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Abstract

In this study, our goal was to create ZnS nanoparticles (ZSN’s) and use them to remove different heavy metals, such as iron and
phosphate, from aqueous solutions. A sol-gel process was used to create ZnS nanoparticles, which is a quick and effective way
to produce vast quantities of nanoscale ZnS. XRD, IR, UV-vis DRS, BET, and TEM techniques were used to analyze the surface
properties and material structure of ZnS. The adsorption capacity of the ZnS (ZSN’s) was assessed by several experiments. To
determine the ideal conditions for iron and phosphate removal, the pH solution effects (2-10), contact time (10-180 min),
adsorbent dosage (20—200 mg), and beginning iron and phosphate concentration (10-200 mg/l) on the capacity of adsorption
were examined. Results indicated a high iron and phosphate removal at pH 10 after 120 min with an adsorbent dosage of 10
mg. Iron and phosphate followed the Langmuir isotherm in their adsorption, with maximal adsorption capacities of 23.3 and
31.3 mg/g, respectively. Kinetics data were expressed in a pseudo-second-order mode with R? values of 0.96 and 0.99 for iron

and phosphate. The real samples showed a removal efficiency of 92.2% for iron and 86.5% for phosphate.

Keywords: Zinc sulfide (ZSN’s); Iron; Phosphate; Nanoparticles; Adsorption.

1. Introduction

The release of heavy metals into the
environment due to industrialization and
urbanization poses significant challenges globally.
Heavy metal ions are toxic and non-biodegradable,
which can negatively impact the environment. The
presence of these pollutants in water systems is a
major concern [1]. Heavy metal pollutants in water
are very stable and difficult to remove. They tend to
be absorbed by suspended particles and underwater
silt, leading to long-term contamination of water
bodies [2]. Iron is one of the heavy metals that can
be found in the environment. It mostly exists as
ferrous Fe (1), which is a soluble reduced divalent
form. This form can dissolve minerals from soil
layers when it meets rain, surface runoff, or
wastewater. Moreover, iron can also be present in
groundwater due to corrosion of steel and cast-iron
pipelines or the use of iron coagulants [3]. Iron in
water can cause high turbidity, staining, and
deposition in water distribution systems, as well as
foul smell and dark color [4]. The accumulation of

iron has harmful effects on the human body [5]. The
maximum allowed amount of iron in drinking water
is 0.3 mg/l, as higher amounts are unsuitable for use
in industry and home applications [6]. Excessive
phosphorous discharge into water bodies has caused
eutrophication to become a global environmental
concern [7]. Wastewater contains phosphorus in
various forms, including phosphate (H2PO4-,
HPO42-, and PO43-), polyphosphate, and organic
phosphate, and it is often responsible for harmful
algal growth. [8]. When there is an excessive
number of algae in a body of water that has an
excess of nutrients, it can lead to a depletion of
oxygen in the water. This can cause harm to aquatic
life such as fish [9]. Therefore, to prevent this from
happening, the United States Environmental
Protection Agency recommends that the upper limit
for phosphorus in water should be 10 pg/L [10].
Removing iron and phosphate from groundwater
and wastewater is crucial for environmental and
health reasons. There are several effective methods
available for reducing or eliminating the amount of
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iron in groundwater, such as ion exchange [11],
reverse osmosis [12], chemical precipitation [13],
electrolysis [14], adsorption [15] physio-chemical
processes [16], chemical precipitation [17], and
biological methods [18]. One of the most used
methods for removing iron and phosphate from
water is through adsorption. This technique is
reliable and efficient, as well as environmentally
friendly and cost-effective. Due to its flexibility and
high efficacy, it has become a popular choice for
many industries looking to treat aqueous solutions
[19-22]. The potential of nanoparticles in
wastewater treatment and environmental cleanup is
enormous due to their large surface area, self-
assembly potential, high selectivity, reactivity, and
catalytic potential [23, 24]. Nanometal sulfides,
including zinc sulfide (ZnS), are gaining interest due
to their low cost, easy manufacturing, and ion
exchange capacity [25]. Zinc sulfide (ZnS) is a
material with versatile properties that make it
suitable for a wide range of applications, including
electroluminescence [26], lasers [27], light-emitting
diodes (LEDs) [28], and bio-devices [29], as shown
by several studies. In this study, ZnS nanoparticles
were obtained through the sol-gel method with
Triethanolamine as a new caping and templating
agent and used as adsorbents for iron and phosphate
in a batch adsorption process. The experiment
evaluated several factors, such as adsorbent dosage,
initial concentration of iron and phosphate, solution
pH, and contact time. The study also calculated and
discussed the Kkinetic and isotherm adsorption
process.

2. Experimental:

2.1 Materials

The analytical-grade chemical reagents were all
provided by Sigma Aldrich Co. and used without
further purification. All the solutions were made
with distilled water. The next reagents were applied:
Zinc acetate dihydrate [Zn(CH3COO)..2H,0],
triethanolamine, sodium sulfide monohydrate
(NazS.9H,0), ethanol  absolute, potassium
dihydrogen phosphate (KH,PO.), iron (Il) sulfate
(FeS0O4.7H,0),  hydroxylamine ~ NH,OH.HCI,
ammonium  molybdate  ((NH4)6M07024.4H,0),
ammonium metavanadate (NH.VOs), sodium
acetate (NH4C2Hs0,), and and1,10-phenanthroline
monohydrate (Ci2HsN2). All the glassware was
cleaned with dilute acid. The dried glassware was
utilized.

2.2 Fabrication of ZnS nanoparticles (ZSN’s)

ZnS nanoparticles were synthesized using the
following method: 0.5 M of zinc acetate dehydrate
was dissolved in 100 ml of distilled water, and the
solution was stirred for about 20 minutes. Next, 50
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ml of Triethanolamine (10% v/v) was gradually
added to the solution as a templating agent, and the
mixture was stirred for an additional 30 minutes.
Then, 50 ml of a 0.5 M NayS solution was added
dropwise to the mixture while stirring continuously
for 4 hours. The resulting white sol was aged at
ambient temperature for 24 hours to produce a
gelatinous phase. The precipitate was filtered and
repeatedly washed with ethanol and distilled water
to eliminate contaminants. Finally, the product was
dried for 8 hours at 80°C in the furnace to obtain a
fine powder.

2.3 Material characterization

The structure of the crystalline phase of the prepared
sample was characterized by Shimadzu, Japan's X-
ray diffraction (XRD-6100) by Cu Ka radiation (A =
0.154178 nm). The FTIR spectrum that has been
performed by Nicolet is 50. UV-Vis diffuse
reflectance spectra were recorded using the JASCO
spectrometer model V-570. BEISORP max |l
equipment is used to determine the various
properties of the produced sample from adsorption-
desorption isotherms. The manufactured sample's
microstructure was examined using transmission
electron microscopy (JEM 100CX11).

2.4. Adsorption procedure

In this study, we investigated the use of ZnS (ZSN's)
in batch adsorption mode to eliminate iron and
phosphate ions from a sample solution. We used two
beakers, each containing 50 mg of ZnS (ZSN's) and
50 ml of iron and phosphate solution at a
concentration of 10 mg/l. The solutions were then
placed on a shaker (250 rpm). We studied the factors
that influence the adsorption process, such as
contact time (10-180 min), pH of solution (2-10),
adsorbent dosage (20-200 mg), and initial
concentration of iron and phosphate (10—200 mg/l).
After adsorption was complete, we used a centrifuge
to separate the adsorbent from the solution. We
measured the remaining concentrations of iron and
phosphate ions in the solution using a UV-visible
spectrophotometer (phenanthroline method for iron
and vanadomolybdophosphoric acid colorimetric
method for phosphate). We used Equation (1) to
calculate the removal efficiency (E%), and Equation
(2) to calculate the adsorption capacity at
equilibrium (qe):

E% = ((Co — €)/Co) X 100 (1)
qe = ((Co — CIV)/m )

Where the ¢ is the equilibrium adsorption capacity
(mg g*), Cois the initial concentration of Iron and
phosphate before adsorption (mg L), C; is the
concentration of Iron and phosphate at time t (mg L-
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DV is the aqueous solution volume (L), and m is the
adsorbent dosage (9).

3. Results and Discussion

3.1 XRD of the synthesized Zn$S

The (111), (220), and (311) planes may be seen in
the XRD patterns of ZnS NPs, which correspond to
the cubic zinc mix phase, JCPDS number 080-0020,
illustrated in Fig. 1. There were no impurity-related
diffraction peaks seen in the sample. The Debye-
Scherer equation has been used to determine the
diameter of ZnS particles [30]. D = 0.9A/B cos 6,
where f is the full width at half maximum (FWHM)
of the diffraction peak in radians, 0 is Bragg's
diffraction angle, and A is the wavelength for the
Kas component of the copper radiation employed
(1.54 A). The average particle size is about 54 nm.

Intensity (A.U)

26, degree
Fig. 1: XED Spectra of ZnS nanoparticles

3.2 FT-IR spectra

FT-IR spectra of ZnS (ZSN’s) are displayed in Fig.
2. It reveals many characteristic peaks; the broad
absorption band at 3360 cm™ is attributed to the O-
H stretching mode of H,O absorbed on the surface
of the particles. The two bands observed at 1560 and
1418 cm™' are due to the C=0O asymmetric
stretching. The peaks appearing at 672, 619, and 478
cm™! are associated with Zn-S vibration and are
characteristic of cubic ZnS [31].
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Fig. 2: FT-IR. spectra of ZnS nanoparticles

3.3 Optical properties
Fig. 3a shows the absorption spectra of ZnS (ZSN)
nanoparticles. The spectra peaks between 250-380
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nm, indicating the band gap of the particles. There
is no absorption peak in the visible region of 400-
800 nm. The Tauc plot can determine the optical
band gap of the ZnS nanoparticles using the
equation [(ahv)n=A(hv-Eg)], where o is the
absorption coefficient, hv is the incident photon
energy, A is a constant, and Eg is the band gap
energy of the material. The type of transition
determines the exponent n, which is 2 for direct
transition and 1/2 for indirect transition. The band
gap of ZnS NPs was found to be 3.6 eV, as shown
in Fig. 3b.
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Fig. 3t (a) UV-Vis spectra and (b) Taue plot of ZuS nanoparticles

3.4 Textural characterization

As shown in Fig. 4a, the produced ZnS (ZSN’s)
exhibits a typical type IV Nz adsorption-desorption
combining with Hs hysteresis loop in the P/P0 range
of ~0.4-0.98, which is consistent with the mesopore
system. The pore-size distribution obtained using
the Barrett-Joyner-Halenda (BJH) method indicates
a narrow peak centered at 4 nm as shown in Fig. 4b.
The smaller pore size may derive from the
aggregation of ZnS crystals in the porous spherical
core. The sharp distribution of mesopores suggests
that nanoparticles have uniform internal structures.
The BET surface area (Sger) and pore volume of
7ZnS (ZSN’s) are about 57 m? gt.and 0.115 cmég-?
respectively.
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Fig. 4: (a) N2 adsorption-desorption isotherms (b) BJH pore size distribution curves of ZnS nanoparticles.

3.5 Transmission Electron Microscope (TEM)
Fig. 5 displays a TEM image of the ZnS
nanoparticles and depicts nearly spherical
aggregates. The particle size of ZnS is around 60
nm. The size of particles observed in the TEM
micrograph agrees with crystallites estimated from
the Debye-Sherrer formula.
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100 nm

Fig. 5: TEM images of ZnS nanoparticles (ZSN’s).

3.6 Batch Adsorption Study

The iron and phosphate adsorption on ZnS (ZSN’s)
was examined as a function of contact time, medium
pH, ZnS nanoparticle dose, and the initial iron and
phosphate ion concentration employed to optimize
circumstances. The results are shown in Figs. 6(a)
through 6(d), correspondingly. Understanding the
adsorption process is greatly aided by the study of
the adsorption rate. The effect of contact time on the
adsorption of iron and phosphate was studied at the
initial concentration of 10 mg/L (while maintaining
pH medium at 6.5 and the adsorbent dose of 50
mg/50 ml) and various adsorption times from 10 to
180 min. The entire adsorption process started with
quick adsorption within ten minutes, progressed to
a process of the adsorption rate gradually slowing
down, and finally reached equilibrium. The
equilibrium time of the iron and phosphate solution
with an initial concentration of 10 mg L' was
determined to be 120 min, as shown in Fig. 6a. The
pH of the sample solution is a crucial variable since
it may have an impact on the chemical makeup of
the analytes as well as the surface characteristics of
the adsorbent. [32-34]. Fig. 6b shows the impact of
pH on the adsorption of iron and phosphate in the
range of (2-10) with an initial concentration of 10
mg/l at 120 min. For iron, the results demonstrate
that the increase in pH increases the adsorption
amount from 6 mg/g at pH 2 to 9.9 mg/g at pH 10.
This significant increase might be caused by the
precipitation of iron in the form of a Fe3* hydroxide
brown precipitate [35]. For phosphate ions, the
adsorption amount decreases slightly in the acidic
medium, reaching 8.3 mg/g at pH 2, and increasing
slightly to 9.2 mg/g at pH 10. One of the crucial
factors that significantly influences the adsorption
capacity is the amount of adsorbent. The impact of
adsorbent dosage was studied with different
amounts of ZnS from 20 mg to 200 mg (the initial
concentration was 10 mg/l with a procedure time of
120 min) (Fig. 6¢). It demonstrates that when the
dose of ZnS (ZSN’s) increased, the amount of
adsorption increased from 5 mg/g to 9.95 mg/g for
iron ions and increased from 8 mg/g to 9.9 mg/g for
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phosphate ions. This increase in the amount of
adsorption is due to an increase in the active site of
the adsorbent. The ideal concentration of the
adsorbent for both ions was determined to be 100
mg. The impact of initial iron and phosphate
concentrations on the adsorption capacity is seen in
Fig. 6d at a dose of 100 mg and an initial
concentration of 10 mg/l to 200 mg/I. For iron and
phosphate, the adsorption capacity rose noticeably
from 9.3 mg g1 to 22 mg g* and from 8.7 mg g to
30 mg g}, respectively.

Qeimaig)
g
Saemaig)

)

3.2. Kinetics and isotherm analysis

3.2.1 Kinetic studies

To further understand the iron and phosphate ion
adsorption processes on ZnS nanoparticles, kinetic
studies were conducted to identify the process's rate-
limiting phase. When solution species are adsorbed
on solid surfaces, we have studied four equation
models: pseudo-first-order, pseudo-second-order,
intra-particle diffusion, and the Elovich equation.
Equation (3) describes kinetics and the linearized
form of pseudo-first order [36, 37]. Equation (4)
describes the pseudo-second-order expression's
linearized form. Equation (5) describes intra-
particle diffusion. Equation (6) describes the
Elovich equation.

In (Qe - gi)=In Qe - kat 3)
S S @)

qt quﬁ 9e

Here, q: and g. are the amount of solute adsorbed per
mass of sorbent (mg g*) at time (t) and equilibrium (e),
respectively. k; (min) and k; (g mg ** min) are the
equilibrium rate constant of the pseudo-first order and
the pseudo-second order kinetics, respectively.

"/ﬂr.l = klrjruz + ('1 (5)

where, Kp (mg/g'minl/2) is the intraparticle diffusion
rate constant and C is the intercept. By drawing gt on
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the Y-axis against t (min) on X-axis we can find the
slope, intercept, and correlation coefficient:

g. =(/B)n(ap)+(1/B)Int  (§)

Where g symbolizes the adsorption capacity (mg g) at
time t (min), and o and B indicate the rate of
chemisorption (mg g* min') at zero coverage and the
desorption constant (g mg™), associated with surface
analysis and activation energy analysis for
chemisorption, respectively [38]. The values of o and f3
can be obtained by plotting g:vs. In(t).

Figs. 7a, b, ¢, and d reveal that the data of kinetic
results reasonably matches the pseudo-second-order
kinetic model, which has R? values of 0.96 and 0.99 for
iron and phosphate, respectively. This demonstrates
that the number of adsorption sites on the ZnS
nanoparticles' surface as well as the concentration of
iron and phosphate have an impact on the rate. The
kinetic parameters determined using pseudo-first order
and pseudo-second order are displayed in Table 1.
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3.2.2. Adsorption isotherm
The interaction between the adsorbent and adsorbate is
well described by the adsorption isotherm. The
experimental results were analysed using three nonlinear
isotherm models, including the Langmuir, Temkin, and
Freundlich isotherms [39, 40]. The Langmuir isotherm
model states that adsorption happens as homogenous
monolayer adsorption onto a surface with a finite number
of uniformly distributed adsorption sites. Adsorbate does
not diffuse across the planar adsorbent surface [41].
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Equation (7) can be used to express the Langmuir

isotherm model in linear form:
Table 1: Kinetics parameter for Iron and phosphate adsorption
Kinetic model Prameter Fel” PO+~
ki (min™) 83x10° 1x10*
Pseudo-first .
Order R 0.79 0.82
g 24 54
ko (g mg! min'h) 0.02 0.003
Pseudo second- R 096 0996
or:
Qe 129 10
c(mg/'g) 713 3.62
Intra-particle diffusion R? 0.63 0.707
Kp (mg/gmin'?) 0.195 0.46
u (mg g min’) 544 19
Elovich equation R} 0.82 0.88
B (gmg) 13 0.588
Ce 1 1
eolig )
de qm K1qm

Where e, 0m, Ce, and K; have the corresponding
adsorption capacity (mg/g), maximum adsorption
capacity (mg/g), equilibrium concentration (mg/l), and
adsorption equilibrium constant called the Langmuir
constant (mg/l), respectively [42]. The Freundlich
isotherm model predicts that the adsorption is
multilayer heterogeneous, and Equation (8) can
describe its linear form:

logq, = log Ky + %log C. (8)

where Kr, n, Ce, and ge are the Freundlich constant
(mg/g), a constant, equilibrium concentration (mg/l),
and corresponding adsorption capacity (mg/g),
respectively. The Temkin isotherm hypothesis for this
model states that as the surface area covered by
adsorbate and adsorbent interactions increases, the heat
of adsorption for the molecules in the layer decreases
linearly. This model is represented by Equation (9):

Ge =7 +1n(keCe) ©)

Here, Kt is the equilibration constant; and br is the
adsorption heat. Plotting ge against In Cc allowed for the
calculation of br and K values for the ions iron and
phosphate, adsorption data for the Langmuir,
Freundlich, and Temkin isotherm models are presented
in Fig. 8 (a—c), respectively. The variables that were
calculated using the provided isotherm models are listed
in Table 2. Based on R? values, the Langmuir model is
the best isotherm model for the adsorption of iron and
phosphate. The adsorption capacities (gm) of ZnS
nanoparticles were compared with different adsorbents
The comparison results of five kinds of adsorbents
presented in Table 3 indicate that the iron adsorption
capacities of ZSN’s were higher than other adsorbents
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while the phosphate adsorption capacities of ZSN’s was
higher than other adsorbents expect for SA-ZrBT.

Col g

Fig. $b: Freundlich isotherms for Iron and phosphate adsarption.

Table 2: Isotherm parameters for Iron and phosphate adsorption

Model _ Prameter Fel* PO
Langmuir  Qmax (mg g) 233 313
Ki(Lmg?) 0018 0.015
R} 0.98 097
Kf(mggl) 266 238
Freundlich
n 6.66 4
R? 0.96 0.94
Kr(Lmgh) 565 339
Temkin
br (J mol) 225 42
R 0.88 0.89
Table 3: Comparison of ZnSNPs with other adsorbents for iron and phosphorus adsorption capacity
Adsorbent concentration  Maximum adsorption
range (mg/L) capacity (mg/s) References
AP 12 0.603 (2]
- CuO Nps 210 3.43 1]
D (GAC) 0-10 1486 146]
(AIR-120H) 0-10 156 [46]
Zns Nps 20-200 233 ‘This study
SA-ZIBT 5-100 375 471
VPPCC 2-80 187 [48]
Phosphate 63" ps 0-60 19 [49]
Sn02 NPs 0-60 215 [49]
ZnS NPs 10-200 313 This study

3.4 Regeneration study

The regeneration process was followed by the
previously published procedure [43]. ZSN’s was
subjected to an adsorption process at a concentration of
10 mg/L of both iron and phosphate for 120 min. 10 ml
of 2M NaOH solution was used to elute (desorbed) the
iron and phosphate ions from ZSN’s after each
adsorption operation. After that, the adsorbent was
cleaned to the proper pH using extra-distilled water.
The adsorption-desorption cycles were repeated a fifth
time. After the fifth cycle, the removal efficiencies for
iron ions dropped to 70% and 60% for phosphate ions,
respectively.

3.5. Natural Water Sample Treatment

The concentrations of iron and phosphate before and
after placing the adsorbent in various samples taken
from different wells in El Kharja and surface wells
(used for irrigation) are shown in Table 4. The data
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reveals that under the optimized conditions used in the
batch adsorption study, the removal efficiency was
92.2% and 86.5% for iron and phosphate respectively.

Table 4: Iron and phosphate removal efficiency from real samples

Sample Tnifial Final Remaoval
name concentration concentration (%)
(mg/) (mg/l)

Elkharja 16 173 011 93.6
Tron Elkharja 55/4 23 017 926
Elkharja 42 089 0.05 044

Elkharja 27 391 045 885

Sample 1 141 0.18 872
Phosphate Sample 2 105 0.00 014
Sample 3 156 02 872

Sample 4 127 025 803

4. Conclusion

This work successfully synthesized ZSN's using the sol-
gel process, and it used XRD, IR, UV-Vis DRS, BET,
and TEM techniques to describe it. ZSN's were used to
remove iron and phosphate from both laboratory-based
synthetic water and natural water that was gathered
from the El Kharja area. The effects of solution pH,
contact time, adsorbent dosage, and starting iron and
phosphate content on the adsorption capacity were
investigated. Adsorption of iron and phosphate on ZnS
(ZSN’s) follows the pseudo-second-order Kinetic
model, Langmuir adsorption isotherm, Adsorption
capacity from the Langmuir model is 23.3 and 31.3
mg/g for iron and phosphate, respectively. The study's
findings lead to the conclusion that synthesized ZSN's
represent a promising possibility for the removal of iron
ions from groundwater and phosphate ions from
wastewater.
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