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ABSTRACT

A novel ZnO-nanobentonite (ZnO/NB) nanocomposite was successfully prepared using
hexadecyltrimethylammonium bromide (HDTMA) as a surfactant and used as an efficient adsorbent to
remove the xylenol orange (XO) from aqueous solutions. The fabricated nanocomposite was fully
characterized by FTIR, FESEM, XRD, EDX, and BET measurements. The ZnO33%/NB sample with a high
SBET and low total pore volume compared with the nanobentonite clay, based on BET results, indicated an
increase in SBET due to the incorporation of ZnO nanoparticles into the layer of nanobentonite. For achieving
the optimum condition, the effect of ZnO33%/NB sorbent dosage, initial pH, reaction time, and primary dye
concentration, on XO dye elimination was investigated. The result show that the 97% elimination of XO dye
occurred at optimum condition (40 mgl/l of dye concentration, pH 2, 15 mg of ZnO33%/NB adsorbent at 30
minutes), and the adsorption capacity and residual XO after treatment at these conditions is 48.5 and 1.2
ppm, respectively. Langmuir models and Freundlich model were used to studying the adsorption isotherms
of the elimination process and results authenticated that XO dye adsorption followed the Langmuir model.
Also, the recycling experiments showed that ZnO33%/NB adsorbent had more stability and recoverability.
High adsorption capacity, simple fabrication method, short reaction time, and supreme reusability of
Zn033%/NB nanocomposite make it an effective sorbent for the elimination of XO dye from wastewaters.
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1. Introduction

Today, water effluent with diverse pollutants is a significant environmental challenge [1]. Organic dyes one of
the main water pollutants that are extensively distributed in the environment via wastewater discharged from
textile, rubber, pharmaceutical, plastic leather, paper, and painting industries, it causes widely environmental
damages and these dyes lead to effect harmful to individuals and the whole types of life [2-4]. Xylenol orange
(XO) is an organic dye reagent with a triphenylmethane structure, most widely utilized as a chemical indicator
for the determination of many heavy metals due it is superior potentiometric reagent and complexometric
indicator[5]. It is used in several processes of textile industries and laboratories. Xylenol orange is toxic both
for aquatic animals and human beings because the presence of XO in the wastewater more absorbs heavy metals
with complex formation [5-7]. Also, XO in water bodies can intermeddle with the growth of bacteria [8].
Accordingly, it is urgent to find an ideal technique for removing this dye from wastewaters. Until now, different
Chemical, physical and biological procedures were applied for treating the water pollutants, such as solvent
extraction, biological treatments, membrane filtration, chemical coagulation/flocculation, electrolysis, photo-
degradation, reverse osmosis, and adsorption process [9-14]. Among them, the adsorption method is considered
the most popular, easy, environmentally friendly, economical, effective, adaptable, and simple-workup to
remove organic dyes from aquatic media [15-18]. Nowadays, the adsorption procedures are broadly utilized for
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removing diverse pollutants from wastewater [19]. However, finding a highly efficient sorbent is one of the
main serious parameters of the used application of the adsorption process.

Clays are prevalent, low-cost, and easily available chemical compounds that belong to a broader group of
minerals [20]. Bentonite is a natural clay mineral composed of rich concentrations of Na*, Li*, and Ca®* ions
located among layers of silicon ions [21, 22]. The structural characteristic of bentonite can be applied as supports
for the deposition of deferent catalysts or can be modified via diverse procedures. The utilization of catalytic
support goals to modify the scattering of the active phase and enhance the surface area leading to high active
sites [23, 24].

The Bentonite has many merits, make it a good choice for using it as a support, such as good adsorption
performance, large specific surface area, low cost, high stabilization, and high ion exchange capacity [25, 26].

ZnO is a non-toxic, low-cost, safely, and easily available catalyst, which has got great interest in various organic
reactions [27-29], and absorption process [30-32]. To improve the adsorption process, the incorporation of metal
oxide on a porous material like bentonite is a successful procedure. To date, many papers have been published
on the use of modified bentonite and bentonite as an absorbent to remove pollutants from industrial wastewater.
such as Fe304-chitosan@bentonite for the elimination of heavy metals [33], Mn2+-modified bentonite for the
elimination of Fluoride [34], bentonite@MnFe204 composite for the removal of Cr (111) [35], organo-modified
bentonite (CTAB-B) for the elimination of Congo red dye [36], activated bentonite-alginate composite for the
elimination of methylene blue dye [37] and TiO2-bentonite for the removal of methylene blue dye under UV
light [38].

This paper introduced a little modified procedure to increase the amount loading of zinc oxide nanoparticles on
nanobentonite in ZnO/nanobentonite via by modifying nano-bentonite with hexadecyltrimethylammonium as a
surfactant, before adding ZnClI2 solution.

The adsorption of XO organic dye onto ZnO/NB nanocomposite and the effects of the parameters (the primary
XO concentration, adsorbent dose, contact time, and pH) on the adsorption process were investigated.

2. Material and methods

2.1 Materials

Each of the materials and reagents was provided by Fluka and Merck. The clay used is hydrophilic
nanobentonite obtained from Sigma-Aldrich. The patterns of XRD were recorded via the radiation of CuKa at
30 mA, 40 keV, and 3° min-1 scanning rate using X’Pert MPD diffractometer. FTIR spectra were recorded by
an 8400 Shimadzu Fourier transform spectrophotometer with KBr pellets. FE-SEM images were taken by
HITACHI S-4160 instrument type to study particle distribution and morphology. The total surface area of the
samples was determined by N2 adsorption at the temperature of liquid nitrogen with Belsorp Il (BEL Japan,
Inc.). The Inductively Coupled Plasma (ICP-OES) was used for measuring the zinc amount in each prepared
sample on a Varian Australia, Vista-pro model. UV-vis Data were obtained by using a Carry 100 Conc Varian
spectrophotometer.

2.2 Fabrication of ZnO/NB nanocomposite by HDTMA

The samples of ZnO/NB were prepared by the in-situ synthesis of Zn (zinc oxide) on the surface of nano
bentonite for immobilized it. ZnCI2 with 0.3 M concentration was prepared in 25 ml deionized water with half
an hour of stirring. Hydroxide sodium (NaOH) solution (4M) was added drop by drop to this solution to make
the pH of the solution equal 12, then a continuous stirring was applied for 6 hours at 75 °C. Meanwhile, one-
gram nanobentonite was diffused in 15 ml of HDTMA solution (hexadecyltrimethylammonium solution
(0.1M)) and then stirred for one day at 75 °C to obtain HDTMA/NB sample. Thereafter, the NaOH solution and
aqueous solution of zinc chloride mixture was added drop-wise into HDTMA/NB suspension with steady
stirring for 20 h at 75 °C. The resulting solid product was filtrated for separating it from the solution, then it was
washed more than one time via deionized H20, and it was dried for 48 h at 80 °C. Ultimately, the fabricated
precipitate was calcined for 6 h in a furnace at 500 °C for preparing nanocomposite of Zn0O33%/NB [39].

2.3 Fabrication of ZnO/NB nanocomposite in the absence of HDTMA
In this procedure, Zn/BN was primarily obtained via adding one-gram nanobentonite into 20 ml of 0.3 M ZnCI2
solution, this suspension (mixture) was heated for 20 h at 75 °C. Afterward, Zn/NB sample was filtrated, washed
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a few times with deionized water, then was dried for 48 hours at temperature 80 °C. The product of the fabricated
precipitate was heated at 500 °C for 6 h in a furnace for calcination it and to make ZnO5%/NB nanocomposite.

2.4 Investigation of the Efficiency of ZnO33%/NB nanocomposite

To accomplish the elimination of xylenol orange dye from contaminant water the following procedures are
followed. First UV-vis at 436 nanometers was used for the determination of the dye concentration. Then the
adsorption test analyses were performed by equilibrating 15 mg of the ZnO33%/NB via 50 ml of the XO solution
with the desired concentration (10-120 ppm) at a pH value of (2-10) for the required time. After complete
reaction, the mixture (suspension) was centrifuged, then the concentration of XO dye which was adsorbed by
the Zn0O33%/NB nanocomposite was determined by spectrophotometry at the wavelength (1) equal to 436 nm.
The value of ge (mg/g) (the equilibrium capacity adsorption) and (R%) (rate of removal) were calculated by the
below equations [40]:

_(Co—-Ce).v

(Eq.1) qe=——
__(Co—Ce)100
(Eq.2) R% = ——

Wherein Ce and CO are the final and initial concentrations of the XO dye (mg lit-1), M (g) is the volume of XO
dye solution and the weight of ZnO33%/NB adsorbent, respectively. And V is the sample volume in Liters.

3. Results and discussion
3.1 Characterization of ZnO/NB nanocomposite with ICP-OES analysis

The content of Zn in the ZnO/NB nanocomposite was determined by ICP-OES., 4 ml of concentrated HCIO4:
HNO?3 (1:1) was added to a precise content of the ZnO/NB and warmed at 120 °C to dry it. This was repeated
4 times after that 4 ml of Hydrofluoric acid was poured and warmed at 120 °C to destroy the clay structure.
Next, 15 ml of dilute HCI was poured and the mixture was warmed for half an hour. The resultant solution was
applied for the determination of Zn, after filtration and dilution in a flask of 50 ml [39]. The amounts of zinc
oxide in the fabricated ZnO/NB without and mediated with HDTMA were 5 and 33%, respectively, as measured
by ICP-OES analysis. These results showed that the ZnO amount on ZnO/NB nanocomposite was remarkably
increased in the presence of HDTMA surfactant. These results could probably be described by considering
increased interactions of the anionic precursor with HDTMA maodifier.

3.2 Analysis by FTIR

Figure 1 shows the FT-IR spectra of nanobentonite, HDTMA/NB, and ZnO33%/NB nanocomposite. In Figure
1a the Si—O bending and O-H stretching vibrations are observed at 1025 and 3623 c¢cm—1, individually. The
bands at 520 and 753 cm—1 cans be related to symmetric vibrations of Si—-O-Al, and the bands at 836 and 913
cm—1 related to bending vibrations of Al-Mg—OH. In the spectrum of HDTMA/NB (Figure 1b), two novel peaks
around 2852 and 2921 cm-1, connected with the stretching vibrations of C-H in the hydrocarbon chains, were
observed which are related to the HDTMA surfactant molecules. In Figure 1c, the weak bands situated around
400-600 cm—1 correspond to the zinc oxide stretching vibrations, which have been demonstrated for zinc oxide
in diverse nanocomposites. Generally, in the infrared spectrum of zinc oxide, the three peaks situated at 527,
454, and 425 cm—1 are linked to the Zn-O vibrations [39, 41]. These bands were weakly in ZnO33%/NB,
because of the confined ion exchange capacity of nanobentonite to receive Zn2+ ions; thus, they overlapped
with bands relating to the vibration modes. The same results were observed in the literature [39].
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Figure 1. FTIR spectra of (a) nanobentonite, (b) HDTMA/NB, and (c) ZnO33%/NB nanocomposite.

3.3 XRD investigations

To investigate the phase and structure of the crystalline of the nanobentonite clay and prepared ZnO33%/NB
nanocomposite the XRD analysis was recorded at room temperature as demonstrated in Figure 2. The
characteristic peaks at 20 values in 7.2, 19.9, 34.8, and 63.9° in Figure 2a agreement with the crystalline structure
of montmorillonite [42, 43] which authenticated that the applied nanobentonite has a montmorillonite structure
as the main phase. Also, the nanobentonite exhibited an intense and main diffraction line with a d—value of 1.25
nm at a 20 of 7.2° value, identical to the reflection d001, which shifted to 20= 9.06° with a d—value of 0.974 nm
In the ZnO33%/NB nanocomposite [42]. The decrease of 0.276 nm in the space among the layers of
nanobentonite could be related to the loading of Zinc oxide nanoparticles on the surface of nanobentonite layers.
A comparison of the XRD spectra of nanobentonite and ZnO33%/NB nanocomposite demonstrated that the
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framework of nanobentonite remains undamaged following calcination processes and ion exchange. The
Scherrer equation was used to measure the particle size of the ZnO33%/NB (Eg. 3).

(Eq. 3) D=0.941/BD Cosf
Where A is the radiation wavelength (for Cu-Ka radiation is 1.54056 A°), D is the particle size (nm), BD is the

width of the peak at the half-maximum intensity, and 6 is the position of peak [44].
By this equation, the average crystallite sizes of ZnO33%/NB nanocomposite were computed 26.5 nm.
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Figure 2. XRD spectra of nanobentonite (a), ZnO33%/NB nanocomposite (b), and ZnO nanoparticle (insert c).

Pattern (c) is reproduced from Tayebee et al [29].

3.4 EDX and FESEM results

The morphology of the surface of nanobentonite clay and ZnO33%/NB were investigated by FESEM analyses
as shown in Figure 3. The comparison of FESEM images of nanobentonite (Figure 3a, b) and ZnO33%/NB
nanocomposite (Figure 3c, d) proved the prosperous immobilization of zinc oxide particles on the surface of
nanobentonite clay. Based on FESEM photos of the ZnO33%/NB sample, it appears to be that the interlayer
spaces and pores of nanobentonite were decreased via ZnO, and the porosity of the ZnO33%/NB is diminished.
Also, the mean particle sizes of the prepared sample would be ~32 nm.
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Figure 3. FESEM images of nanobentonite (a, b) and ZnOs3%/NB nanocomposite (c, d).

The EDX experiment of the nanobentonite and ZnO33%/NB was shown in Figure 4. Figure 4b showed the
presence of Zn, Al, Mg, O, K, Fe, Ca, and Si in the prepared ZnO33%/NB sample and affirmed that ZnO has
comprised onto the clay framework in the samples of the nanocomposite.

The EDX spectrum of Zn characteristic has lines situated in 9.6, 8.6, and 1.0 keV of ZnO33%/NB, where best
agreement with the literature was achieved [40, 45].
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Figure 4. EDX analysis of nanobentonite (a) and ZnO33%/NB nanocomposite (b).
3.5 BET investigation

The surface texture characterization of nanobentonite and Zn0O33%/NB nanocomposite was investigated
through BET analysis Table 1.

According to the results, the sample surface area was increased after the immobilization of zinc oxide in the
nanobentonite structure, while the total pore volume was diminished.

Table 1. Pore volume and Surface area of nanobentonite and ZnO33%/NB nanocomposite

Clay Surface area (m2g-1)  Total pore volume (cm3g-1)
Nanobentonite 63 0.462
ZnO/nanobentonite 126.584 0.384

352



PEN Vol. 9, No. 1, February 2021, pp.346- 360

3.6 Adsorption experiment

3.6.1 The effect of sorbent dose

To optimize the primary sorbent dose, a series of experiments were done by the sorbent amount of ZnO33%/NB
(5, 10, 15, 20, 25, and 30 mgl-1) at pH 2 in 50 ml of 40 ppm XO solutions (Figure 5). The Results demonstrated
that only a trace amount (~6%) of XO dye was eliminated and 37.6 ppm of XO remained in the absorbent-free
condition after 30 min; while in the presence of 5 mgl/l of the ZnO33%/NB adsorbent, removal% was expanded
from 6 to 53. The increasing amount of the adsorbent improved the removal% in the account of enhance in the
number of active sites. Even though, more increase in the adsorbent amount from 15 to 30 mgl/I, led to reducing
removal%, from 97 to 87. This outcome would be elucidated concerning agglomeration of the adsorbent active
sites by enhancing the adsorbent dose, resulted in a reducing concentration of the XO dye at the active sites and
diminishing removal%. Therefore, 15 mgl/l of the ZnO33%/NB adsorbent was enough to achieve the maximum
removal%.
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Figure 5. The elimination and residual of XO dye relation with adsorbent dosage of ZnO33%/NB

3.6.2 The effect of pH

The effect of initial pH in the adsorption of XO dye was performed in the range of 2 to 10 with 15 mgl-1 of
adsorbent dosage, at the constant primary concentration of 40 ppm of XO within 30 min (Figure 6). Based on
Figure 5 the ZnO33%/NB nanocomposite adsorbed a high quantity of XO (97%) at low (acidic) pH 2, but, the
adsorption of XO dye was diminished with an increase in pH. According to the literature, in an aqueous solution,
the acidic dye is initially dissolved and next dissociate and as a result, anionic dye ions are comprised, also, at
low pH, positive charge sites formed on the adsorbent surface [46-49]. So, it produces a remarkably most
electrostatic attraction among the anionic dye and the positively charged surface of the ZnO33%/NB adsorbent.
However, as the pH increased, the amount of negatively charged sites of XO dye enhanced and the amount of
positively charged sites of adsorbent diminished. As a result, the electrostatic repulsion between negative
surface sites of the nanocomposite adsorbent and dye anions in high pH did not favorable for more adsorption
of XO dye. Therefore, the pH of 2 was chosen as an optimum pH to achieve high removal of XO dye from
aqueous solutions.
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Figure 6. The adsorption of xylenol orange onto ZnO33%/NB nanocomposite at various pH

3.6.3 The effect of initial dye concentration

The effect of concentration of the dye has a distinguished role in the amount of adsorbed dye and the
performance of the removal of the dye. Commonly, increasing the initial concentration of the dye causes a
reducing percentage of dye removal which is due to the saturation of adsorption sites over the absorbing surface
[50, 51]. The effect of the diverse primary concentrations (10, 20, 40, 60, 80, 100, and 120 ppm) of XO on the
adsorption onto the surface ZnO33%/NB under the conditions the 15mgl-1 adsorbent dosage, pH 2, and 25 °C
was investigated (Figure 7). The results show that with an increase in the initial concentration of the dye, the
dye elimination diminishes. The reason for this phenomenon is that with increasing the XO concentration the
active surface of the ZnO33%/NB composite decreased. The adsorption system is extremely dependent on the
primary concentration of the dye solution. So, the final concentration of 40 ppm was selected to achieve the

maximum removal of XO dye.
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Figure 7. Influence of initial XO dye concentration on the elimination of XO dye.

3.6.4. The effect of adsorption contact time

To the sufficient removal of the dyes from diverse sources, the adsorption contact time should be short sufficient
for the time using in the industrial applications and the experiments in the laboratories [48]. The removal of XO
dye by ZnO33%/NB adsorbent at various adsorption contact times in the optimum condition is shown in Figure
8. The results show that the removal of the XO dye molecules was increased as enhanced the adsorption contact
time and then almost fixed after 30 min. Also, the rate of XO removal was fast, initially, and then slow down
gradually until it achieved the equilibrium, and further on there was no considerable enhance of dye removal.
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This might be because of the saturation of active surface sites of the ZnO33%/NB adsorbents. Therefore, 30
min was chosen as an optimum adsorption contact time to achieve the maximum removal of XO dye.
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Figure 8. The removal of xylenol orange from aqueous solution by Zn0O33%/NB, as a function of contact time

3.7 Adsorption isotherms

Investigation Xylenol orange adsorption using Langmuir and Freundlich adsorption isotherm models is
accomplished with initial concentrations (10-120 ppm) onto ZnO33%/NB adsorbent at pH 2 and it was
demonstrated in Figure 9a. The Langmuir model assumed at specific homogeneous sites, over the adsorbing
surface that the adsorption takes place in monolayer form, and is formulated in linear form as follows [52- 54]:

Ce_Ce, 1
qe_qm qm kL

(Eq. 4)

Where Ce, gm, KL, and are the equilibrium concentration of contaminant solution (mg I-1), the high adsorption
capacity (mg g-1), and the Langmuir constant (mg I-1), respectively, that gm and KL were accounted from the
slope and intercept of isotherm diagrams (see Table. 2). The maximum adsorption capacity of XO dye by
Zn033%/NB adsorbent was 11.95 mg g-1, confirming that the Zn033%/NB composite demonstrated supreme
adsorption capacities for XO dye. The RL parameter which it is give the best prediction to the desirability of
the adsorption process has been offered as follows [55]:

_ 1
T 14KLCo

(Eq. 5) RL

Where the RL value determines the type of the isotherm model. The RL factor values (0-1) demonstrated that
the adsorption of chosen XO dye into the ZnO33%/NB adsorbent was desirable (Table 2).

The Freundlich equation was studied to fit the data of XO dye adsorption isotherms through follows the equation

[56-59]:

(Eq. 6) Logqge = Logkf + % LogCe

Where Kf (mgg-1) and n illustrate Freundlich constant and heterogeneity parameter. The Freundlich isotherm
of XO dye is depicted in (Figure 9b). As shown in Table 2 and according to values of the R2, the adsorption
fitted the Langmuir model more than the Freundlich model.
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Table 2. The Langmuir and Freundlich isotherm parameters for the adsorption of XO dye by ZnO33%/NB
composite
Langmuir Freundlich
Dye gm(mg/g) KL (L/mg) R2 RL Kf (mg/g) n R2
X0 11.95 0.347 0.9907 0.002-0.365 3.33 0.750 0.898

3.8 Recyclability and stability of the ZnO33%/NB nanocomposite adsorbent

The investigation of the ZnO33%/NB reusability was carried out by cycle of experiments by using a mixture of
deionized water, NaCl (0.5 M), and hot ethanol as solvent. For this goal, the ZnO33%/NB composite was
thoroughly separated via simple filtration and washed with desorption solvents, and then washed 4 times with
deionized water and then dried at 100 °C for 8 h. The recovered ZnO33%/NB was tested its ability for adsorption
by reusing it in the adsorption process under constant conditions.

The findings demonstrate that the Zn0O33%/NB nanocomposite is reusable for at least five cycles without a
remarkable loss of activity (Figurel0).
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Figure 10. Reusability of the ZnO33%/NB nanocomposite in the elimination of XO dye

3.9. Comparison of adsorption capability of ZnO33%/NB nanocomposite with another adsorbent

The superiority of the Zn033%/NB nanocomposite adsorbent in the removal of XO dye from aqueous solutions
was checked by comparing the acquired outcomes with several adsorbents reported in the literature (Table 3).
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According to table 3, it is clear that concerning the removal percentage, and adsorption time the present
procedure is highly proper and superior.

Table 3. Comparison of the ZnO/NB nanocomposite in the removal of XO dye with several reported adsorbent

Adsorbent Time Removal (%) Ref.
(min)
Coal Ash 40 80 [48]
natural Bauxite (BXT) 120 75 [59]
HDTMA-BXT 30 98.6 [59]
Chitosan Microsphere 120 93.8 [60]
Molecularly Imprinting Polymers (MIP) 60 80 [5]
Fe304 + H202 45 94 [61]
MnO2 30 95 [62]
Nano ZnO 60 72 This work
Nanobentonite clay 60 52 This work
HDTMA/NB 60 7 This work
ZnO5%/NB 30 83 This work
Zn033%/NB 30 97 This work

4. Conclusion

Bentonite clay has been famous as an inexpensive sorbent over the last few decades because of its native,
modification capability, and plenty of availability. For the first time, this paper represents the fabrication of the
ZnO/NB nanocomposite by applying HDTMA as a surfactant. The results demonstrated that the fabricated
Zn033%/NB sample mediated via HDTMA surfactant had high amounts of nanoparticles of ZnO on the surface
of nanobentonite than the ZnO5%/NB fabricated without the mediation of HDTMA. The ZnO33%/NB in
comparison with the nanobentonite clay, and ZnO nanoparticles, shows high adsorption capacity, short reaction
time, and effective removal of XO dye from solutions. Influence parameters on the removal% such as sorbent
dosage, initial pH, primary dye concentration, and a time reaction were checked and the findings demonstrated
that the 97% elimination of XO dye occurred at 40 mgl-1 of dye concentration, pH 2, 15 mg of ZnO33%/NB
adsorbent in during of 30 minutes. Moreover, the adsorption isotherms displayed that the adsorption process of
XO dye follows Langmuir isotherm. The XO yield removal was 93 % after recycling the ZnO33%/NB sample
for 5 runs. Therefore, the ZnO33%/NB nanocomposite can be applied as a promising sorbent for treating
wastewater involving resistant organic dyes.
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