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a b s t r a c t
TiO2/Zeolite composite was synthesized through a sol–gel approach continuously. TiO2/Zeolite 
composite was exposed to laser irradiation until conversion to TiO2/Zeolite nanocomposite (T/Z) 
and T/Z was modified with m-phenylenediamine (N-T/Z). The resulting N-T/Z was character-
ized by Fourier transform infrared spectroscopy, scanning electron microscopy, energy dispersive 
X-ray, dynamic light scattering, and thermogravimetric analysis. The average range of particle 
size of the N-T/Z was about ~140 nm. The N-T/Z product was evaluated as a sorbent for remov-
ing 2,4-D from aqueous solutions. The adsorption operational parameters were investigated in a 
batch system. The complete removal of 2,4-D was investigated under optimum conditions in real 
samples by high-performance liquid chromatography. A 2,4-D removal efficiency of 72%–99% was 
obtained from the river, well, and agricultural drainage water samples. The pseudo-second-order 
kinetic model fitted the 2,4-D removal, and equilibrium data well followed the Langmuir model. 
The maximum adsorption capacity of the obtained sorbent was qmax = 4.914 mg g–1. The product had 
excellent stability for reprocessing in several runs without losing adsorptivity significantly.
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1. Introduction

The presence of pesticides in freshwater resources is 
a serious threat to human health and the environment. 
The use of these compounds has been widely extended 

in agricultural activities. The 2,4-Dichlorophenoxyacetic 
acid (2,4-D), categorized as a phenoxy/anionic herbicide, 
is commonly used to control broadleaf weeds in agricul-
ture, garden, forestry, and aquatic vegetation [1–3] owing 
to its low cost and excellent selectivity. The consumption 
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rate of herbicides in Iran is reported about 530  tons per 
year, with 20%–30% claimed by the 2,4-D compound [4]. 
Due to its water solubility, high mobility, a high rate for 
leaching, and low soil adsorption coefficient, 2,4-D resi-
dues have been reported in aquatic ecosystems [5–7]. This 
compound is considered as a toxic chemical with harm-
ful impacts on human health [8,9]. It is also known as an 
endocrine disruptor and can lead to carcinogenic effects on 
mammals [10]. The maximum permissible concentration of 
2,4-D is recommended 30 ppb in drinking water [11]. Due 
to poor biodegradability [12], and since conventional water 
treatment processes cannot efficiently remove 2,4-D, there 
is a significant need to remove this pollutant from water 
bodies. Thus, several methods have been developed for 
the 2,4-D removal such as photodegradation [13], biolog-
ical oxidation [14], advanced oxidation processes (AOPs) 
[15], nanotubes, and nanocomposites hydrogel as sorbent 
materials [16,17] as well as adsorption process on sorbent 
surfaces [18–20]. Photodegradation of herbicide paraquat 
under visible and solar light using magnetically recover-
able biochar supported ternary heterojunction proved to be 
effective in degradation and mineralization of the herbicide 
as well as the photo-reduction of carbon dioxide into meth-
ane [21–23].

Among all of the suggested methods, the conventional 
adsorption technique has reduced mobility and reaction 
time without any harmful by-products, which has mostly 
been investigated for adsorption of dyes in aqueous media 
[24]. Thus, it could affect the control of the fate of 2,4-D in 
both terrestrial and aquatic environments. TiO2 semicon-
ductor can be used to remove pollutants through adsorption 
onto surfaces alongside the photocatalytic oxidation pro-
cess [25,26]. The use of TiO2 nanoparticles as an adsorbent/
photocatalyst is limited by the aggregation of particles in 
aquatic media. To overcome these problems, various con-
certed efforts have been suggested to immobilize TiO2 par-
ticles on different supports, particularly natural substrates 
such as diatomite [27], montmorillonite [28], silica [29], 
kaolinite [30], and zeolite [31]. Among various materials, 
zeolite could be one of the most suitable materials for sup-
porting TiO2, thanks to its unique porous structure, excel-
lent adsorption capacity, and special ion-exchange ability 
[32,33]. Clinoptilolite is a kind of low-cost, abundant porous 
aluminosilicate mineral among the natural zeolite group. 
Hence, degrading different environmental pollutants by 
TiO2-zeolite composite has been studied by several research-
ers [25,34]. Sol–gel, solvothermal, and hydrothermal meth-
ods are among the conventional methods for synthesizing 
TiO2/zeolite composites.

In this research, TiO2/zeolite composite was synthe-
sized by the sol–gel method and exposed to laser irradia-
tion until being converted to nanocomposite (T/Z). Then, it 
was modified with the aminic organic ligand for adsorption 
of 2,4-D from an aqueous solution. The pH, contact time, 
temperature on sorption, and reusability were examined. 
Furthermore, adsorption isotherms as well as the sorbent 
kinetics were also explored. Finally, 2,4-D extraction from 
real samples such as well water, river water, and agricul-
tural drainage water was studied via the high-performance 
liquid chromatography (HPLC) method.

2. Experimental

2.1. Materials

The natural zeolite clinoptilolite was purchased from 
Semnan, Iran. TiO2, dimethylformamide (DMF), dried ace-
tone (maximum 0.005% H2O), methanol, acetonitrile for 
chromatography, as well as salt and inorganic acid were 
purchased from Merck (Darmstadt, Germany). 1,1′-carbon-
yldiimidazole (CDI), m-phenylenediamine were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Analytical grade 
solvents such as methanol, acetone, and DMF were used as 
received. A stock of 2,4-D solution was daily prepared by 
dissolving 0.01 g of 2,4-D in 100 mL deionized water on a 
magnetic stirrer for 3 h.

2.2. Instruments

The FT-IR spectra were captured using a KBr disk method 
at room temperature with FT-IR-410 (JASCO, Japan) within 
the range of 4,000–400  cm–1. The particle size distribution 
histograms of N-T/Z nanocomposite were captured by 
dynamic light scattering (DLS, Malvern Instruments Ltd., 
UK, MAL 1008078). The morphology, size, and percentage 
of elements of N-T/Z nanocomposite were obtained through 
scanning electron microscopy (SEM) and energy-dispersive 
X-ray spectroscopy (EDX, VEGA/TESCAN-XMU, Brno – Czech 
Republic). Thermogravimetric analysis (TGA) was con-
ducted using a TGA-50H (Shimadzu Corporation, Kyoto, 
Japan) within the range of 0°–600°C at a heating rate of 
10°C  min–1 under an air atmosphere. The 2,4-D concen-
tration was assayed within the range of 200–400  nm by a 
UV-Vis spectrophotometer (Perkin Elmer/Lambada 25 UV/
Vis Spectrophotometer, USA). The HPLC system was used 
for determining the 2,4-D concentration in the real samples.

2.3. T/Z nanocomposite synthesis

The T/Z nanocomposite was synthesized via the 
sol–gel method with a 1:1 weight ratio of TiO2 anatase. 
Specifically, zeolite clinoptilolite in 15 mL of deionized water 
was stirred at 40°C for 4 h until a milky white solution was 
reached. Then, the solution was exposed to irradiation of 
an ND:YAG pulsed laser system (Quantel, Brilliant b class 
4 with 532 nm wavelength with 5 ns pulse duration, 10 Hz 
repetition rate, 90  mJ maximum pulse energy, and 7  mm 
beam diameter). The optimum size of the nanocomposite 
product was obtained after 7  min of laser irradiation [35]. 
Finally, the product was dried at room temperature.

2.4. Modification of T/Z nanocomposite by 
1,1′-carbonyldiimidazole

In this step, 3.0 g T/Z nanocomposite was dried inside 
an oven at 100°C for 1  h. The resulting T/Z nanocompos-
ite was washed twice with dried acetone and dried at room 
temperature. The obtained T/Z nanocomposite powder 
(3.0  g) was added to dried acetone (20  mL) and 1,1′-car-
bonyldiimidazole (CDI) (0.1  g) which was stirred for 3  h 
at room temperature. Subsequently, the above solution of 
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the mixture was discharged, and the remained product 
was used for the next step.

2.5. Modification of T/Z nanocomposite by m-phenylenediamine

The precipitate from the last step (3.0  g T/Z nano-
composite, and about 0.1  g of 1,1′-CDI) was dissolved in 
DMF (50  mL), dried acetone (20  mL) and m-phenylenedi-
amine (0.3 g). The solution was kept at 4°C under stirring. 
After 30 h, the solution obtained was stirred at room tem-
perature for 8  h. The final product was separated and the 
sediment obtained was washed two times with DMF (20 mL). 
The modification processes are summarized in Fig. 1.

2.6. Batch adsorption study

A series of micro-tubes containing 0.01 g of N-T/Z nano-
composite samples were used for the batch experiment in 
a vortex in the presence of 1.5  mL of 2,4-D solution and 
fixed pH = 6. After sufficient time for the adsorption process 
(30 min), the sorbent was separated through centrifugation 
at 6,000 rpm within 10 min. The UV-Vis spectroscopy deter-
mined the concentration of 2,4-D within the supernatant. 
The spectra were recorded within the range of 200–400 nm, 
with the 2,4-D maximum absorption at λmax = 283 nm.

The level of 2,4-D herbicide uptake by the N-T/Z nano-
composite was calculated from the difference between the 
initial (C0, mg L–1) and equilibrium (Ce, mg L–1) concentrations 
of 2,4-D using the following equation:

Removal % =
−( )










×

C C
C

e0

0

100 	 (1)

The removal efficiency (Eq. 1) and the content adsorbed 
by N-T/Z product (Eq. 2) were considered as follows:

Q C C V
Me= −( )0 	 (2)

where Q (mg g–1), V (L), and M (g) are adsorbed 2,4-D, vol-
ume of 2,4-D solution and the mass of N-T/Z, respectively. 
The average value of the triplicate experiment reported in 
this study.

2.7. Reusability

The reusability of the synthesized N-T/Z was studied 
under the optimum condition obtained from the above 
experiments. For each run, 10  mg  L–1 of 2,4-D (1.5  mL) at 
pH = 6.0 and 0.01 g of N-T/Z were vortexed for 15 min and 
collected through centrifugation for 5 min. The concentra-
tion of 2,4-D was determined by a UV-Vis spectrophotom-
eter (R1 run).

Next, 1.5 mL pure methanol was added to N-T/Z and was 
shaken for 10 min at 50°C. The samples were subsequently 
centrifuged for 5  min for further use. The experiment pro-
ceeded with the same previous conditions to reach the R9 run.

2.8. Isotherm studies

To obtain the isotherm adsorption, firstly, 100  mg  L–1 
of the 2,4-D solution was prepared at ambient temperature 
(stock solution). Then, diluted 2,4-D solution (5–80 ppm) was 
added to the samples of micro-tubes with an invariant (con-
stant) amount of N-T/Z nanocomposite (10 mg) for isotherm 

Fig. 1. Schematic presentation of modified N-T/Z.
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studies at a fixed temperature (20°C  ±  5°C at pH  =  6). The 
micro-tubes were vortexed (200  rpm–30 min) and the sam-
ples were centrifuged (6,000 rpm–10 min). The 2,4-D concen-
tration was determined by a UV-Vis spectrophotometer. The 
equilibrium concentration of 2,4-D was calculated by Eq. (2).

2.9. Kinetic studies

For the kinetic experiments, at conditions of 20  mg  L–1 
with 1.5 mL of 2,4-D, pH = 6.0, and 0.01 g N-T/Z, the sam-
ples were vortexed for different time intervals (2–60  min). 
They were then centrifuged for 10  min at 6,000  rpm, and 
the concentration of 2,4-D was determined by a UV-Vis 
spectrophotometer.

2.10. HPLC assay

The 2,4-D concentration in real samples (well water, river 
water, and agricultural drainage water) was determined via 
HPLC (KNAUER, Germany) using 2500 ultraviolet (UV) 
detector at 283 nm wavelength of 2,4-D. The isocratic mobile 
phase was a mixture of acetonitrile and water with a rate of 
flow of 0.5 mL min–1. The stationary phase was a C8 column 
(250 mm × 4.6 mm, with 5 μm particle size). The retention 
time for the 2,4-D peak was 3.5  min. Five levels of 2,4-D 
(1–7 ppm) were considered for the calibration curve.

2.11. Batch assay of 2,4-D for real samples

Firstly, the real samples were filtered via a Whatman 
filter paper (No. 42). Several solutions (1.5 mL) containing 
5 mg L–1 of 2,4-D were prepared in a micro-tube after reg-
ulating the pH to the optimum value (6). N-T/Z nanocom-
posite (0.05  g) was added to the micro-tube and vortexed 
for 30 min. The samples were then centrifuged for 10 min 
with 6,000  rpm. The concentration of 2,4-D was evaluated 
using the HPLC technique.

3. Results and discussion

3.1. Characteristics of N-T/Z

The FT-IR spectrum of the modified T/Z nanocompos-
ite with m-phenylenediamine is shown in Fig. 2b. Double 
absorption peaks at 516 and 694 cm–1 were related to Ti–O 
stretching vibration. Another sharp peak at around 1,064 cm–1 
was related to the asymmetric stretching vibrations of Si–O, 
which was covered with Al–O–Si and Al–O stretching vibra-
tions in the clinoptilolite zeolite. This absorption band indi-
cated that TiO2 molecules bond at the surface of the zeolite 
framework [36,37]. The peak at 1,639  cm–1 was associated 
with the C=O groups of 1,1 carbonyl diimidazole. The peaks 
observed at 1,457; 3,428; and 1,199 were explained by CH2, 
NH2, and C–N functional groups, respectively. These results 
indicate that the surface treatment through m-phenylenedi-
amine was successful, and N-groups entered the interlayer 
space of the N-T/Z. As shown in Fig. 2a, all the sorbent 
nanocomposite functional peaks were preserved after the 
adsorption process of 2,4-D. The additional peaks at ~1,384 
and 1,740  cm–1 signal the characteristic absorption band 
corresponding to the phenolic C–O and carboxylic C=O in 

2,4-D structure, respectively [38,39]. DLS was employed to 
determine the particle size of N-T/Z (Fig. 2c). The average 
particle size was observed about 140 nm, as also confirmed 
by the results of SEM.

The thermal behavior of the N-T/Z was evaluated via 
thermal gravimetric analysis (TGA), as shown in Fig. 2d. 
The decomposition of N-T/Z occurred in three consequent 
steps. The first weight loss occurred at 150°C (around 3%), 
which is related to the evaporation of the adsorbed water 
and dehydration O–H groups on the surface. The second 
weight loss was observed within the range of 150°C–400°C 
(around 2%). This can be explained by water evaporation 
from the inner/inter-dimensional crystal structure on the 
N-T/Z structure. The third weight loss was found up to 400°C 
(around 2.5%), which is owing to the degradation of the 
organic section in the N-T/Z. It is also found that the organic 
modification was successfully accomplished on N-T/Z nano-
composite. Thus, the results obtained from TGA confirmed 
that the synthesized N-T/Z was stable until 400°C.

The surface and morphology characterization of N-T/Z 
was carried out via SEM (Fig. 3).

The surface morphology of the N-T/Z shows porous 
structures. The SEM images of the N-T/Z after 2,4-D adsorp-
tion confirm the maintenance of the porous structure with 
successful desorption of the analyte on the sorbent surface 
(Figs. 3c and d). The porous structure helps in adsorbing 
the 2,4-D herbicide from the surface even following the 
adsorption process. The reusability study also confirms the 
application of the N-T/Z sorbent product as reported during 
nine cycles (see Fig. 7).

The EDS results from the T/Z and N-T/Z are presented 
in Table 1.

The presence of Al, Si, Ti, C, N, and O elements confirm 
the successful synthesis of the N-T/Z sample. As shown, 
there is no signal for carbon and nitrogen elements in the 
T/Z nanocomposite. Comparing T/Z with N-T/Z, the amount 
of Si, Al, and Ti diminished with larger carbon and nitrogen 
contents on the surface of N-T/Z. Meanwhile, the presence 
of carbon and nitrogen elements after modification of T/Z is 
another reason for successful synthesis of N-T/Z.

3.2. Optimization of adsorption parameters

The following parameters were optimized for the adsorp-
tion process in this study as follows: (a) solution’s pH 
levels, (b) different adsorption times, and (c) temperature 
changes on the adsorption of 2,4-D on N-T/Z.

The solution’s pH level within 3–9 was investigated by 
the batch method (Fig. 4). The optimum pH amount for 2,4-D 
adsorption was selected in acidic pH (pH = 6.0). Under acidic 
conditions, the percentage removal of 2,4-D is higher than 
that in alkaline conditions [18]. This is owing to the combined 
effect of point of zero charge (pHzpc) of the final structure 
of the N-T/Z absorbent and primary structure form of 2,4-
D. The zeta potential of N-T/Z is positive. When pH < pHzpc, 
the N-T/Z surface would have a positively charged surface, 
while at pH > pHzpc, the opposite phenomenon will occur.

On the other hand, the pKa of 2,4-D is 2.7–2.8 [40,41]. 
Hence, the structure of 2,4-D remains as its initial form in 
acidic environments and is adsorbed by the N-T/Z adsorbent, 
where the surface of N-T/Z is positive charged. As the pH 
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value increased, the adsorption of 2,4-D decreased, which 
can be ascribed to the dominant anionic form of 2,4-D mole-
cules. Thus, the removal percentage of 2,4-D was higher than 
that at a lower pH. The optimum pH (pH = 6) was selected for 
the other experiments in this study.

The kinetic study of 2,4-D adsorption at pH 6 with the 
N-T/Z at a different time is shown in Fig. 5. As observed, 
the sorption rate of the N-T/Z for 100% saturation sorption 
was reached after about 10  min. This adsorption rate was 
approximately 80% in 5 min reaction time. The 2,4-D adsorp-
tion rate increased quickly over time. This can be assigned 
to the accessibility of the binding adsorption active sites on 
the N-T/Z.

The effect of different temperatures was evaluated under 
a pH of 6.0 (Fig. 6). As observed, the change in temperature 
(30°C–50°C) have had no effect on 2,4-D adsorption and, 
accordingly, the removal efficiency. As the temperature rose 
beyond T  > 40°C, the mobility of the analyte increased, so 
the adsorption process took place at a slightly higher rate 
compared to the room temperature. This can be considered 
as a positive aspect of the synthesized adsorbent product, 
that is, the change of temperature will not alter the removal 
efficiency of the 2,4-D considerably. The temperature sta-
ble adsorption process of 2,4-D onto the N-T/Z sorbent 
can be used within the temperature range of 30°C–50°C 
for agricultural drainage water treatment in vast areas.

Fig. 2. Characteristics of N-T/Z (a) FTIR spectra of pure and sorbent product after 30 min adsorption of 2,4-D, (b) FTIR of N-T/Z sor-
bent product, (c) DLS, and (d) TGA analysis of the final product.

Table 1
EDS spectrum data

Samples T/Z N-T/Z

Al 5.97 1.63
Si 39.21 28.01
Ti 3.32 2.48
C N.D 6.00
N N.D 0.02
O 48.77 61.51
K 1.32 0.19
Ca 1.41 0.16

N.D: Not detected.
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3.3. Reusability

The stability of N-T/Z was assessed for nine consecutive 
runs under the optimal conditions, and the same experi-
mental circumstances (Fig. 7). There was no reduction in 
the adsorption efficiency observed for the 2,4-D removal 

up to the fifth run, and it remained at 100%. The removal 
efficiency value was found around 90% after nine runs 
adsorption experiments, showing a slight decrease of 10%. 
The deterioration of the active sites of N-T/Z can be the 
main reason for this decline. On the other hand, contami-
nation of the sorbent surface might have occurred through 

Fig. 3. (a and b) SEM images of N-T/Z sorbent product and (c and d) after 2,4-D adsorption.

Fig. 4. Effect of pH on sorption of 2,4-D onto N-T/Z. Fig. 5. Kinetic of sorption of 2,4-D onto N-T/Z.
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adsorption of organic compounds, leading to a drop in the 
adsorbing activity through saturating the active surfaces 
[1,42]. However, the synthesized N-T/Z exhibited excellent 
stability for reuse in several runes without any significant 
drop in the absorbent activity. Note that the reusability of 
the N-T/Z absorbent is high. Thus, it will definitely com-
pete with other sorbents for removal of 2,4-D in practical 
applications.

3.4. Adsorption isotherms

Adsorption isotherms revealed a relationship between 
the 2,4-D as an adsorbate molecule and the N-T/Z solid-
phase adsorbent in the solution. In this study, four isotherm 
models, including Langmuir, Freundlich, Temkin, and 
Redlich–Peterson, have been analyzed for 2,4-D adsorp-
tion on N-T/Z. The best results occur when the coeffi-
cient is close to 1 [16]. The Langmuir adsorption isotherm 
model supposes that only one species is adsorbed to an 

adsorption site and that adsorption occurs in a monolayer 
on the adsorbent surface. The Langmuir equation is as 
follows [43,44].

C
q q

K
C
q

e

e
L
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







 +


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






1

max max
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where qmax is the maximum adsorption capacity for 2,4-D, 
related to the full coverage of a layer on the adsorbent 
surface of N-T/Z (mg g–1). The qmax here was 4.914 mg g–1. 
About 4.914 mg of herbicide was adsorbed per gram of the 
adsorbent. KL is a constant Langmuir (L mg–1). RL denotes 
a dimensionless separator factor. The RL equation is as 
follows [45].

R
K CL
L

=
+( )

1
1

	 (4)

where RL values show how effective the adsorption is: 
(RL  =  0), irreversible adsorption, (0  <  RL  <  1), optimum 
adsorption, (RL = 1) linear adsorption and (RL > 1) undesir-
able adsorption. Table 2 shows RL = 0.181 indicating desir-
able adsorption of 2,4-D herbicide on N-T/Z.

The Freundlich isotherm is experimentally defined for 
heterogeneous systems. In this model, unlike the Langmuir 
isotherm, multilayer adsorption occurs on heterogeneous 
surfaces. The Freundlich equation is as follows [46].

ln ln lnq F ee
K

n
C= +

1 	 (5)

where KF is Freundlich constant [(mg g–1) (L mg–1)1/n], and 1/n 
denotes the heterogeneity factor. Distribution of adsorption 
sites towards a homogeneous surface is probable as the 1/n 
goes towards unity. In Freundlich, the logarithmic reduction 
of adsorption enthalpy was owing to the enhanced occu-
pancy in a fraction of active sites. The value for 1/n was 0.52. 
It is concluded that the N-T/Z has a homogeneous surface.

The Temkin adsorption isotherm model explained a lin-
ear reduction in the adsorption heat owing to the increase 
in the number of particles adsorbed on the adsorbent 
surface. The Temkin equation is as follows [47]:

q B A B Ce e= +ln ln 	 (6)

where A is Temkin bonding constant (L g–1), indicating the 
maximum bonding energy. The B parameter is Temkin con-
stant, related to heat adsorption (J mol–1), with the equation 
being B = RT/b, where R is the general gas constant, equal to 
8.314 (J mol–1 K–1), T represents the absolute temperature (K), 
and b is heat adsorption.

Redlich–Peterson adsorption isotherm has three con-
stant parameters, A, B, and g (0 < g < 1), and has the follow-
ing equation [48]:

ln lnAC C Bge e e( ) −  = +1 ln 	 (7)

Adsorption-related parameters of 2,4-D by N-T/Z adsor-
bent with linear regression are reported in Table 2. According 

Fig. 6. Effect of temperature on sorption of 2,4-D onto N-T/Z.

Fig. 7. Reusability of N-T/Z sorbent product.
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to the Redlich–Peterson adsorption isotherm, g value was 
approximately 1, suggesting that the relation between 2,4-D 
and N-T/Z adsorbent was closer to Longmuir isotherm and 
followed this equation.

3.5. Adsorption kinetics

The equilibrium data were fitted to the pseudo-first-order 
and pseudo-second-order kinetic equations. The Lagergren’s 
pseudo-first-order kinetic model [49] can be expressed by 
Eq. (8):

q q et e
k t= −( )−1 1 	 (8)

where k1 (min–1) represents the pseudo-first-order kinetic rate 
constant. Contrary to the pseudo-first-order kinetic model, 
Ho’s pseudo-second-order model [50] is derived in its non-
linear form as Eq. (9):

q
q k t
q k tt
e

e

=
+

2
2

21
	 (9)

where k2 (g  mg–1  min–1) is the pseudo-second-order kinetic 
rate constant. The initial sorption rate, h (mg  g–1  min–1) 
regarded as qt when t approaches zero, is given by Eq. (10):

h k qe= 2
2 	 (10)

The kinetic parameters obtained from models are listed 
in Table 3. The adsorption of 2,4-D onto N-T/Z was best 
described by the pseudo-second-order kinetic model, with 
the highest R2  =  0.999. This model could also predict the 
experimental data reasonably. A high R2 value indicates the 
model’s success in describing the kinetic data adsorption. 
The pseudo-second-order model is based on the adsorp-
tion loading of the solid phase and predicts the behavior 
over the entire range of the adsorption process [51].

3.6. Method application

The efficiency of the N-T/Z absorbent was evaluated for 
the removal of 2,4-D in three real samples under the same 
conditions (Table 4). The three samples included (a) ground-
water sample from the well in Lavasanat (North of Tehran, 
Iran); (b) surface water sample from the Karaj river (Tehran, 
Iran), and (c) agricultural drainage water (Shahr-e-Ray, 
South of Tehran, Iran). The results obtained by HPLC are 
presented in Table 4. The 2,4-D removal efficiency decreased 
from 100% in deionized water to 99.2%, 76.19%, and 72.15% 
in agricultural drainage water, well water, and Karaj river, 
respectively.

This reduction can be related to the complex matrices 
and interfering functions with competitive tendencies to 
occupy the active sites on the synthesized sorbent compared 
to the 2,4-D analyte.

Three real samples contain different organic com-
pounds. The active sites available on the adsorbent surface 
cannot adsorb all organic compounds; thus, a competitive 
state develops between 2,4-D and organic compounds for 
adsorption on the adsorbent. Alternatively, owing to the 
presence of organic compounds in the spring season, when 
the sampling experiments of this study were performed, 
the removal efficiency of the 2,4-D dropped dramatically.

The repetitive procedures of the method suggested in 
this work with high precision can be confirmed by the low 
RSD value for 2,4-D adsorption from real samples.

3.7. Comparison of N-T/Z with other reported adsorbents

Table 5 compares the results of 2,4-D removal by differ-
ent adsorbents obtained here and in previous studies. The 
developed method provided a superior high removal effi-
ciency (100%) and a far shorter reaction time (10  min) as 
compared with other developed materials. Further, the pH 
level of 6 was suitable as it was near the neutral condition, 
which was similar to the pH of the agricultural drainage 
water.

4. Conclusion

In this research, m-phenylenediamine as an aminic 
organic ligand was successfully synthesized on the surface 
of TiO2/Zeolite nanocomposite. The N-T/Z product was used 
as a sorbent to remove 2,4-D from aqueous solutions in real 
samples (well water, river water, and agricultural drainage 
water) in a batch system.

Table 2
Isotherm parameters for 2,4-D adsorption onto N-T/Z

Isotherm model Parameter Quantity

Langmuir

qmax (mg g–1) 4.914
KL (L mg–1) 0.056
RL (g mg–1) 0.181
R2 0.995

Freundlich
KF [(mg g–1)(L mg–1)1/n] 0.52
n (L mg–1) 1.92
R2 0.987

Temkin

A (L g–1) 0.55
B 1.078
b (J mol–1) 2,298.182
R2 0.991

Redlich–Peterson

A (L g–1) 0.298
B (L mg–1) 0.0642
g 1.005
R2 0.993

Table 3
Kinetic parameters for 2,4-D adsorption onto N-T/Z

Kinetic model Parameter Quantity

Pseudo-first-order
qe (mg g–1) 0.389
K1 (min–1) 0.158
R2 0.837

Pseudo-second-order
qe (mg g–1) 0.751
K2 (g mg–1 min–1) 1.761
R2 0.999
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Several adsorption parameters were investigated and 
optimized in the removal of the 2,4-D analyte. The results 
revealed that the overall removal of 2,4-D on the N-T/Z 
sorbent was optimal at pH  =  6.0 (acidic condition) during 
10  min of contact following the pseudo-second-order rate 
model (1.761 min–1, R2 = 0.999). Various adsorption isotherms 
were also studied, with the Langmuir model presenting an 
excellent model fit (R2  =  0.995) with the maximum adsorp-
tion capacity of qmax = 4.914 for N-T/Z in adsorbing 2,4-D. The 
N-T/Z product exhibited high stability after consecutive uti-
lization for nine cycles confirming its high application poten-
tial in practical water and wastewater treatment. Accordingly, 
the N-T/Z nanocomposite sorbent reported in this study 
demonstrated the advantages of high adsorption capacity, 
excellent usability, and high chemical stability which could 
be effective in the advanced wastewater treatment.
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