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ABSTRACT

In this investigation, operation conditions of the separation procedure were optimized for efficient
removal of 2,4-dichlorophenoxyacetic acid (2,4-D) from water by adsorption on the surface of Fe,O,
magnetic nanoparticles (MNPs) modified with cethyl trimethyl ammonium bromide (CTAB). In this
order, Fe,O, MNPs with the average size of about 60 nm were synthesized and characterized by scan-
ning electron microscopy and infrared techniques. The surface of the nanoparticles was modified by
coating with 3-(trimethoxysilyl)-1-porpanethiol and CTAB, respectively. Then, the modified MNPs
were utilized to remove 2,4-D from the polluted water. The results of process optimization showed
that at pH 9, temperature of 20°C, CTAB amount of 300 mg mL", salt amount of 0.01 M and contact
time of 30 min, maximum removal yield could be achieved. The study of the process kinetic showed
that 2,4-D removal take places during a rapid sorption via a pseudo-second-order model. Thus, 2,4-D
adsorption equilibrium data was fitted well, and the maximum monolayer capacity (g, ) was calcu-
lated as 4.9 mg g

Keywords: Fe,O,-TMSPT; Magnetic nanoparticles; CTAB coating; 2,4-dichlorophenoxyacetic acid;

2,4-D; Pollution removal

1. Introduction

An important problem in the modern world is treatment
and removal of the environmental pollutions. 2,4-dichloro-
phenoxyacetic acid (with the commercial name of 2,4-D) is
belonging to the phenoxy alkanoic acid herbicides. This her-
bicide is widely utilized for the post-emergence inhibition of
different leaf weeds in forests, grain croplands, commercial
turfs, and also aquacultures [1]. Utilizing 2,4-D in the agri-
culture leads to the presence of 2,4-D in the environments
with consequent unfavorable effects in the ecosystems. 2,4-D
is a water soluble substance and survives in the aqueous
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solutions as two different forms of neutral and anionic.
2,4-D commonly might be found in the anionic form at the
pH range of the natural environment, because this herbicide
has a low acidity (pKa = 2.73) [2]. The anionic 2,4-D contami-
nant has high mobility and poor biodegradability [3]. Values
of lethal dose in 50% of the treated animals (LD,;) for 2,4-D
range from 639 to 1,646 mg kg™ in the rats depending on the
chemical form of 2,4-D used in the investigations [4]. The
half-life of this pollutant in water varies from one to several
weeks under the aerobic conditions, while this time might be
longitude to 120 d under the anaerobic conditions [4]. Due
to the high mobility and toxicity of the 2,4-D, it diffuses to
the surface water and groundwater sources, and hence, this
compound is among the major contaminants of the environ-
ment [5]. Therefore, the development of new adsorbents to
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efficient and cost-effective removal of the 2,4-D from water
is interesting.

Adsorption in terms of initial cost, simple design and
facile operation is a superior route in comparison with
other techniques in order to remove odor, colors, oils, and
also organic pollutants from waste effluents [6]. Until today,
different routes have been proposed to develop the efficient
adsorbents for removal of 2,4-D from water samples. These
approaches include the use of biopolymers based on chitin
and chitosan [7], organometallic framework [8], modified
nanofibers by cations of N-cetylpyridinium [9], carbon cloth
with high area [10], MIEX resin [11], double hydroxide of lay-
ered Cu-Fe [12], maize cob shape carbon [13], mesoporous
carbons templated by SBA-15 [14], and bituminous shale
[15], while further efforts to achieve the more efficient adsor-
bents are still ongoing.

Now a days, nanostructured materials have obtained
a great interest and importance in separation and purifica-
tion applications [16,17]. Nanomaterials commonly possess
low densities and high specific surfaces, which make them
appropriate candidates for utilization as the sorbent [18-20].
Meanwhile, nanomaterials with magnetic properties are
interested for utilizing in different fields of science and tech-
nology. Separation techniques based on magnetic operation
are attractive in separation science [21,22] due to the pos-
sibility of facile recovery of adsorbent from the separation
solutions via application of an external magnetic field. This
property makes MNPs principally appropriate for sample
preparation since no centrifugation or filtration of sample
is required after extraction. In fact, Fe,O, nanoparticles are
respectable candidate for magnetic carrier technology in
view of the following main advantages: (1) these nanoparti-
cles could be fabricated in large scales using a simple method;
(2) the MNPs have high adsorption capacity with respect to
their large surface area; and (3) these nanoparticles have low
toxicity and strong magnetic properties. These magnetic
adsorptives have been utilized widely for removal or concen-
tration of various compounds, i.e., metal ions [23,24], herbi-
cides and pesticides [25,26], and also gaseous materials [27]
from different solutions. Up to date, extensive investigation
has been carried out on the magnetic iron oxide nanoparticles
as an attractive adsorbent, which possesses large surface area
and small diffusion resistance during the separation steps.
The main goal of the present study was the investigation
about the removal of 2,4-D from water solution by synthe-
sized Fe,O, magnetic nanoparticles (MNPs) modified with
cethyl trimethyl ammonium bromide (CTAB). To the best of
our knowledge, there is no report on the removal of 2,4-D by
Fe,O, MNPs.

2. Experimental setup
2.1. Instrumentation

A pH-meter of Metrohm 691 (Herisau, Switzerland)
was utilized for the pH measurements. A Cintra 6 spectro-
photometer (GBC company from Australia) was applied
for determining 2,4-D in aqueous solutions. Infrared (IR)
spectra were recorded on an Fourier transform infrared spec-
trometer Shimadzu model Prestige-21 (Japan). A Heidolph
heater-stirrer and ultrasonic bath of SonoSwiss model SW6H

were utilized in the synthesis of MNPs, while a mechanical
stirrer was utilized for separation operations. Scanning elec-
tron microscopy (SEM) was carried out by KYKY model
EM3200 (China) to confirm the morphology of the synthesized
and coated MNPs. Zeiss EM900 TEM was applied for trans-
mission electron microscopy (TEM), while the samples were
coated on a Cu grid covered with a layer of carbon. MNPs
were captured from separation media by a neodymium iron
boron magnet of 1.2 T after finishing of the adsorption.

2.2. Reagents

All chemicals and reagents, ie. ferric chloride
(FeCl,.6H,O), ferrous chloride (FeCl,.4H,0), CTAB, 3-(trime-
thoxysilyl)-1-porpanethiol (TMSPT), with the chemical struc-
ture shown in Fig. 1(a), were of analytical grade purchased
from Merck (Darmstadt, Germany). 2,4-D was purchased
from Sigma-Aldrich (Poole, Dorset, UK), and its stock solu-
tion was prepared using deionized water. Also, other uti-
lized chemicals including ammonia, sodium citrate, glycerol,
sodium chloride, ethanol, nitric acid, and hydrochloric acid
were purchased from Merck (Darmstadt, Germany) and used
as received.

2.3. Preparation of coated Fe,O, magnetic NPs

MNPs were prepared via an improved chemical copre-
cipitation route [28]. At the first stage, aqueous solutions of
FeCl,.4H,0 (2.15 g of salt dissolved in 50 mL deionized water)
and FeCl,-6H,0 (5.48 g of salt dissolved in 50 mL deionized
water) were transferred into a 250-mL round-bottom flask
while stirred at 85°C under nitrogen atmosphere. In the next
step, 20 mL of 25% aqueous ammonia gradually were intro-
duced to the solution that causes changing the color of solu-
tion (from orange to black). Then, the solution was cooled, and
the resulted magnetic precipitate was separated via neodym-
ium iron boron magnet. The collected precipitate was washed
with deionized water and 100 mL of 0.02 M sodium chloride,
respectively. In order to surface protection and modification

CH; Br OCHj
HaG(H2C)15~N*-CH g~ Si—OCHs
CHa OCHj8
CTAB TMSPT
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=
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Fig. 1. (a) Chemical structure of cethyl trimethyl ammonium bro-
mide (CTAB) and 3-(trimethoxysilyl)-1-porpanethiol (TMSPT)
and (b) Scheme of the magnetic nanoparticles (MNPs) synthesis
and 2,4-dichlorophenoxyacetic acid (2,4-D) removal process.

CTAB surfactant T
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of the prepared MNPs, their surface at first was coated by
TMSPT. Thus, the MNPs were treated by introducing 40 mL
aqueous solution of TMSPT (10%, v/v) and then 30 mL of
glycerol besides refluxing at the temperature of 90°C during
2 h. The resulted particles were removed from the solution
by the magnet and washed two times with 100 mL water and
methanol, respectively. In order to activate the surface of the
coated MNPs, they were suspended in 100 mL and treated at
first with 20 mL aqueous solution of sodium citrate (0.1 M)
under nitrogen atmosphere and room temperature during
30 min, while the solution stirred vigorously, then the solu-
tion was subjected to the ultrasonic bath at 60°C for 15 min.
Thereafter, the solution of the resulted suspended nanopar-
ticles were mixed with CTAB solution (with the ratio of 1:1
(v/v)), stirred with 40 rpm for 30 min and then kept constant
at room temperature for 12 h. Fig. 1(b) schematically shows
the NPs synthesis and 2,4-D removing processes.

2.4. Optimization of 2,4-dichlorophenoxyacetic acid adsorption

Adsorption procedure of 2,4-D was accomplished by inter-
action of CTAB-coated Fe,O, MNP (0.18 mg) with 18 mL aque-
ous solution of 100 ppm 2,4-D at suitable pH and salt amount
during 10 min on the stirrer (80 rpm). The resulted solid phase
was separated using 1.2 T neodymium iron boron magnet.
Spectrophotometric absorbance of 2,4-D in residual feed aque-
ous solution was used to determine the yield of removal via
a suitable calibration curve and applying following equation.
Fig. 2 illustrates UV-Vis spectrum of 2,4-D in aqueous media.

%2,4—Dadsorption:(Ci(;c’]xloo (1)

i

where C, and C, are, respectively, initial and residual 2,4-D
concentration (mg L7). To achieve maximum efficiency
of 2,4-D removal from aqueous solution, various effective
parameters including pH, temperature, time, amounts of
coated CTAB, MNPs, and NaCl were studied and optimized.
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Fig. 2. UV-Vis spectrum of 2,4-D dissolved in water (30 ppm).

2.5. Mathematical modeling and kinetic studies of 2,4-D adsorption

The equilibrium isotherm equations are useful to describe
the experimental sorption data. Commonly Langmuir,
Freundlich, and Toth isotherms are utilized for describing the
solid-liquid sorption systems [29]. The isotherms and kinetic
models were utilized to describe the sorption data resulted
from 2,4-D sorption. The isotherm and kinetic models param-
eters for 2,4-D were computed via non-linear error functions
minimizing by the aid of solver add-in with Microsoft’s
spreadsheet, Excel. Chi-square statistic was utilized to assess
the fitness of the isotherms and kinetic equations to 2,4-D
experimental data. The Chi-square test statistic is the sum of
the squares resulted from the differences between the exper-
imental data and the calculated data by models. The corre-
sponding mathematical statement for these parameters is as
follows:

8 (e e, = Do)’
R @

i=1 qe,calc,

where g, and g, , are the values of equilibrium capacity
resulted from the experimental data and calculated by the
model in mg g, respectively. Similarity of the model result
and the experimental data leads to the small number for x?,
while considerable difference of model and experimental
data yields a large number for x*

3. Results and discussion
3.1. MNPs preparation and characterization

Fig. 3 gives the SEM picture of the prepared Fe,O,
nanoparticles. As seen in Fig. 3(a), the prepared MNPs have
a spherical morphology with average diameter of about
60 nm. Fig. 3(b) shows the SEM picture of MNPs coated with
TMSPT while the particles have an average particle size sim-
ilar to the previous image without further agglomeration of
the particles. On the other hand, Fig. 3(c) displays the SEM
image of MNPs-TMSPT modified with CTAB. As could be
seen, the resulted nanoparticles have an average diameter
of about 60 nm without further agglomeration with respect
to the initial nanoparticles (MNPs before coating). Also,
Fig. 3(d) displays the TEM image of MNPs-TMSPT modified
with CTAB. As seen, this image confirms the SEM result and
shows the resulted nanoparticles possess an average diam-
eter of 60 nm. The obtained Fe,O, nanoparticles were char-
acterized by X-ray powder diffraction (XRD) to assess their
structure and chemical composition [30,31]. The resulted
XRD pattern is displayed in Fig. 4. As could be seen, all dif-
fraction peaks indexed in the obtained pattern are consistent
with the magnetite form of iron oxide (according to JCPDS
98-011-1283, diffraction software). Fig. 5 shows -IR spectrum
of Fe,O, nanoparticles before and after coating with TMSPT
and also MNPs-TMSPT modified with CTAB. Fig. 5(a) pres-
ents the IR spectrum for the prepared MNPs before and after
coating with TMSPT. As seen, two peaks are observed at 443
and 580 cm™ corresponding to the stretching of Fe*? and Fe®
bonds with oxygen atom. The peak at 1,672 cm™ is attributed
to the stretching and bending vibrations of the adsorbed
nitrogen at the surface of nanoparticles, while the wide peak
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Fig. 3. SEM images of (a) synthesized Fe,O, nanoparticles; (b) Fe,O,~TMSPT nanoparticles; (c) Fe,O,~-TMSPT nanoparticles modified
with CTAB; and (d) TEM images of Fe,O,~TMSPT nanoparticles modified with CTAB.

at 3,392 cm™ is responsible for the vibration of hydroxyl
group of the water. The IR spectrum of the MNPs coated
with TMSPT shows some new peaks. The appeared peaks at
1,035 and 1,116 cm™ are responsible for stretching vibrations
of Si-O-5i bonds, and the peaks at 2,854 and 2,924 cm™ are
attributed to the stretching vibrations of C-H and S-H bonds
of TMSPT molecules. Fig. 5(b) presents the IR spectrum of
the MNPs-TMSPT modified with CTAB. The new peak
appeared at 2,922 cm™ is responsible for stretching vibrations
of C-H bonds, and the peak at 2,500 cm™ is attributed to the
stretching vibrations of C-N bonds of amine in the structure
of CTAB molecules. As expected the peaks corresponding to

the CTAB are very weak in comparison with the MNPs and
TMSPT because only small amount of surfactant is adsorbed
on the surface of particles and hence its concentration in the
KBr tablet is very low.

3.2. Effects of pH on adsorption of 2,4-dichlorophenoxyacetic acid

The presence of the active protons in the 2,4-D mol-
ecule caused the pH of solution has a strong effect on the
adsorption procedure. The effect of pH on the adsorption
of 2,4-D (in a solution with the concentration of 33 ppm)
was investigated at the pH range of 2-12, while the other
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variables, i.e., amounts of MNP (0.18 g), CTAB (65 ppm),
NaCl salt (0.01 M), temperature (20°C), and time (10 min)
were kept constant. The results shown in Fig. 6 display
that the maximum 2,4-D adsorption was occurred at pH
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Fig. 4. XRD pattern of synthesized Fe,O, nanoparticles.
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Fig. 5. Infrared spectrum of (a) the prepared Fe,O, and Fe,O,~
TMSPT MNPs and (b) Fe,O~TMSPT nanoparticles modified
with CTAB.

of 9. Observing this trend suggests that the adsorbed 2,4-D
molecules are in anionic state and the electrostatic interac-
tions between CTAB and 2,4-D molecules are important in
the adsorption process.

3.3. Effect of coated CTAB amount on adsorption

Fig. 7 shows the yield of 2,4-D removal as a function of the
added CTAB to the magnetic particles during their coating.
Upon increasing the CTAB concentration, the hydrophobic
properties of the surfactant admicelles were dominative
on the surface of Fe,O,~TMSPT MNPs, and therefore, the
surface positive charge increases. At this condition, particu-
larly with regard to pH of sample, the anionic 2,4-D could
be adsorbed on the surface of Fe,O-TMSPT MNPs by
electrostatic interactions. Furthermore, addition of CTAB
under CMC concentration (i.e., 1 mM at 25°C) could facili-
tate the collection of the MNPs via magnet. As seen in Fig. 7,

80

(1]

40
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20

Fig. 6. Effect of pH on 2,4-D adsorption procedure: 2,4-D
concentration - 33 ppm, Fe,O, MNP amount - 0.18 g, CTAB
amount — 65 ppm, NaCl salt amount — 0.01 M, temperature —
20°C, and time — 10 min.
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Fig. 7. Effect of CTAB concentration on the yield of 2,4-D adsorption.
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the amount of adsorbed 2,4-D increases with the increase in
the amount of CTAB and achieves to its maximum value at
CTAB amount of 300 mg mL™. This increase in the adsorp-
tion may be due to the gradual formation of CTAB aggre-
gates (hemimicelles, mixed hemimicelles, or admicelles)
on the surface of Fe,O,-TMSPT MNPs, which enhances the
adsorption of 2,4-D gradually. Meantime, the adsorption of
2,4-D at higher CTAB concentrations decreased gradually
due to the formation of CTAB aggregates in the solution.

3.4. Effects of ionic strength, temperature, and contact time on
adsorption

Table 1 introduces the optimum conditions of ionic
strength, temperature, and contact time. The effect of ionic
strength on the removal of the 2,4-D (at optimum conditions of
the previously mentioned parameters) was studied by addition
of NaClin the concentration range of 0.01-0.2 M. The results of
this study showed that at concentration lower than 0.02 M of
NaCl, 2,4-D has maximum absorbance, while increasing its
concentration leads to significant decrease in its adsorption
on the surface of Fe,O,~-TMSPT MNPs. This behavior could be
concerned of the electrostatic interaction of 2,4-D and CTAB
during the process, while at the higher concentration of NaCl
salt, the electrostatic interference of Na" and Cl- leads to the
lower 2,4-D removal efficiency. Thus, 0.01 M of NaCl salt was
chosen as optimum concentration for further works.

Due to the presence of surfactant on coated MNPs in the
adsorption process, temperature plays an important role on
2,4-D removal. The influence of this parameter was investi-
gated in the range of 15°C-80°C at the optimum conditions
of previous factors. The results showed that at the tempera-
tures higher than 20°C, the efficiency of 2,4-D adsorption
extremely decreased by increasing the temperature, and at
80°C it is near to the zero. This trend was observed because
increasing temperature decreases interactions between the
2,4-D and surfactant molecules, which lead to the remark-
able loss of adsorption. Therefore, temperature of 20°C was
selected as optimum for the efficient removal of 2,4-D.

The effect of treatment time on the yield of 2,4-D removal
by CTAB-coated MNPs has been investigated in a range of
2-160 min. The results showed that the adsorption increased
with enhancing the contact time up to 30 min, while it kept
constant at the longer time. In other word, the maximum
removal could be attained during 30 min. For this reason,
30 min was selected as the optimum contact time.

3.5. Determining maximum capacity of sorbent for 2,4-D removal

In order to determine the maximum capacity of the
MNPs adsorbent, at the optimal working conditions, a

Table 1
Optimum conditions of ionic strength, temperature, and contact
time for 2,4-D removal

Parameters Studied range Optimum amount
Ionic strength 0.01-02M 0.01M
Temperature 15°C-80°C 20°C

Contact time 2-160 min 30 min

definite amount of 2,4-D solution (200 ppm) was interacted
with different amounts of the adsorbent. The resulted yields
of adsorption vs. mass of the adsorbent are plotted in Fig. 8.
Maximum adsorbent capacity might be calculated by con-
sidering extrapolated point of two lines using the following
formula:

W.
Adsorbant Capacity[mgj = [“D(@J x RR 3)
g WMNPex (g)
where W,, - and W, . are, respectively, the mass of 2,4-D

(mg) and'FeSOAL—TMSPT MNPs (mg g™) obtained from the
extrapolation of the adsorption diagram. Also, RR is the
relative amount of adsorbed 2,4-D at optimum conditions.
Accordingly, the maximum capacity of Fe,O,~TMSPT MNPs
as the adsorbent was calculated as 4.9 mg g™'.

3.6. 2,4-D desorption and reusability of the sorbents

Since 2,4-D adsorption on the Fe,O, MNPs modified with
CTAB is a reversible process, regeneration or activation of
Fe,O, MNPs is possible to reuse them [32]. Desorption of
the 2,4-D from the magnetic adsorbents was examined using
different solvents. It was found that the 2,4-D could be effi-
ciently desorbed from the magnetic sorbents by rinsing the
sorbent with 0.05 M HCI solution for three times.

The results showed that a desorption efficiency higher
than 90% could be achieved during a short time of about
3 min. Further studies showed that Fe,O, MNPs modified
with CTAB could be regenerated and reused for at least three
successive removal processes. Under higher removal cycles,
the efficiency of removal decreases due to the dissolving and/
or losing some amounts of CTAB during the successive steps.

3.7. Results of mathematical modeling and kinetic studies

Fig. 9 presents the experimental aqueous-phase adsorp-
tion isotherms for 2,4-D/Fe,O, MNPs modified with CTAB
system along with the curve fitted by different isotherm mod-
els. Meanwhile, the resulted isotherm parameters and the
values of Chi-square are also given in Table 2. Considering
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Fig. 8. Yield of 2,4-D adsorption versus amount of Fe,O,~TMSPT
MNPs.
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Fig. 9. Langmuir, Freundlich, and Toth isotherms for the adsorp-
tion of 2,4-D on Fe,O, MNPs modified with CTAB.

Table 2
Parameters of the isotherm models for the adsorption of 2,4-D
onto onto Fe,O, magnetic nanoparticles modified with CTAB

Model Equation Parameter Value X2

Toth _KC, K, 8.231  0.007
qe - (IZ +C )1/t Ht 10.153
L 1/t 1.107

Langmuir KC q, 4910  0.009
%=1 KC K, 0.156

Freundlich g, =K.C" K, 1.493  0.103
o 1/n 0.299

the isotherm plots (Fig. 9) exhibits that Toth and Langmuir
isotherms more accurately describe the sorption behavior of
2,4-D. The used method for deriving the isotherm parameters
diminishes the Chi-square statistic, and the results showed
that the Toth and Langmuir isotherms exhibit lower values
and hence a better fit. The adsorption data obeyed the
Langmuir and Toth models exhibiting heterogeneous sur-
face conditions and monolayer adsorption. In other words,
2,4-D as the adsorbate has a high affinity for the surface at
low surface coverage. However, by increasing the coverage,
the affinity of the adsorbate to the surface decreases.

To evaluate the adsorption kinetic of 2,4-D, the effect of
exposure time on the adsorption yield was studied (Table 3).
Then, pseudo-first-order and pseudo-second-order kinetic
models were examined. The non-linear Chi-square statistic
was utilized to explain the conformity between experimen-
tal data and the model-predicted values. Meantime, the
Lagergren pseudo-first-order kinetic model is expressed as
Eq. (4) [33]:

—kt

q,=9,—q,10%%% 4)

where g, and g, are, respectively, the amount of 2,4-D adsorbed
(mg g™) at any time and equilibrium time, while k, represents

267

Table 3
The values of Chi-square statistic and rate constants for the
pseudo-first-order and pseudo-second-order models

Model Parameter Value
Pseudo-first-order L 0.331
q, 2.323
x> 0.031
Pseudo-second-order k, 0.297
q, 2.372
x> 0.019
3.0 -
25 ’—..___'__A___’___O
2 .
20 f ¢
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Xpermmen a
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= |
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Fig. 10. Comparison of the experimental data with the
model-predicted (Lagergren and Ho) values corresponding to
the adsorption of 2,4-D on Fe,O, MNPs modified with CTAB.

the rate constant in min™. On the other hand, the Ho pseu-
do-second-order rate equation is described as Eq. (5) [34]:

2kyt

q’ — qe 2 (5)
qk,t+1

where k, corresponds to the rate constant of

pseudo-second-order model (g mg™ min™). Fig. 10 presents
the results of fitting of the experimental data with the
model-predicted (Lagergren and Ho) values. Meantime,
Table 3 shows the values of Chi-square statistic and rate con-
stants for the pseudo-first-order and pseudo-second-order
models. As seen, the value of Chi-square statistic for the
second-order model is lower than the corresponding value for
the pseudo-first-order model. These results confirm that the
pseudo-second-order equation of Ho could appropriately fit
over the wide range of contact times and describe the kinetic
of 2,4-D sorption onto Fe,O, MNPs modified with CTAB [35].

4, Conclusion

2,4-D as a herbicide was successfully removed from aque-
ous solution by the aid of surface-modified MNPs. Fe,O,—~
TMSPT MNPs were prepared, and their surface was modified
by CTAB. The removal process variables were investigated and
optimized. The results of process optimization showed that
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CTAB-coated Fe,O,—-TMSPT MNPs could efficiently remove
2,4-D from water at the following operation conditions:
pH 9, temperature of 20°C, CTAB amount of 300 mg mL~, salt
amount of 0.01 M, and contact time of 30 min. The maximum
capacity of the adsorbent at optimal conditions was calcu-
lated as 4.9 mg g™. Meanwhile, the kinetic of 2,4-D adsorption
obeyed the pseudo-second-order model.
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