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ABSTRACT lIron is a heavy metal found in water due to natural geological sources, household trash, industrial
waste, and numerous by-products. An excessive amount of iron in drinking water can lead to significant health
issues in humans. In the current study, metallic Zn—Se NPs modified with Ag and urea were synthesised
via the sol-gel method and characterised by XRD, FESEM, EDX and FTIR. The synthesised ZnSe:Ag:Urea
nanoparticles were used for the adsorptive removal of iron, a heavy metal, from water. Herein, we have utilised
adsorption technology to extract iron ions from water, considering the toxicity of iron at high concentrations.
Experimental batch adsorption studies were conducted on an aqueous solution containing Fe (lll) ions under
various conditions, including temperature, contact time, adsorbent dosage, and initial metal ion concentration.
Results showed that iron adsorption was favourable, with a maximum removal percentage of 89.5 % under
optimal room temperature conditions, optimal adsorbent dosage, and initial metal ion concentration. of 0.1 g/L
and 100 mL, respectively. The iron absorption also reached an equilibrium state within 80 minutes of contact
time by using ZnSe:Ag:Urea as the adsorbent.
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1. Introduction

Clean water is one of the essential requirements for the existence of life on Earth. However, in recent years, the
contamination of water has become a significant problem all around the globe. This is mainly because of industrialisation
and huge population growth spurred by expanding urbanisation, leading to an increase in contamination of water at an
alarming rate [1,2]. Heavy metals, the major water pollutant, pose the most significant damage to human health and the en-
vironment as they are highly poisonous, even at low concentrations. This non-biodegradable material accumulates through
the food chain and destroys aquatic life while posing significant risks to human health [3]. There is a substantial increase
in water pollution due to heavy metals because of the continuous increase in urban and rural industrial and agricultural ac-
tivities such as the preservation of wood and dyes, electroplating, steel production, industrial smelting, sewage irrigation,
textiles, fertilisers, battery manufacturing, construction, pharmaceutical, metallurgical industries, etc. [4]. Heavy metals
like Hg, Cr, As, Zn, Ni, and Cd are highly hazardous to human beings, and exposure to even small amounts of these heavy
metals cause severe damage to human health [5]. These metals naturally infiltrate water bodies as rainwater seeps through
rocks, resulting in the dissolution of trace amounts of metals into the water. This water subsequently flows into larger
water bodies, which are utilized by individuals for various purposes. Iron is one of the metals that is naturally present in
water. It is the fourth most abundant element on the planet, and it holds the second position in terms of abundance within
the earth’s crust [6]. It is present in significant amounts within rocks and soil systems globally. This mineral nutrient is
essential, contributing to the regulation of energy metabolism. Moreover, it serves as a crucial component in hemoglobin,
myoglobin, and various enzymes. Insufficient iron levels in the body can lead to iron deficiency, anemia, fatigue, and
a heightened vulnerability to various infections [7]. Water bodies obtain iron from either natural geological sources or
through the disposal of household waste and industrial discharges [8]. The primary sources of iron in surface water in-
clude pollution originating from the iron and steel industries, as well as mining activities and the corrosion of metals [9].
In addition to surface water, iron is found in groundwater as well. The primary cause of iron’s presence in groundwater
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is the leaching process from iron-rich rocks and minerals [10]. The levels of iron found in both surface and groundwa-
ter range from 3 to 4 mg/L up to 15 mg/L [11]. The concentration of iron in the groundwater of West Bengal, India,
ranges from 2 to 10 mg/L [12]. In the Ganga river, near the Fazalpur industrial area located in the Moradabad district of
Uttar Pradesh, India, iron concentrations have been recorded as high as 6 mg/L [13]. Furthermore, the groundwater in
Assam, an eastern state of India, exhibits significant contamination with high levels of iron [14-16]. It is important to
note that the permissible limit for iron in drinking water is set at 0.3 mg/L [17,18]. While initial concentrations exceeding
this limit may not pose immediate health risks, prolonged consumption of water with elevated iron levels can lead to a
condition known as iron overload [19]. Excessive consumption of iron can result in the disruption of hematopoiesis by
harming both the progenitor cells and the supportive microenvironment necessary for this process. If iron overload is not
addressed, it may progress to hemochromatosis, which can cause damage to various organs in the body [20-25]. The
initial manifestations consist of weight reduction, joint discomfort, and exhaustion. Additionally, ocular conditions like
retinitis, conjunctivitis, and choroiditis, along with cancer and cardiovascular diseases, represent some of the prevalent
health challenges associated with elevated levels of iron in the water [26]. In addition to the aforementioned health-related
concerns, various other issues associated with elevated iron levels in water have been documented. At higher concentra-
tions, this metal contributes to an unpleasant odor, a metallic flavor, and a reddish hue in the water [27]. It also leads to the
formation of stains and streaks on laundry and plumbing fixtures. The accumulation of softeners and pipelines caused by
the precipitation of iron can result in unfavorable conditions within the water distribution systems [28]. Elevated levels of
iron can serve as a substrate for specific bacterial species. The interior surfaces of pipes provide an optimal environment
for these bacteria. Their populations can grow to such an extent that they begin to obstruct pipes, thereby diminishing
the water flow rate within the pipeline. Once these bacterial colonies become established, their removal from the pipeline
poses significant challenges. Additionally, pipelines constructed from iron frequently encounter issues such as punctures
and leaks, as noted in references [28,29]. The decomposition of these bacteria results in the generation of foul odors and
undesirable tastes in the water supply [28].This calls for the effective treatment of water in order to remove the elevated
levels of iron and produce safe and clean water. A number of methods have been reported in the past for such purpose.

In the present study, ZnSe nanoparticles doped with Ag and functionalized with urea (denoted ZnSe:Ag:Urea) were
synthesized via the sol-gel method and comprehensively characterized by X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), and Fourier transform infrared spec-
troscopy (FTIR). Set experiments were conducted to investigate the adsorptive removal of Fe(IIl) under varying conditions
of temperature, contact time, adsorbent dosage, and initial ion concentration. The synthesized ZnSe:Ag:Urea nanoparti-
cles demonstrated a maximum iron removal efficiency of 89.5 % at optimal conditions — an adsorbent dosage of 0.1 g/L,
solution volume of 100 mL, room temperature, and equilibrium achieved within 80 minutes.

This work aims to (i) validate the synthesis and modification strategy for ZnSe:Ag:Urea nanoparticles; (ii) Assess
their potential as an efficient and regenerable nano-adsorbent for water treatment applications.

2. Experimental details
2.1. Materials

Zinc acetate dihydrate (Zn(CH3CO3)2-2H50), selenium powder, Silver nitrate (AgNO3), urea (NHoCONH>), hy-
drazine hydrate (NoHg), ethylene glycol (OHCH>;CH>OH) and methanol were used in this study. All chemicals, pur-
chased from Merck, India, were used as received and without further purification and were of analytical reagent grade
(> 95 % purity).

2.2. Methodology

Urea and silver modified ZnSe nanoparticles were synthesised by a chemical route called the sol-gel method. In a
typical reaction, 0.5 M zinc acetate solution was prepared by dissolving 1.317 g of zinc acetate dehydrate salt in 12 mL
of methanol, whereas that of selenium(1 M) was prepared by dissolving 0.631 g of selenium in 8 mL of methanol. The
two solutions were sonicated for 30 minutes in an ultrasonic bath, transferred to a 200 mL beaker, and again sonicated
for 30 minutes. Next, the prepared solution was refluxed at 80 °C on a hot plate magnetic stirrer for 3 hours. After the
first 10 minutes,10 ml hydrazine hydrate, a reducing agent, and 15 ml ethylene glycol, a stabilising agent, were added
dropwise to the solution. Then, the solution was doped with 50 % silver nitrate and 50 % urea. After about 40 minutes, the
reaction was completed (i.e., the solution was converted into gel) and stirring was stopped. The gel that formed was kept
at a temperature of 80 °C to allow the volatile impurities to escape, and a dark-grey coloured xerogel was formed, which
was then washed with deionised water 3-4 times using a centrifuge at a speed of 6000 rpm. Finally, the resultant product
was dried in an oven at 70 °C for 24 hours and yielded a dry mass which was crushed in a mortar and pestle to reduce
particle sizes to the nanoscale. Fig. 1. illustrates the detailed Experimental procedure for synthesising the Urea:Ag:ZnSe
nanoparticles.
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F1G. 1. Experimental procedure for the synthesis of the Urea:Ag:ZnSe nanoparticles

3. Results and discussion
3.1. Characterization of Urea:Ag:ZnSe nanoparticles

The synthesised ZnSe nanoparticles were characterised using X-ray diffraction (XRD), Field Emission Scanning
Electron Microscopy (FE-SEM), Fourier Transform Infrared Spectroscopy (FTIR), Energy Dispersive X-Ray (EDX), Par-
ticle Analyzer and Zeta Potential studies. The crystal structure of the sample ZnSe NPs was investigated by XRD using
Smart Lab 3kW X-ray Diffractometer from Rigaku operating at a voltage 40 kV and filament current 30 mA with CuKj
radiation(\ = 1.392 A) and scanning rate of 5.0985 deg/min and scan range set from 20° to 80°.The FE-SEM (Gemini
SEM 500 from Carl Zeiss) and ultra dry Compact EDS Detector (Thermo Scientific™) are used for high-resolution imag-
ing and elemental analysis. Energy Dispersive X-Ray Spectra (EDS) was used to identify samples’ elemental composition
and purity by atom percentage of metal, and FE-SEM examination confirmed the surface shape of ZnSe NPs.The phase
composition and molecular structure analysis were done using FTIR (Shimadzu). A lithium tantalate detector, a Perkin
Elmer Spectrum 2 (USA), was used to obtain Fourier-Transform Infrared Spectra in the 400 — 4000 cm ™' range. With a
resolution of 4 cm ™1, a single scan produced the spectra to identify and characterise functional groups.

3.1.1. XRD analysis. Powder X-ray diffraction (XRD) investigations were conducted on Ag and urea-doped ZnSe NPs.
CuK 3 radiation of wavelength 1.392 A and scanning rate of 5.0985 deg/min).The XRD profile (Fig. 2) reveals the presence
of zinc selenide (ZnSe), silver selenide (AgoSe), Urea (NH2CONHs3) and selenium (Se) in the as-prepared nanoparticles.
The peak at 20 = 27.2° (111), 45.22° (220), 53.58° (311), 67.31° (400) and 72.68° (203) corresponds to ZnSe [30-
37]. The peak at 26=33.4°(112), 34.68°(121), 39.94°(103) and 40.268°(122) correspond to Ag,Se [38,39]. Two peaks
of NHyCONH,, (urea) have been obtained at 20=22.76° and 36.92° due to diffraction from (110) and (210) planes,
respectively [40,41]. A single diffraction peak for by-product Se has also been obtained. Also the peak corresponding to
Ag obtained at 20 = 37° (111), 46° (200), 64° (220), and 78° (311) [42]. The average crystallite size has been estimated
using Scherrer’s formula: G = (0.9\)/(3 cos ), where \ is the wavelength of CuKc radiation (A = 1.541 A), 8 is
the full width at half maximum (FWHW) of the intensity of the corresponding peak and 6 is half the angle between the
incident and the scattered X-ray beams. The average particle size of ZnSe:Ag:Urea NPs was calculated to be 19.911 nm.

3.1.2.  Morphological studies by FE-SEM. The surface morphology of urea and silver-modified zinc selenide nanoparti-
cles was studied using an FE-SEM.The FE-SEM images (Fig. 3(a,b,c,d)) show that the synthetic Urea: Ag:Zn:Se nanopar-
ticles are almost spherical and round-shaped with porous surfaces. Surface modification by silver and urea of ZnSe NPs
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F1G. 3. FESEM images (a,b,c and d) of urea: Ag:Zn:Se nanoparticles for various magnifications

forms the porous structure. The material, as synthesised, consisted of highly facetted nanoparticles that were connected
and clustered together.

3.1.3.  Elemental composition analysis by EDX. The elemental composition of synthesised Urea:Ag:Zn:Se NPs was
determined by Energy Dispersive X-Ray (EDX) spectroscopy. In the EDX spectra displayed in Fig. 4(a), 11 peaks could
be seen for the parent material of urea:Ag:Zn:Se nanoparticles: three peaks for elemental zinc, three for selenium, two for
silver and three for elements carbon, oxygen and nitrogen present in urea. Other small peaks in the spectrum indicate the
presence of minor levels of Au, which are attributed to the coating procedure that the samples were subjected to preceding
the EDX examination analysis confirms the presence of Zn (9.6 %), Se(19.7 %), Ag(16.2 %), urea (29.3 % C, 15.2 % N,
10.2 % O) as shown in Fig. 3(b).

3.1.4.  Analysis of FTIR spectra. A view of the pure urea FTIR spectrum is presented in Fig. 5(a). The C=O stretching
frequency is visible at 1677 cm ™. Stretching and deformation frequencies for N-H are observed at 3455 and 1625 cm ™!,
respectively. The C—N stretching frequency is visible at 1453 cm ™ [43]. The FTIR spectra of pure ZnSe nanoparticles
are depicted in Fig. 4(b). ZnSe vibrations are characterised by distinctive peaks at 480, 552, 612, 664, and 960 cm~!. The

trace amount of H,O in the solution explains the peak at 3204 cm ™, which was attributed to O—H stretching. Additionally,
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the characteristic ZnSe absorption peak is represented by the peak at 960 cm ™!, while the Se-O stretching bond causes
the peak at 1134 cm~!. The peak at 3199 cm ™! corresponds to the N—H stretching vibration band, indicating NoH,’s
interaction with the zinc ion [44].

On the other hand, the FTIR spectra of ZnSe nanoparticles modified with silver and urea, as displayed in Fig. 5(c),
show deviated and different numbers of peaks from those of pure ZnSe and pure urea, which suggests that new bonds
are formed. ZnSe vibrations characterised by distinctive peaks 480, 550, 610 and 664 cm™ ! are shifted to 546, 620,
721 and 815 cm™!. The characteristic ZnSe absorption peak at 960 cm ™! is shifted to 1051 cm™! while the peak at
1134 cm ™!, caused by the Se—O stretching bond, is shifted to 1150 cm ™. This suggests an Ag—Se bond formation, which
is also supported by XRD studies as Ag,Se peaks are observed in XRD spectra. The kind and nature of the metal appear
to impact how urea coordinates with metal ions. While Zn(II) coordinates to the oxygen of urea, Ag(Il) preferentially
coordinates to the nitrogen. If a nitrogen-to-metal connection exists in urea-metal complexes, the complex’s vibrational
spectrum differs greatly from that of the free urea molecule. The C=0 (C=0)) would be adjusted to a higher frequency at
roughly 1700 cm™ !, and the N-H stretching frequencies would be shifted to lower values [45-48].

Here, in the FTIR spectra of synthesised Urea:Ag:Zn:Se NPs as shown in Fig. 4(c), the C=O0 stretching frequency
1677 cm™*! of pure urea is shifted to 1701 cm~!. The C-N stretching frequency has shifted from 1453 to 1480 cm™*.
However, the nitrogen-hydrogen bond stretching vibration peaks provide the best infrared signal for nitrogen. Two of
these are seen in Fig. 4(c) at 3257 and 3142 cm™?, indicating the shift of the N—H stretching frequency to 3455 cm™*
from that of pure urea. Also, hydrogen bonding is the reason for these peaks’ reduced amplitudes but broader bases. It
should be noted that the N—H stretching peaks are smaller and narrower than the O—H stretching peaks, which are broad
and strong, although the O-H stretching peaks of functional groups such as alcohols and carboxylic acids also fall within
this range (3500 to 3100 cm™!). Note that the O—H stretching peaks of functional groups like alcohols and carboxylic
acids also fall in this range (3500 to 3100 cm™'), but these peaks are broad and strong compared to N-H stretching
peaks, which are narrower and smaller. The N-H deformation frequency is visible at 1630 cm ™. This suggests urea has
coordinated to the metal (Ag) through nitrogen. Further, the peaks at around 2887 and 2826 cm ™' can be attributed to
C-H stretching of urea. Thus, the FTIR study leads to the conclusion that Ag bridges the bond formation between ZnSe
NPs and urea’s Ag forms the bond with Se of ZnSe NPs, and nitrogen of NHs group of urea leads to the deviation of FTIR
spectra of synthesised nanomaterial from that of pure urea and pure ZnSe NPs, respectively.
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FI1G. 5. FTIR spectra of (a) pure urea, (b) pure ZnSe NPs and synthesised Urea:Ag:Zn:Se NPs

4. Adsorption experiments

Batch adsorption experiments were conducted to determine how different parameters (initial conc of metal ion,
amount of adsorbent, contact time and temperature) affected the removal rate of Fe and adsorption capacity of Ag and
Urea modified ZnSe nanomaterial. Fe removal experiments were performed using 100 mL Erlenmeyer flasks containing
50 mL metal solution of desired concentration and specific amounts of adsorbent. An electric orbital shaker was used
to shake the Erlenmeyer flasks at 200 rpm continuously. After the elapsed time, each flask’s solution was filtered using
Whatman filter paper, and the concentration of iron ions was determined using AAS(atomic absorption spectrophotome-
ter). The ideal contact time was calculated at room temperature with 0.1 g/L of adsorbent and 100 mg/L of Fe. The 0.01 —
0.4 g/l and 5 — 250 mg/L, respectively, were used to study the effects of adsorbent dose and initial Fe concentration.
At 25, 50, and 80 °C, the impact of solution temperature (25, 50, and 80 °C) on the effectiveness of Fe removal was
examined. The amount of Fe adsorbed onto the adsorbent at each contact time (g.) was calculated using the eq. (1):

@ = (Co—C)- M
m
where Cj and C. are initial and equilibrium concentration of Fe (mg/L), respectively. V is the volume of the aqueous
phase (L) and m is the mass of adsorbent (ZnSe:Ag:Urea). The removal percentage of Fe was calculated using the
following eq. (2):
Co—C,

Removal efficiency (%) = Tgi -100 %. 2)

4.1. Effect of contact time

Figure 6 shows the effect of time on the Fe adsorption with an adsorbent dosage of 0.1 g and an initial Fe concen-
tration = 100 mg/L/L. The removal rate increased significantly within the first 70 minutes, then increased marginally,
reaching its steady state within 80 minutes. The availability of many empty active sites on the adsorbent surface may
cause a substantial increase in adsorption efficiency. However, extending the duration of contact reduces the availability
of iron ions to the adsorbent surface’s active sites, decreasing the removal efficacy [49]. In other words, the reason for
the constant value throughout the equilibrium phase is that heavy metal ions entirely occupy the vacant space. As time
passes, no more adsorbent sites are available for the heavy metal ions to bind to [50]. Thus, the 90-minute contact period
has been chosen as the ideal contact time for subsequent study.
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4.2. Effect of initial metal (Fe) concentration

It was observed initially as the metal ion (Fe) concentration. Increases from 0 — 100 mg/L, the percentage of Fe
removal increased from 46 to 89.6 %, which can be attributed to the higher number of available vacant sites on the
adsorbent and the rise in the concentration gradient between the Fe ions in the solution and the Fe ions on the surface
of the adsorbent [51]. Then, by further increasing the initial Fe ion concentration from 100 — 250 mg/L, the Fe removal
percentage decreased from 89.6 to 73.46 %. This is because with the progress of the adsorption process, the available
vacant sites of the adsorbent reduce [52] and the concentration. The gradient of metal ions also decreases, leading to
a decrease in iron removal percentage, eventually leading to equilibrium. Table 1 shows the impact of different Fe
concentrations (5, 10, 50, 100, 150, and 250 mg/L) on the percentage removal of iron, the same is plotted in Fig. 7.

TABLE 1. Adsorption data for Fe removal

Initial Fe conc. | Eq. Fe conc. Fe Removal (%) Eq. Ac.lsorptlon
(mg/L) (mg/L) [(Co — C.)/Cy] - 100 Capacity (mg/g)
Co Ce ‘ e = [(CO - Ce) ) V]/m
5 2.7 46 % 1150
10 4.59 45.9 % 2705
50 13.9 722 % 18050
100 10.4 89.6 % 44800
150 24.6 83.6 % 62700
250 66.35 73.46 % 91825

4.3. Effect of adsorbent dosage

The experiment employed several adsorbent concentrations (0.01, 0.05, 0.1, 0.2, 0.3, and 0.4 g), with an initial
concentration of 100 mg/L of Fe metal and a 90-minute contact duration.

As shown in Fig. 8, itis clear that initially,as the adsorbent dosage increases from 0.01 to 0.2 g, the removal percentage
of Fe was enhanced from 42.34 to 85.76 % for 100 mg/L of Fe. This is because the availability of active sites on adsorbent
increases, and hence there is a rise in the adsorption of Fe ions. Further, as the adsorbent dosage increases from 0.01 to
0.1 g, the rate of increase in percent removal is higher than when the adsorbent dosage is increased from 0.1 to 0.2 g.
This indicates that with the adsorption, saturation of adsorption sites takes place, and hence with further increase in the
adsorbent dosage from 0.2 to 0.4, the percentage of Fe removal remains almost constant. This may also result from
aggregation by large adsorbates, reducing the adsorbent’s active surface area [49].

4.4. Effect of temperature

The removal of iron ions by the adsorbent was observed to increase from 89.5 % at 25 °C to 93.2 % at 50 °C, and
with further increase in temperature at 80 °C, the percentage of Fe removal was found to be 93.4 %, and equilibrium is
almost established, as shown in Fig. 9. Higher diffusion rates and improved ion mobility at high temperatures may have
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contributed to an increase in the percentage removal of iron ions [53]. Furthermore, the adsorbate’s kinetic energy and
surface activity increase with temperature [54].

4.5. Adsorption isotherms

The removal of Fe ions by ZnSe:Ag:Urea nanoparticles at various initial Fe concentrations was examined using two
fundamental adsorption isotherm models (Langmuir and Freundlich). The following are the equations for the Lang-
muir (3) and Freundlich (4) models [55]:

1 1 1
=t 3)
e q KL C.
1
Inge =In Ky + —InC, @)
n

where ¢, is the equilibrium adsorption capacity (mg-g 1), ¢, is the monolayer adsorption capacity (mg-g~1), K, is
the Langmuir constant (L~mg*1), K is the Freundlich constant (L- gfl), n is the Freundlich exponent and C. is the
concentration at equilibrium (mg-L™!). The adsorption isotherm provides information on the dependency of adsorption
on the initial metal ion concentration and characterises the equilibrium of the adsorption material at the adsorbent surface.
The Langmuir isotherm describes the monolayer adsorption onto a surface with homogenous adsorption sites, while the
Freundlich model applies to multilayer adsorption on a heterogeneous surface (Fig. 11).

The Langmuir isotherm model (Fig. 10) has a higher correlation coefficient (R> = 0.976) than the Freundlich
isotherm model (R? = 0.958). This result implies that the experimental data accords fairly well with the Langmuir
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isotherm model. This indicates that the removal of Fe ions by ZnSe:Ag:Urea nanoparticles takes place through monolayer
adsorption, with Fe ions homogeneously distributed on the adsorption sites on the adsorbent material surface.

5. Conclusions

The present study reports the successful synthesis of nanostructured, urea and silver modified zinc selenide by a sim-
ple sol-gel method using hydrazine hydrate as a reducing agent and ethylene glycol as a stabilising agent, which prevents
the agglomeration of synthesised nanoparticles. An investigation was conducted on their effectiveness as adsorbents to
remove heavy metal iron ions from aqueous solutions. The physicochemical characterisation involved XRD, FE-SEM,
EDX and FTIR spectroscopy. SEM images show spherical-like structures, which are more convenient for bactericidal and
catalytic activation, evidencing the presence of N,C, O, Ag, Se and Zn. The XRD analysis gives the possible different
phases and the diameter of the nanomaterial. The diameter of ZnSe:Ag:Urea was determined to be 19.911 nm. FTIR
spectra confirm the new bond formation. Results from adsorption studies reveal that the equilibrium of the adsorption
process was reached within a contact time of 80 minutes under room temperature. The increase in temperature increases
the Fe removal percentage. Furthermore, with an increase in adsorbent dosage, the percentage removal of Fe first increases
and eventually reaches an equilibrium state; however, with an increase in the initial iron concentration, the Fe removal
percentage first increases and then decreases slightly until it reaches equilibrium. The maximum rate of Fe removal was
found to be 89.5 % under the optimal room temperature conditions, with an adsorbent dosage of 0.1 g and an initial Fe
concentration of 100 mg/L.
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