating the complete
removal of both solutes in dilute solutions. A synergetic effect was observed in low-concen-
tration region in binary systems; however, the combined action of 2,4-D and HA was found
to be antagonistic in concentrated solutions. The experimental equilibrium results in single-
component systems were better predicted by the Freundlich than the Langmuir isotherm
equation. The extended Freundlich isotherm model fit also quite well to the data obtained
from binary solutions. The effects of medium acidity and salinity on 2,4-D and HA adsorp-
tion process were also examined. Analysis of the pH-dependent adsorption results using
Kurbatov approximation suggested that 2,4-D and HA were mainly adsorbed in molecular
form on carbon surfaces rather than in their anionic forms.

Keywords: Adsorption; Activated carbon; 2,4-D; Humic acid; Single-component system,
binary component system

1. Introduction

The contamination of organic pollutants has
become a major concern in the production of safe
drinking water. 2,4-dichlorophenoxyacetic acid (2,4-D)
is a commonly used herbicide for selective systemic
post-emergence control of annual and perennial
broad-leaved weeds in cereals, maize, sorghum
grassland, orchards, sugarcane, rice, oil palm, cocoa,

rubber, and non-crop lands [1,2]. Although its half-life
in soil is approximately two weeks, its massive intro-
duction to the environment every year which totals
thousands of tones poses a risk for human health and
the environment. Adsorption emerges as an attractive
option for the removal of organic pollutants among
the diversified methods suggested due to its flexibility
in design and ease of operation. It has been reported
that interactions between phenoxy acid herbicides and
other pollutants especially humic matters dissolved
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from agricultural soils drastically modify the extrac-
tion efficiency [3–8]. Humic acids (HAs) are the mix-
tures of decomposition products of plants and animals
with complex structures and contain large number of
functional groups, such as carboxyl (–COOH) and
phenolic (–OH) groups [9].

Some of the adsorbents developed for 2,4-D
removal are activated carbon (AC) [10–13], polymerin
[14], bituminous shale [15], fertilizer and steel industry
wastes [16], tire rubber granules [17], zinc–aluminum–
chloride-layered double hydroxides [18], organo-clays
[19,20], silica gel activated with 3-(trimethoxysilyl)-
propylamine [21,22]. Similarly, surfactant-modified
bentonite [23], chitosan hydrogel beads [9] have also
been used as adsorbent for the removal of HA.
However, adsorption on AC is still the most widely
used technology regarding the purification of water
contaminated by 2,4-D [24–31].

In multi-component systems, previously adsorbed
species can either act as additional binding sites or
occupy the same binding sites as the subsequent spe-
cies to be adsorbed, resulting in enhanced or retarded
adsorption of the subsequent species [9]. It will be
interesting to compare adsorption behavior of 2,4-D
and HA onto AC in single- and binary component
systems.

2. Materials and methods

2.1. Adsorbate specifications

The herbicide 2,4-dichlorophenoxyaceticacid (2,4-
D) was supplied from Atabay Pharmaceutical Prod-
ucts Inc. (Turkey) and used without purification. Its
melting point, solubility in water at 298 K, and pKa

value are 413.5 K, 620 mg L−1 [32], and 2.6 [33],
respectively. HA was provided from Aldrich. HAs
which behave as mixtures of dibasic acids, have a
pKa,1 value around 4 for ionization of carboxyl groups
and a pKa,2 around 8 for ionization of phenolate
groups [34].

Three-dimensional (3-D) molecular structures of
2,4-D and a typical HA, having a various components
such as quinone, phenol, catechol, and sugar moieties
were created using the semi-empirical PM 3 method
in the Hyper Chem 8.0 package program presented in
Fig. 1.

2.2. Adsorbent specifications

Powdered activated carbon (PAC) used in this
study was supplied from Anhui Technology I/E Co.
Ltd. The analysis of the compound yielded the
following data: moisture: 3.26 (wt.%), ash: 5.46 (wt.%),

surface area: 319 m2 g−1, particle size range: 0.015–
0.075 mm, average particle size: 0.071 mm, and den-
sity: 0.44 g cm−3. The reported values of point of zero
charge (pHpzc) and surface site concentration of adsor-
bent were 8.81 and 0.51 mol kg−1, respectively [35].

2.3. Infrared spectral measurements

The surface functional groups of the PAC were
characterized by diffuse reflectance Fourier-transform
infrared (FT-IR) spectroscopy using a Bruker Alpha-T
model spectrometer. The FT-IR spectra of the satu-
rated PAC with 2,4-D, HA and their mixtures were
compared with the bare surface and the free molecules
in Fig. 2.

2.4. Concentration determination

Concentrations of the solutions were measured
using UV-1800 Shimadzu UV–vis spectrophotometer.
UV spectra were recorded in the wavelength range of
200–400 nm employing quartz cells with a pathway of
1 cm. The concentrations of 2,4-D and HA in the solu-
tions were determined from the peaks located at
around a λmax of 283 and 254 nm, respectively. The
representative UV spectra in 220–320 nm range were
shown in Fig. 3 for the solutions of 10 mg L−1. Corre-
lation coefficients (r2) of absorbance vs. C curves used
for concentration determination were higher than
0.999 both single- and binary component systems.

Fig. 1. Three-dimensional (3-D) molecular structures of the
studied compounds.
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Fig. 2. A comparison of FT-IR spectra of (a) PAC, PAC-2,4-D, free 2,4-D, (b) PAC, PAC-HA, free HA, and (c) PAC,
PAC-2,4-D-HA.
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2.5. Kinetic studies

The equilibrium time of adsorption process was
determined by the time-dependent studies. Time
dependency of 2,4-D and HA adsorption in single-
component systems was studied at 25 (C0,1) and
50 mg L−1 (C0,2) initial concentrations, respectively.

Kinetic experiments were carried out in a water-
jacketed Pyrex cell using 50 mL of the solutions at a
given concentration. Solutions were continuously stir-
red with a magnetic stirrer at 298 K after adding
0.25 g of the PAC. The solutions were separated by
centrifugation at 7,000 rpm at time intervals.

Kinetic studies in binary solutions were performed
at 0.25 mg L−1 initial concentrations for both
components.

The amount of adsorbed solute (qt) at any time
was calculated from the concentration changes during
adsorption process using the following equation:

qt ¼ ðC0 � CtÞV
m

(1)

where C0 and Ct are the solute concentrations at initial
and time t (in mg L−1), V is the solution volume, and
m is the adsorbent mass.

The change of qt with time was depicted in
Fig. 4(a) and (b) for 2,4-D and HA adsorption in sin-
gle- and binary component systems, respectively.

As shown in Fig. 4(a), adsorption equilibrium was
established in a few minutes for 2,4-D in single

system, whereas HA adsorption slowed down after 2
hours and attained to the an equilibrium in 4 h. The
optimal process time was selected as 4 h for equilib-
rium experiments. Although the equilibration time
was much lower for binary system, all experiments
were conducted under similar conditions.

2.6. Equilibrium studies

The single- and binary component solutions in the
concentration range of 5–100 mg L−1 were shaken with
the PAC in a thermostatic shaker for 4 h until the
equilibrium was reached. Adsorbent dosage was
selected as 1 g L−1 (i.e. 0.01 g/0.01 L) to obtain rele-
vant data for construction of the adsorption isotherms.
The ratio of initial concentrations of 2,4-D and HA in
binary systems was 1.

In order to evaluate thermodynamic parameters,
the experiments were performed at 288, 298, 308, and
318 K as well.

The effect of the medium acidity on 2,4-D and HA
adsorption process was studied in 50 mg L−1 single
and binary solutions of 2,4-D and HA prepared in
10−3, 10−2, and 10−1 M HCl solutions at 1 g L−1 adsor-
bent dosage. Initial and final pHs of the solutions (pHi

and pHe) were measured using a Jenway pH meter
connected to a combined glass electrode.

The effect of salinity on the adsorption process
was also investigated in 10 mL 10−1 M NaCl solutions
containing 10−3, 10−2, and 10−1 M HCl under similar
conditions with the pH experiments.

3. Results and discussion

3.1. FT-IR analysis

The adsorption ability of the PAC depends on the
porosity and the chemical reactivity of functional
groups at the surface. Fig. 2(a)–(c) shows the FT-IR
spectra of the PAC before and after loading of 2,4-D,
HA and their mixtures, respectively. The changes in
the spectra would give information about interactions
between the molecules and the surface functional
groups.

The broadband in the range of 3,200–3,650 cm−1 on
the PAC spectrum is due to the absorption of water
molecules as a result of an O–H stretching mode of
hydroxyl groups and adsorbed water as well as the
hydrogen-bonded –OH group of alcohols and phenols.
The band at 1,635 cm−1 specifies C=O results from the
stretching vibrations of amide groups, aldehydes, and
ketones. The N–O stretching vibrations in nitroalkanes
occur near 1,556 cm−1 (asymmetrical) and 1,390 cm−1

(symmetrical). The peaks at 1,246 and 1,152 cm−1 can
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Fig. 3. UV spectra of 2,4-D and HA in single and binary
solutions (C = 10 mg L−1).
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be attributed to C–O of phenolic groups and OH of
COOH, respectively. The shoulder at 950 cm−1 is due
to terminal alkyne groups. The strongest peak at
785 cm−1 is assigned to benzene rings with two or
three adjacent H and its shoulder at 821 cm−1 is due
to aromatic C–H stretching.

The bands at 1,642 and 1,541 cm−1, as shown by
the curve of free 2,4-D in Fig. 2(a), stem from C=O
stretching vibrations and the asymmetrical stretching
of –COO− groups, respectively. The C–O and C–Cl
stretches appear in the 1,300–1,000 cm−1 and 850–
450 cm−1 region, respectively [36].

The peaks at 2,924 and 2,852 cm−1 in the free HA
spectrum in Fig. 2(b) are the result of the aliphatic
groups substituted to the benzene ring. The C=C and
C=N stretching vibrations of the aromatic rings and
the N=N bonds appear in the 1,600–1,400 cm−1 region.
The peaks located at the lower wave numbers belong
to C–N and C–H vibrations in the rings. The peak at
806 cm−1 is attributed to aromatic C–H stretching [37].

The sharpest peak at 785 cm−1 assigned to aromatic
C–H stretching completely disappeared on the spectra
of all loaded sorbents. This may be attributed to
molecular adsorption by the Van der Waals forces
[38]. The slight shift from 1,152 to 1,146 cm−1 may be
the indication of H bond formation between phenolic
and carboxylic groups of the PAC and 2,4-D. The shift
of the peak at 950 cm−1 to lower frequencies suggests
that HA interacts with terminal alkyne groups. As can
be seen from Fig. 2(c), similar interactions are also
observed on the PAC spectrum loaded both
molecules.

3.2. Adsorption kinetics

As shown in Fig. 4(a) and (b), an initial fast stage
is followed by a slower process for 2,4-D and HA
adsorption systems. The mass transfer stage involves
three major steps as follows: (i) external film diffusion
across the boundary layer, (ii) adsorption at a surface
site, and (iii) internal mass transfer within the particle
based on a pore or intraparticle diffusion [39]. The rate
of adsorption process may be determined by one or
more of these steps. The kinetic results were analyzed
by applying McKay [40] model based on two-resis-
tance diffusion process [41] and pseudo-second-order
kinetic model assuming chemisorption of adsorbate on
adsorbent [42].

3.2.1. McKay model

McKay equation, which assumes film- and intra-
particle diffusion, can be written in the following form
[40]:

lnð1� FtÞ ¼ �kðCt þ CtÞt (2)

where Ft is the adsorbed fraction and Ct is the solute
concentration in the solid phase at time t (in mg L−1).

The representative ln(1 − Ft) = f(t) curves plotted
according to McKay equation for single-component
systems are shown in Fig. 5. The curves are analyzed
as follows. The linear portion is extrapolated to t = 0.
There is a straight line obtained subtracting the
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Fig. 4. Determination of the process time at 5 g L−1 adsorbent dosage: (a) for single systems of 2,4-D and HA at 25 and
50 mg L−1 initial concentrations, respectively, and (b) for binary component system at 25 mg L−1 initial concentration of
both solutes (T = 298 K).
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extrapolated line from the original curve shown in the
inset in Fig. 5, whose slope is correlated to the rate
constant of initial fast process (k1, in L mg−1 s−1).

The film diffusion coefficient Df (in m2 s−1) can be
calculated from the following relation using the k1 val-
ues [43,44]:

Df ¼ k1
VdC1

S
(3)

where V is the solution volume, δ is the thickness of
liquid film which is assumed to be equal to mean par-
ticle radius, S is the specific surface area of the adsor-
bent and C1 is the adsorbate concentration in solid
phase at infinite time of adsorption process.

The rate constant k2 (in L mg−1 s−1) corresponding
to the slow process is determined from the slope of
extrapolated straight lines in Fig. 5 according to the
following equation [43,44]:

lnð1� FtÞ ¼ A� k2ðCt þ CtÞt (4)

When the particle diffusion contributes to the adsorp-
tion process, the following equation can be used to
obtain adsorbed fraction assuming a radial diffusion
[43,44]:

Ft ¼ 1�
X1
n¼1

6aðaþ 1Þ
9þ 9aþ a2q2n

e�Dpq2nt=r
2
0 (5)

Thus,

lnð1� FtÞ ¼ A�Dpq
2
1

r20
t (6)

where A ¼ ln½6aðaþ 1Þ�=ð9þ 9aþ a2q21Þ; r0 is the mean
radius of the adsorbent particles, qn’s are the nonzero
roots of tan qn ¼ ð3qnÞ=ð3þ aq2nÞ and a ¼ ð3VÞ=ð4pr30nÞ
is the volume ratio of external solution to the adsor-
bent, and n is the number of solid particles. The con-
stant k2 can be correlated to Dp with a combination of
Eqs. (4) and (6) as follows [43,44]:

Dp ¼ k2
ðCt þ CtÞr20

q21
(7)

The kinetic parameters, k1,k2, Df, and Dp for 2,4-D and
HA in single- and binary component systems were
presented in Table 1. The Df values reported for
HA adsorption on hexadecyl-trimethylammonium
(HDTMA) chloride-modified bentonite were in the range
of (3.24–4.97) × 10−11 m2 s−1 for the adsorbent particles of
0.096 mm size, whereas Dp values were observed to be
(2.03–3.46) × 10−14 m2 s−1 at 303 K [23]. Cho et al. [27]
have reported diffusion coefficients of 2,4-D in single-
component systems on three types of granulated ACs.
The reported values of the external film mass transfer
coefficients, kf, were in the range of 2.5 × 10−5 and
5.00 × 10−5 m s−1, while the pore diffusion coefficients,
Dp, and surface diffusion coefficients, Ds, were observed
to change between (0.62–1.50) × 10−9 m2 s−1 and
(1.58–1.90) × 10−13 m2 s−1, respectively.

The reported values of diffusion coefficients in the
literature for 2,4-D and HA adsorption in single-
component system are comparable with the data pre-
sented in Table 1. These results suggest that the rate
of adsorption processes may be controlled by both
film and intraparticle diffusion. Using the Df and Dp

values in Table 1, calculated Ft vs. t curves according
to McKay model can be compared with the experi-
mental points in Fig. 5 for single-component systems.
Experimental data are well predicted by McKay model
for both single- and binary component systems.

3.2.2. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model proposed
by Ho and McKay can be written as follows [42]:
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Fig. 5. Application of the McKay model to the kinetic data
for single-component systems: (a) McKay plot for calcula-
tion of k2 and Dp. The inset: McKay plot for calculation of
k1 and Df (adsorbent dosage: 5 g L−1, C0,1 = 25 and
C0,2 = 50 mg L−1, T = 298 K).

25658 A.E. Kurtoğlu and G. Atun / Desalination and Water Treatment 57 (2016) 25653–25666



dqt
dt

¼ ksðqe � qtÞ2 (8)

where ks is the rate constant (g mg min−1) and qe is
the amount of solute adsorbed at equilibrium condi-
tions (mg g−1). The integration of Eq. (8) results in the
following equation for the boundary conditions, qt = 0
at t = 0 and qt = t at t = t:

qt ¼ ksq
2
et

1þ ksqet
(9)

The kinetic data for both single- and binary compo-
nent systems fit well to linear form of Eq. (10) pre-
sented below:

t

qt
¼ 1

ksq2e
þ 1

qe
t (10)

The t/qt vs. t plot is depicted in Fig. 6 for binary com-
ponent system, and the parameters qe and ks obtained
from the slope and the intercepts of the straight lines
are listed in Table 1 for both systems. A comparison
of experimental points and the calculated curves using
pseudo-second-order kinetic model parameters is
shown in Fig. 4(b). As can be seen from the figure, the
modeled curves are consistent with experimental
points.

3.3. Adsorption equilibria

3.3.1. Effect of temperature on adsorption equilibria in
single-component systems

The adsorption isotherms of 2,4-D and HA in sin-
gle-component systems are shown in Fig. 7(a) and (b).
According to Giles classification, L-shaped isotherm
curves are observed for adsorption of both solutes at
288 and 298 K [45]. This type of isotherms indicates

that both 2,4-D and HA have reasonable high affinity
for PAC. The curves shift toward the left side as the
temperature increases and they convert into the H-
shaped isotherms. This type of curves is an extreme
case of the L-shaped isotherm reflecting very high
affinity of adsorbate for the adsorbent. Equilibrium
concentrations close to zero at low initial concentration
region indicating that both solutes are completely
removed by the PAC.

The experimental data in Fig. 7(a) and (b) have
been analyzed according to the well-known Fre-
undlich and the Langmuir isotherm equations.

The Freundlich expression based on a heteroge-
neous surface and unlimited number of unreacted
adsorption sites is commonly given as:

Table 1
Kinetic parameters for 2,4-D and HA adsorption in single- and binary component systems

System

McKay model Pseudo-second-order model

k1 × 105

(L mg−1 s−1)
Df × 1010

(m2 s−1) r2
k2 × 107

(L mg−1 s−1)
Dp × 1014

(m2 s−1) r2
ks
(g mg−1 min−1)

qe
(mg g−1) r2

2,4-D Single 22.27 4.46 0.79 155.95 2.25 0.83 0.063 4.83 0.99
HA 0.86 0.38 0.96 5.72 0.12 1.00 0.004 9.66 1.00

2,4-D Binary 7.14 1.50 0.71 2.12 0.05 1.00 0.283 4.03 1.00
HA 3.61 1.35 0.96 1.61 0.04 1.00 0.156 3.86 1.00
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t/
q t
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Fig. 6. The pseudo-second-order kinetic model plots for
binary component system (adsorbent dosage: 5 g L−1,
C0,1 = 25 and C0,2 = 25 mg L−1, T = 298 K).
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qe ¼ KFC
nF
e (11)

where KF is the Freundlich constant, which is a
comparative measure of the adsorption capacity of the
adsorbent, and nF is an empirical constant related to
surface heterogeneity.

Another useful model is the Langmuir isotherm
equation, which assumes the monolayer coverage on
an energetically identical homogeneous adsorbent
surface. The Langmuir equation can be written as
follows:

qe ¼ KLqm
1þ KLCe

Ce (12)

where KL is the adsorption equilibrium constant
related to the binding energy and qm is the monolayer
capacity.

The isotherm constants calculated by nonlinear
regression method are listed in Table 2. A comparison
of standard deviations shows that the Freundlich iso-
therm fits better to experimental data over the whole
adsorption range. These results are consistent with the
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reported studies on 2,4-D and HA adsorption onto
carbon samples with different origin [26,27,31].

The values of 0 < nF < 1 for both systems are an
indication of favorable adsorption and a heteroge-
neous surface. The Langmuir monolayer capacities for
2,4-D and HA increase in the range of 37.8–
90.4 mg g−1 and 31.5–91.7 mg g−1 as the temperature
increases from 288 to 318 K.

3.3.2. Thermodynamic parameters

Thermodynamic functions can be calculated from
the following equations using dimensionless adsorp-
tion equilibrium constant K˚ evaluated from Langmuir
parameter KL:

DG� ¼ �RT ln K� (13)

ln K� ¼ D S�

R
� DH�

RT
(14)

The values of standard enthalpy (ΔH˚) and entropy
changes (ΔS˚) estimated from the linear relation
between ln K˚ and 1/T as 20.29 kJ mol−1 and
0.16 kJ mol−1 K−1 for the adsorption of 2,4-D, and
−5.22 kJ mol−1 and 0.07 kJ mol−1 K−1 for the adsorp-
tion of HA, respectively. Standard free energy changes
(ΔG˚) for 2,4-D and HA adsorption were calculated as
−28.12 kJ mol−1 and −27.27 kJ mol−1. The exothermic
nature of the process suggested that the interactions
between HA molecules and PAC surface were stron-
ger compared to endothermic 2,4-D adsorption pro-
cess. The negative values of ΔG˚ indicate that both
processes were thermodynamically feasible and spon-
taneous. The values of ΔG˚ are in the mid of physical
and chemical adsorption [46]. Although the adsorption
process of 2,4-D was endothermic in nature, its free

energy change was more negative due to higher
entropy change. This means that the driving force of
the spontaneity was controlled by the entropy change.
The positive values of ΔS˚ indicated that both 2,4-D
and HA molecules were randomly distributed on the
PAC surface.

3.3.3. Effect of temperature on adsorption equilibria in
binary component systems

Adsorption isotherms of 2,4-D and HA in binary
component systems are presented in Fig. 7(a´) and (b
´). Although amount of each solute adsorbed from bin-
ary solutions is slightly lower than that of single-com-
ponent system at 288 and 298 K, synergetic effects are
observed at higher temperatures in low-concentration
region. However, adsorption process becomes antago-
nistic at higher concentrations.

Since single-component isotherms are better
described by the Freundlich equation, its extended
form can be applied to analyze the equilibrium results
in binary solutions. The extended Freundlich isotherm
can be written as follows [47]:

qe;1 ¼
KF;1C

n1þx1
e;1

Cx1
e;1 þ y1C

z1
e;2

(15)

qe;2 ¼
KF;2C

n2þx2
e;2

Cx2
e;2 þ y2C

z2
e;1

(16)

where KF,1, n1, KF,2, and n2 are the Freundlich iso-
therm constants of the first and the second compo-
nents in single-solute systems and other six
parameters (x1, y1, z1 and x2, y2, z2) are extended
Freundlich constants for binary solute systems. qe,1
and qe,2 are the equilibrium adsorption of the first

Table 2
Freundlich and Langmuir isotherm parameters for 2,4-D and HA adsorption in single component systems

Freundlich Langmuir

T (K) KF (mg g−1)/(mg L−1)n n σ qm (mg g−1) KL (L mg−1) σ

2,4-D 288 7.3 0.352 0.043 37.8 0.065 0.350
298 13.5 0.325 0.037 60.1 0.083 0.471
308 23.3 0.305 0.434 86.9 0.109 0.714
318 27.1 0.300 0.442 90.4 0.144 0.735

HA 288 5.4 0.380 0.024 31.5 0.066 0.267
298 7.8 0.431 0.075 55.3 0.057 0.314
308 9.9 0.452 0.097 71.9 0.061 0.532
318 11.0 0.475 0.098 91.7 0.051 0.542
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and the second components, and Ce,1 and Ce,2 are
their equilibrium concentrations.

The equilibrium adsorption of 2,4-D and HA was
calculated by nonlinear regression from Eqs. (15) and
(16) by minimizing standard deviations between
observed and calculated qe,i values:

r ¼ 1

ne � 2

Xn
i¼1

qe;i;exp � qe;i;cal
qe;i;exp

� �2
" #1=2

(17)

where ne is the number of experimental observations,
subscripts “exp” and “cal” indicate the experimental
and calculated values of the solute adsorbed.

The calculated amounts of 2,4-D adsorbed (qe,1,cal)
and HA (qe,2,cal) together with isotherm parameters
(x1, y1, z1 and x2, y2, z2) are presented in Table 3. As
can be seen from the σ values, the extended Fre-
undlich isotherm fits quite well to the equilibrium
data of both solutes in binary solutions.

3.4. Effect of pH on adsorption

The effect of pH on the removal efficiency of 2,4-D
in single- and binary component systems was com-
pared with that of HA in the absence and presence of
NaCl in Table 4.

As can be seen from Table 4, adsorption efficiency
increases with decreasing pH. These results suggest
that both 2,4-D and HA can be adsorbed in anionic
form on positively charged surface sites at the pHs
below pHpzc of 8.81 as well as in molecular form with
hydrophobic interactions on carbon surface. When the
initial pH is close to the pKa (i.e. 2.6) or higher, the
equilibrium pH of the solution increases, and in some
cases, it goes to neutral values where 2,4-D presents in
anionic form. When the initial pH is below pKa, the
equilibrium pH does not show significant variations
and slightly decreases. It clearly suggests two distinc-
tive sorption processes. The data presented in Table 4
can be utilized in a model developed by Kurbatov to
predict anion adsorption at varying solution pHs [48].

Table 3
Calculated amounts of 2,4-D and HA adsorbed in binary component systems according to extended Freundlich model
and the parameters used in calculations (adsorbent dosage: 1 g L−1)

C0 (mg L−1)

qe,1,cal (mg g−1) qe,2,cal (mg g−1)

288 K 298 K 308 K 318 K 288 K 298 K 308 K 318 K

5 3.8 4.9 4.8 4.9 3.8 4.4 4.8 5.0
10 5.8 8.0 8.9 9.4 5.6 7.7 8.9 9.9
15 6.6 10.4 11.1 15.8 6.4 10.4 10.7 11.0
20 8.1 12.3 12.6 17.4 7.4 12.4 12.1 11.9
25 8.8 13.9 15.7 18.9 8.6 13.9 14.6 15.7
30 9.6 16.5 19.3 22.5 9.4 16.5 18.5 19.7
40 11.4 19.4 22.8 27.5 10.9 19.0 21.1 23.2
50 12.8 20.9 28.0 31.4 12.1 20.5 26.5 28.9
60 13.9 24.8 38.2 37.7 13.1 23.2 32.9 39.3
70 15.0 26.8 42.8 44.6 13.9 24.9 37.0 43.8
80 15.9 29.1 47.9 51.0 14.7 26.8 40.3 46.4
90 16.7 31.2 51.5 54.4 15.4 28.1 42.2 48.6
100 17.4 32.6 55.0 59.2 16.0 29.0 43.7 49.0

x1 x2
0.008 0.065 0.205 0.320 0.010 −0.090 −0.350 −0.355

y1 y2
0.980 0.700 0.800 0.550 0.550 0.200 0.010 0.006

z1 z2
0.010 0.040 0.010 0.210 0.100 0.200 0.600 0.850

σ σ
0.215 0.205 0.239 0.169 0.161 0.126 0.248 0.228
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The macroscopic semi-empirical model of the effects
of pH on anion adsorption on the solid surface is
based on the following expression:

RHþ xHþ þA�
n $K RHþ

xþ1 �A�
n (18)

where RH represents surface functional group not
associated with the anion, A�

n , x corresponds the num-
ber of protons uptake per mole of anion removed
from solution and RHþ

xþ1 �A�
n is the anion surface site

complex. The equilibrium constant K for the reaction
is given by:

K ¼ ½RHþ
xþ1 �A�

n �
½RH�½Hþ�x½A�

n �
(19)

This equation can be arranged as follows:

log K ¼ log
½RHþ

xþ1 �A�
n �

½RH�½A�
n �

� x log½Hþ� (20)

Q ¼ ½RHþ
xþ1 �A�

n �
½RH�½A�

n �
(21)

log K ¼ log Q� x log½Hþ� (22)

pQ ¼ pK þ xpH (23)

The parameters K and x can be used to characterize
the anion adsorption properties of a given adsorbate–
adsorbent system which can be computed from the
slope and intercept of pQ vs. pH plot (known as Kur-
batov plot) in Fig. 8. The values of Q were evaluated
from experimental bulk solution concentrations at
equilibrium. The values of K and x calculated from
Fig. 8 were also tabulated in Table 4. A noninteger x
value suggests that 2,4-D is also adsorbed in molecu-
lar form on the surface of the AC.

The removal efficiencies of 2,4-D and HA were
slightly higher in the presence of 10−1 M NaCl sug-
gesting that uptake of Na+ ions contributes on positive
surface charge of the adsorbent and anionic species
are favored by the adsorbent.

Table 4
pH dependence of 2,4-D and HA adsorption in single- and binary component systems on PAC in the presence and
absence of NaCl and the parameters derived from Kurbatov approximation (adsorbent dosage: 1 g L−1, C0 = 50 mg L−1,
equilibration time: 4 h, T = 298 K)

HCl/M NaCl/M pHi pHe Removal % x pK r

Single-component system 2,4-D 10−3 – 2.55 6.75 62.90 0.35 −6.30 1.00
10−2 – 2.29 2.91 89.54
10−1 – 1.25 0.93 95.77
10−3 10−1 2.54 5.85 63.44 0.41 −6.53 0.97
10−2 10−1 1.97 3.38 92.08
10−1 10−1 0.87 0.90 95.69

HA 10−3 – 6.24 7.98 67.50 0.13 −5.12 0.99
10−2 – 2.25 5.75 72.70
10−1 – 0.92 1.04 87.00
10−3 10−1 6.33 7.47 85.99 0.10 −5.89 0.70
10−2 10−1 2.25 4.98 94.48
10−1 10−1 0.84 0.94 93.65

Binary component system 2,4-D 10−3 – 3.79 7.01 76.65 0.17 −5.50 0.64
10−2 – 2.90 3.80 79.30
10−1 – 1.91 1.67 91.58
10−3 10−1 4.43 6.64 64.81 0.13 −5.04 0.75
10−2 10−1 2.82 3.70 85.47
10−1 10−1 1.64 1.48 81.19

HA 10−3 – 3.79 7.01 73.80 0.16 −5.28 0.61
10−2 – 2.9 3.8 72.42
10−1 – 1.91 1.67 90.12
10−3 10−1 4.43 6.64 62.72 0.15 −5.11 0.77
10−2 10−1 2.82 3.7 85.89
10−1 10−1 1.64 1.48 81.60
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4. Conclusions

Equilibrium and kinetic parameters for adsorptive
removal of 2,4-D and HA on PAC were evaluated
from the data obtained in single- and binary
component systems in the concentration range of
5–100 mg L−1.

The solutes were completely removed from their
single-component systems at low concentrations and
elevated temperatures.

Equilibrium adsorption increased with increasing
temperature for both solutes in single and binary
solutions, and the results were described well by the
Freundlich isotherm equation and its extended form,
respectively. The L-shaped isotherm curves shifted
toward the left side as the temperature increased from
288 to 318 K and converted into the H shaped
indicating that the solutes have higher affinity for the
PAC at higher temperatures in low-concentration
region.

Although amounts of adsorbed solutes were close
to each other under equilibrium conditions, adsorption
rate of 2,4-D was higher than that of HA in single-
and binary component systems.

Adsorption rate was controlled by film and
intraparticle diffusion or chemisorption in the present
systems. It can be concluded that rate-limiting steps
were intraparticle diffusion and chemisorption for
2,4-D and HA, respectively.

Removal efficiency increased with decreasing
pH. Amounts of 2,4-D and HA adsorbed were
higher in the presence of NaCl in the same acidity
medium.

The results obtained from single- and binary
adsorption systems fit well to the theoretical kinetic
and equilibrium models. The model parameters
calculated in this study may be useful for the design
of an herbicide removal plant in the presence of
HA.
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