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Abstract

A ZnS nano-sorbent to remove copper(Il) and lead(I) ions from aqueous solutions was prepared via a hydrothermal reaction
and characterized by X-ray diffraction. The zinc sulfide nanoparticle size was determined to be 7.0 +0.22 nm. The effects
of pH, light conditions, time, capacity, and interferences on the zinc sulfide ability to remove copper(Il) and lead(II) ions
from aqueous solutions were investigated. pH studies showed that pH 5 was the optimal value for zinc sulfide binding both
copper(Il) and lead(II) ions. Under ambient light, the binding of both ions occurred within the first 5 min. Binding capacities
ranged from 116.2 to 243.9 mg/g for copper(Il), 39.1 to 147.1 mg/g for lead(Il) ions, and 36.1-79.4 mg/g for lead(I) ions in
the dark over temperature range from 4 to 45 °C. The thermodynamic parameters showed that the binding process for both
copper(Il) and lead(II) ions was either spontaneous or close to equilibrium. Light conditions were also investigated in the
context of cation interference and showed that the presence of hard cations had no effect on the binding of lead(II) ions. On

the other hand, the presence of hard cations showed small decrease in the binding of copper(Il) ions.
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Introduction

Anthropogenic materials such as petroleum by-products,
herbicides, pesticides, and heavy metal ions are known to
cause contamination of drinking water (Fujii et al. 2007,
Tahoon et al. 2020). Heavy metal ions are classified as
non-biodegradable substances, which are toxic in high con-
centrations. Copper(II) (Cu®>*) and lead(IT) (Pb**) ions are
two heavy metal ions of interest due to the health impli-
cations from exposure (Santucci and Scully 2020; Taylor
et al. 2020). Cu?* is classified as an essential trace element,
which is required in small amounts, for biological purposes
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including the correct growth and development of organisms
(Gaetke and Chow 2003). However, the consumption of high
amounts of copper can lead to disruptions in the nervous
system, abdominal pain, liver toxicity, diarrhea, anorexia,
and lethargy in humans (Georgopoulos et al. 2006; Mosayebi
and Azizian 2016; Tamez et al. 2016; Wu et al. 2013). On
the other hand, lead has no beneficial biological purpose in
the growth and development of mammals. Lead commonly
exists as a divalent cation at low concentrations and has been
known to compete with the binding of calcium to phospho-
kinase C (PKC), thus affecting neural signaling and cellular
uptake of Ca>* (Needleman 2004). A high amount of Pb**
in the human body has been shown to affect the nervous
and renal systems, and the production of hemoglobin. The
exposure of children to Pb** during developmental stages
is considered high risk since they absorb Pb>* 4 to 5 times
more readily than adults (Tong et al. 2000; WHO 2003).
Thus, there is a need to develop technologies to remove both
Cu?* and Pb>* from drinking waters.

Many remediation techniques have been used for the
removal of both Cu** and Pb>* from aqueous solutions
including but not limited to the following technologies:
ion exchange, precipitation, biosorption, reverse osmosis,
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phytoremediation, and adsorption (Barlokova et al. 2019; Fu
and Wang 2011). Several of these methods have proven to be
effective in the removal of heavy metal ions; however, many
of these methods are either too difficult to implement or too
expensive. For instance, ion exchange resins typically are
not ion specific and tend to coordinate to all cations in solu-
tion. Precipitation involves the use of precipitating agents,
which requires additional treatment of water to remove
excess chemicals (Fu and Wang 2011). However, adsorption
has attracted attention for the remediation of heavy metal
ions using materials such as granular ferric oxide (GFO)
and modified GFO (Barlokova et al. 2019; Li et al. 2020;
Streat et al. 2008). Recently, research efforts have focused on
the use of nanosized adsorbents with high surface areas and
reactivities, which have exhibited higher binding capacities
than non-nanosized materials.

Over the years, different nano-adsorbents have been
investigated for the remediation of heavy metals from aque-
ous solutions (Alghamdi et al. 2019; Anthemidis and Ioan-
nou 2009; Harsha Vardhan et al. 2020; Kaushal and Singh
2017; Kovacova et al. 2019; Luo et al. 2021; Sarma et al.
2019; Shahabuddin et al. 2018; Shahin et al. 2019; Yang
et al. 2019). Inorganic metal-oxide nanomaterials have
shown much promise for the remediation of Cu>* and Pb>*
from water solutions. For example, Tamez et al. (2016)
showed that Fe,O; exhibited binding capacities for Cu* and
Pb>* of 19.61 and 47.62 mg/g, respectively (Tamez et al.
2016). Tamez et al. also showed that Fe;0, had higher bind-
ing capacities for the sorption of Cu®* and Pb** at 37.04 and
166.67 mg/g, respectively. The binding capacities of TiO,,
determined by Mahdavi et al. were 50.2 and 21.7 mg/g for
both Cu** and Pb?*, respectively (Mahdavi et al. 2013). In
a different study, Mahdavi et al. investigated the sorption of
Pb?** and Cu* by ZnO and CuO nanoparticles, and deter-
mined that ZnO had high binding capacities of 112.7 and
137.5 mg/g for Pb** and Cu®* while CuO exhibited rela-
tively low binding capacities for Pb>* and Cu**, 14.2 and
54.1 mg/g, respectively (Mahdavi et al. 2012). In another
study, y-Al,0; showed a similar binding capacity for the
sorption of Cu®*, which was 51.3 mg/g at 25 °C (Fouladgar
et al. 2015). Other adsorbents that have been used include
manganese oxides, graphene oxides, red mud, and tin oxides
(Ahmad et al. 2009; Azzam et al. 2016; Farghali et al. 2013;
Liu et al. 2016; Mosayebi and Azizian 2016; Sitko et al.
2013; Wang et al. 2015a, 2015b; Zepeda et al. 2018). How-
ever, the investigation of Cu** and Pb** adsorption to tran-
sition metal sulfides has been somewhat limited in scope.
However, Wang et al. studied the adsorption of Pb** ions
onto disulfide cross-linked poly(methacrylic acid) iron oxide
nanoparticles, which had a binding capacity of 48.7 mg/g
(Wang et al. 2021). Qu et al. investigated Pb>* binding to
carbon-supported sulfide nZVI, which showed a binding
capacity of 295.30 mg/g (Qu et al. 2021).
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In the current study, zinc sulfide (ZnS) was synthesized
and investigated for the absorption of both Cu** and Pb**
from aqueous solutions. The nano-sorbent was synthesized
via a hydrothermal process using a mixture of 60 mmol
of Zn(NO); and 60 mmol Na,S-9H,0 in 18MQ H,0. The
solution mixture was reacted in a Teflon-lined autoclave at
150 °C for 3 h. The nano-sorbent was characterized using
powdered X-ray diffraction (XRD), which confirmed a
cubic crystal structure with an average particle size of
7.0+0.22 nm as determined using Scherrer’s equation.
XRD analysis was performed after the reaction of ZnS with
the Cu®* and Pb*. Various batch studies were performed
to determine the effects of pH, temperature, time, common
cationic interferences, and thermodynamics for the binding
processes of Cu’* and Pb>*. Batch isotherm studies were
performed to determine the binding capacities of the synthe-
sized ZnS nanoparticles. Furthermore, the effects of ambient
light, UV light, and absence of light (dark) on the sorption
process were investigated. The experiments were performed
between 2018 and 2019 in the Department of Chemistry,
at the University of Texas Rio Grande Valley, Texas, USA.

Materials and methods
Materials

Zinc nitrate (Zn(NO;),-6H,0), sodium sulfide (Na,S-9H,0),
copper nitrate (Cu(NO;),-2.5 H,0), and lead nitrate
(Pb(NOs),) were purchased from Sigma-Aldrich. Ultra-pure
water (with a resistance of 18 ) was obtained from a Mil-
lipore Milli-Q Plus water filtration system. Standard stock
solutions of Cu** and Pb** were prepared in ultra-pure water
using Cu(NO3),-2.5H,0 and Pb(NO;), salts, respectively.
The pH of all solutions was adjusted using either dilute trace
metal-grade nitric acid (HNO3) or dilute sodium hydroxide
solution (NaOH).

Synthesis of ZnO nanoparticles

The synthesis of ZnS nanoparticles was performed using
a similar method to that reported by (Hoa et al. 2009). In
brief, 60 mmol of both zinc nitrate (Zn (NO;),-6 H,0) and
sodium sulfide (Na,S-9H,0) were each dissolved in 60 mL
of ultra-pure water. The Zn(NO;),-6H,0 was titrated with
Na,S-9H,0 dropwise over a period of 1 h. The final mix-
ture was transferred to Teflon-lined autoclaves and reacted
at 150 °C for 3 h. After autoclaving, the sample was cooled
naturally to room temperature and the precipitate was col-
lected, centrifuged, and washed five times with ultra-pure
water to remove any by-products formed during the reaction.
The precipitate was then dried overnight under vacuum at
room temperature prior to analysis.
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Characterization of ZnS nanoparticles

The ZnS nano-adsorbent was characterized using XRD to
determine the phase and crystallite size. The ZnS nanomate-
rial was homogenized using a mortar and pestle and finally
placed on an Al sample holder. The XRD analysis was per-
formed using a Rigaku Miniflex II diffractometer equipped
with a Cu source (Ka=1.54 A), a nickel filter, and a scintil-
lation counter detector. The XRD patterns were collected
from 20° to 60° in 26 using a step width of 0.05° and a
counting time of 5 s. The average particle size was deter-
mined using a Gaussian fitting of three diffraction peaks
and Scherer’s equation. The crystal fitting was performed
using the Le Bail fitting procedure in the FullProf Suite of
Software and crystallographic data from the literature (Rod-
riguez-Carvajal 1993; Berry 1954; Cantu et al. 2018; Evans
and Konnert, 1976; Hoa et al. 2009; Kiflawi et al. 1969; Ma
et al. 2016; Mardix et al. 1967; Oftedal 1932; Sadovnikov
and Rempel 2009; Salavati-Niasari et al. 2012; Wang et al.
2013; Yin et al. 2016).

pH studies

The determination of the optimal pH for adsorption was
performed using batch adsorption experiments. pH profiles
were performed in triplicate under ambient light, UV light,
and no light. The pH of standard stock solutions of 0.3 ppm
of Cu®** and 0.3 mM Pb>* was adjusted from a range of
pH 2 to 6. In a test tube, 10 mg of ZnS was mixed with a
4 mL aliquot of each pH-adjusted standard solution. Con-
trol test tubes consisted of only Pb** or Cu®* ion solutions
without the ZnS nanoparticles were treated the same as the
reaction samples. The samples were equilibrated for 1 h at
room temperature on a nutating mixer. After equilibration,
the test tubes were centrifuged at 3500 rpm for 5 min while
the supernatants were decanted and stored for inductively
coupled plasma optical emission (ICP-OES) analysis.

Time dependency and kinetics studies

The effect of time on the adsorption and activation energies
for the binding of Cu®* and Pb*>* with the ZnS nano-adsor-
bent was studied by batch experiments. The pH of stand-
ard stock solutions of 30 ppm of Cu** and 0.3 mM Pb**
was adjusted to the optimal binding pH 5. The experiments
were performed in test tubes using 10 mg of ZnS and 4-mL
aliquots of adjusted stock solutions. The control test tubes
consisted of only the Pb** or Cu** ion solutions without
the ZnS nanoparticles were treated the same as the reaction
samples. The batch experiments were prepared in triplicate
and equilibrated for time intervals of 5, 10, 15, 30, 60, 90,
120, and 240 min at temperatures of 4, 22, and 45 °C. After
equilibration, the samples were centrifuged at 3500 rpm for

5 min while the supernatants were decanted and stored ICP-
OES analysis.

Adsorption isotherms

The batch adsorption isotherm studies were performed to
determine the binding capacities and thermodynamics of the
binding of both Cu?* and Pb** with ZnS under both ambi-
ent light and no light. Standard stock solutions of Cu®** and
Pb** of 0.3, 3, 30, 100, 300, and 1000 ppm were adjusted
to the optimal binding pH 5. The batch experiments were
performed in test tubes using 10 mg of ZnS and aliquots of
4 mL of adjusted stock solutions. Control test tubes con-
sisted of only the Pb>* or Cu?* solution with no ZnS nano-
particles were treated the same as the reaction samples. The
batch experiments were prepared in triplicate and equili-
brated for 1 h on a nutating mixer at temperatures of 4, 22,
and 45 °C. The samples were centrifuged at 3500 rpm for
5 min. The supernatants were then decanted and stored in
clean test tubes for further analysis via ICP-OES.

Interference study

The binding interferences were tested for the effects on the
sorption of Cu** and Pb** in the presence of common hard
cations in ambient light and no light conditions. The cati-
ons used in the study were Na*, K*, Ca>*, and Mg”* at 0.3,
3, 30, 100, 300, and 1000 ppm. In addition, the interfer-
ence was also investigated using a solution consisting of all
the interferences combined in a single solution. Standard
stock solutions of 0.3 ppm of Cu®** and 0.3 mM Pb** were
adjusted to the optimum binding pH 5. The batch experi-
ments were performed in triplicate in test tubes containing
ZnS and aliquot of each adjusted stock solution. The aliquot
volume and sorbent mass used for each respective condition
are shown in Table 1. The control test tubes consisted of
the Pb?* or Cu®* solution without ZnS nanoparticles were
treated the same as the reaction samples. The samples were
equilibrated for 1 h at room temperature on a nutating mixer.
After equilibration, the reaction and control tubes were cen-
trifuged, and the supernatants were decanted and stored for
further analysis using ICP-OES.

Table 1 Sample contents for the sorption of Cu?™ and Pb>* with the
ZnS nano-sorbent under different light conditions

Light conditions Aliquot volume (mL) Sorbent
mass
(mg)

Ambient 4 10

Dark 4 10

uv 8 20

* @ Springer
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Table 2 Parameters used for ICP-OES analysis using a PerkinElmer
Optima 8300 ICP-OES for the analysis of Cu>* and Pb** binding to
ZnS

Parameter Settings

Acu 327.393 nm

App, 217 nm

RF power 1500 W
Nebulizer Gemcone (low flow)
Plasma flow 15 L/min
Auxiliary flow 0.2 L/min
Nebulizer flow 0.55 L/min
Sample flow 1.50 mL/min
Injector 2.0 mm Alumina
Spray chamber Cyclonic
Integration time 20's

Replicates 3

Sample analysis

The residual metal-ion concentration was determined using
ICP-OES. The samples were analyzed after each sorption reac-
tion using a PerkinElmer Optima 8300 ICP-OES (Shelton CT)
using the Winlab32 software. The instrument parameters used
are given in Table 2. The obtained calibration curves had cor-
relation coefficients of (R%) 0.9 or higher for the analysis of all
Cu”* and Pb** sample solutions. Any samples outside the cali-
bration range of the ICP-OES were diluted and reexamined.

Results and discussion
X-ray diffraction

Figure 1 shows the diffraction pattern collected for the syn-
thesized ZnS nano-sorbent. The synthesized ZnS nanoparti-
cles had a cubic crystal structure with space group of F-43 M
as determined for the fitting of the sample. The results of
the fitting are shown in Table 3, which show the refined lat-
tice parameters for the fitting were: a=b=c=5.406 A and
a=p=y=90°. In addition, the y* of the fitting was 1.78, which
indicates a good agreement between the data and the reported
results on the crystal structure (Hoa et al. 2009; Ma et al. 2016;
Sadovnikov and Rempel 2009; Wang et al. 2013; Yin et al.
2016). The average particle size of the ZnS nano-sorbent was
calculated to be 7.0+ 0.22 nm using Scherrer’s equation as
shown below:

d= 094
Bcos % 1

]
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Fig. 1 Le Bail fitting of the XRD pattern for the as-synthesized ZnS
nanoparticles

where d is the diameter or crystallite size, 0.9 is a correction
factor for the Gaussian fitting, 4 is the wavelength for the Cu
K,=154 A, B is the full width half maximum (FWHM) of
the diffraction peak, and cos 26/2 is the position of the dif-
fraction peak. The average crystallite size was based on the
three most prominent diffraction peaks in the pattern, which
were the 111, 220, and 311 diffraction planes.

Figure 2 shows the diffraction patterns of ZnS nanopar-
ticles after reaction with the Cu®* and Pb** ions. In addi-
tion, Table 4 shows the results of the Le Bail fitting of the
samples. Figure 2A shows the ZnS after reaction with lead
nitrate at room temperature as can be seen the diffraction
patterns changed from that of the pure ZnS. The sample
turned black after the reaction indicating a change. From
the diffraction pattern, the sample was determined to consist
of two phases, which were identified as ZnS (cubic) and
PbS in a galena-type material (cubic). The results of the fit-
ting are shown in Table 4, which indicate a good fitting of
the experimental data reported in the literature determined
parameters of PbS and ZnS with a y* of 1.19, which shows a
good agreement between the experimental results and those
reported in the literature (Sadovnikov and Rempel 2009;
Salavati-Niasari et al. 2012). The ZnS XRD pattern was
observed to have the F-43 M space group with lattice param-
eters consistent with pure ZnS (Hoa et al. 2009; Ma et al.
2016; Sadovnikov and Rempel, 2009; Wang et al. 2013; Yin
et al. 2016). Figure 2B shows the diffraction pattern for the
product from the Cu?* reaction with the ZnS. The diffraction
pattern only indicates the presence of the ZnS in the same
phase as the unreacted ZnS with lattice parameters consist-
ent with those observed in the literature, shown in Table 4
(Hoa et al. 2009; Ma et al. 2016; Sadovnikov and Rempel
2009; Wang et al. 2013; Yin et al. 2016). The reaction of Pb
ions with the ZnS at elevated temperature (45 °C) resulted
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Fig.2 Le Bail fittings of the X-ray diffraction pattern for the ZnS
nanoparticles after the reaction with Pb>* at room temperature (a),
Cu** ions at room temperature (b) and Cu** at 45 °C (c)

with ZnS at elevated temperature is shown in Fig. 2C and the
Le Bail fitting parameters are given in Table 4. The fitting
of the ZnS—Cu sample showed a good agreement between
the fitting and the diffraction data as indicated by the Xz
value of 2.29. The results of the fitting showed a change in
the ZnS phase and the addition of a CuS phase. The ZnS
crystal structure was converted from the cubic phase into
the hexagonal phase with a space group of P3M1 and the
lattice parameters were consistent with those reported in
the literature (Kiflawi et al. 1969; Mardix et al. 1967). The
results also showed the presence of a CuS phase in a hex-
agonal lattice P63/MMC with parameters consistent with
the covellite phase of CuS (Berry 1954; Evans and Konnert
1976; Oftedal 1932). The formation of the lead and copper
sulfides do have different formation constants and thermo-
dynamics for their formation. The formation of PbS was
observed at room temperature while the formation of CuS
was only observed at high temperature, which was due to
the thermodynamics of formation of Pbs and CuS. The AG®
for Cu®* and Pb** sulfides were — 53.6 kJ/mol and — 98.7 kJ/
mol, respectively, which indicated the formation of PbS was
more favorable than that of CuS (Lide 1994). In addition,
the AS®; of PbS and CuS were 91.2 J/mol and 66.5 J/mol,
which again showed that formation of the PbS was favored
over the CuS. Thus, it was not surprising to see that PbS was
only formed at lower temperatures while the formation of
CuS was observed at higher temperatures.

pH profile studies

Figure 3 shows the results of the batch pH studies under
ambient light for both the Cu®* and Pb** ions. As can be
seen in Fig. 3, the binding of Cu®* onto ZnS initially was
low at pH 2, approximately 80%. At pH 3, the binding of
Cu?* increased to approximately 90% and remained constant
thereafter up to pH 6. However, the adsorption of Pb**, as
can be seen in Fig. 3, was pH independent throughout the
pH range used in the study. The binding of Pb>* at pH 2 was
approximately 100% and remained unaffected as the pH of
the solution increased to pH 6. From the results in Fig. 3, pH
5 was chosen as the optimal pH for further studies for both
ions. Though pH 6 yielded similar results, it was not chosen
for further studies due to the possible formation of the metal
hydroxides Cu(OH), and Pb(OH),, species which can be

o’
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Table 4 Le Bail fitting qunS Sample Phase Space group a(fA) b(A) c(:&) al®) PO 7(°) 7
nanoparticles after reactions
with Pb** and Cu®" in light Pb-Zn$S Zn-S F-43M 53733) 5.3733) 5.3733)  90.00 90.00  90.00 1.19
conditions and the binding of Pb-S FM3M 5.934(3) 5.934(3) 5.934(3) 90.00 90.00  90.00
Cu”" under light conditions at
elevated temperature Cu-ZnS21°C Zn-S F-43M 5406(3) 5.406(3) 5.406(3) 90.00 90.00 90.00 1.78
Cu-ZnS 45 °C  ZnS P3M1 3.808(3) 3.808(3) 62.762(8) 90.00 90.00 120.0 2.29
CuS P63/MMC 3.796(7) 3.796(7) 16.309(9) 90.00 90.00 120.0
100 A100
90 90
°
° 80 = 80
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= Cu?* mPb? B Cu?* mPb?*
B

Fig. 3 A batch pH profile study for the binding of Cu®* and Pb** with
ZnS in ambient light

observed at high concentrations. Due to the photocatalytic
properties of ZnS, the batch pH studies were also performed
in the absence of light (dark) and under UV light to deter-
mine whether the light-induced effects on the binding of
Pb?* and Cu* could be observed. Figure 4a and b shows the
results for the binding of both Cu?* and Pb>* ions under UV
light and dark conditions, respectively. As seen in Fig. 4a,
the binding of both Cu?* and Pb** were approximately 80%
initially and remained above 80% binding throughout all pH
values tested. The results were similar to those observed
during the pH study using ambient light conditions. Both
ions showed low binding at pH 2 which increased at pH 3
and remained relatively constant thereafter. The sorption of
Cu?* onto Zn$ under the dark reaction conditions (Fig. 4B)
followed the same trend as was observed for the sorption of
Cu?* under both the ambient and UV-light reaction condi-
tions. However, as can also be seen in Fig. 4b, the sorption of
Pb’* under the dark reaction conditions showed a decrease
in the binding as the pH of the solution was increased. More
specifically, the binding of Pb>* at pH 2 was observed to be
approximately 100% and decreased to approximately 50% at
pH 3, and the binding remained relatively constant through
pH 5. For the pH studies with UV light and dark conditions,
pH 5 was the highest pH studied, which was observed to be
the optimal binding pH under ambient light conditions. In

% @ Springer
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Fig.4 A pH profile studies for the sorption of both Cu?** and Pb**
with ZnS nanoparticles under UV lighting (a) and dark conditions (b)
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addition, at pH 6, there was the possibility of Pb** precipi-

tating due to the formation of Pb(OH), species. The Cu**
ion adsorption under both the UV light and dark studies
showed no significant effects on the binding, and thus, the
light effects on Cu* binding were not investigated any fur-
ther. The UV light had a small effect on the binding of the
Pb** ions onto ZnS while the UV study was excluded from
further investigation. The results obtained from the batch
pH study were in agreement with the results reported in the
literature (Ahmad et al. 2009; Farghali et al. 2013; Mahdavi
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et al. 2012, 2013; Sitko et al. 2013; Tamez et al. 2016; Wang
et al. 2015a; Wu et al. 2013). For example, the sorption of
Cu?* and Pb** onto pristine biochar showed an increase in
binding as the pH of the solution increased. It increased from
20 to 90% binding as pH increased from 2 to 7, respectively
(Azzam et al. 2016). In a different study, the sorption of both
ions using engineered biochar removed 100% of Cu** and
Pb** at pH 7 (Wang et al. 2015). Similarly, the binding of
Cu®" to graphene oxide nanomaterial has shown an increase
in binding as the initial pH of the solution increased from
1 to 7 (Wu et al. 2013). Mahdavi et al. have studied exten-
sively the sorption of Cu®* and Pb** onto other metal-oxide
nanomaterials. For instance, the sorption of both Cu?* and
Pb>* with ZnO were pH independent over the pH’s range
tested; however, the sorption of both ions with Fe;O, and
CuO increased as the pH of the solution increased (Mahdavi
et al. 2012). In another study, (Mahdavi et al. 2013) showed
that the sorption of both Cu** and Pb?* onto MgO was
pH independent and remained unaffected as the pH of the
solutions increased, while with Al,O; and TiO,, the bind-
ing increased as a function of pH from 2 to 7 (Cantu et al.
2018). Cantu et al. showed that the binding of Cu*"with
Fe,Sg was pH independent between pH 2—6 while the bind-
ing of Pb** increased as pH was increased. Similarly, Zepeda
et al. (2018) showed that the sorption of Cu** onto SnO,
increased as the pH of the solution increased with an optimal
pH of 5. Ammar et al. investigated CaSiO5;/CuO compos-
ite nanoparticles for cadmium removal, which expressed a
maximum binding at pH 9. The pH dependence on metal
adsorption was determined to be a competition of Cd** and
CdOH* (Ammar et al. 2017). The binding of metal ions
has been linked to the surface chemistry which includes the
pKa of surface groups and the point of zero charge (PZC)
(Wang et al. 2011). The pKa for ZnS has not been deter-
mined experimentally. However, for zinc sulfide, the PZC
has been determined to be approximately at pH 2.5 (Wang
etal. 2011). Above pH 2.5, the surface of ZnS nanoparticles
becomes negatively charged and attractive to metal ions such
as Cu®* and Pb**, which is consistent with the pH profiles
observed in the present study, where an increase in binding
was observed with increasing pH. The PZC should be in the
point at which deprotonation of the surface begins where one
could assume the pKa of the ZnS should be around pH 2.5.
The PZC change should be in the pH region, where binding
begins to increase would indicate that there is an electro-
static attraction of the metal ion to the ZnS nanoparticles.
The attraction of the metal ion is followed by the formation
of either Cu-S or Pb-S bond and eventually leads to the
formation of the crystalline sulfide phase.

Time dependence and sorption kinetics

Figure 5a, b, and c shows the results from the time depend-
ence study for the sorption of Cu>* under ambient light, Pb**
under ambient light, and Pb2* under dark conditions onto the
ZnS nanoparticles at temperatures of 4, 22, and 45 °C. Under
ambient light conditions, it was determined that the sorption
of both ions occurred within the first 5 min of contact with
ZnS and did not change dramatically thereafter (Fig. 5A).
Furthermore, increasing the temperature had no impact on
the binding of either ion onto ZnS under ambient light con-
ditions (Fig. 5b). Similar results have been observed in other
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adsorption studies between metal sulfides and metal oxides
and dissolved metal ions (Tamez et al. 2016; Valle et al.
2017). Since the sorption occurred within the first 5 min,
neither a kinetics model or an Arrhenius plot could have
been constructed. However, both time and temperature did
affect the Pb?* binding to the ZnS under dark conditions
as shown in Fig. 5c. The kinetics data for the Pb>* binding
to the ZnS under dark conditions were extracted and fitted
and was determined that the sorption followed zeroth-order
kinetics, as defined in Eq. 2:

_dipbl

_ 0
= kPD] 2)

where d[Pb] is the change of lead concentration, dt is the
change in time, k is the rate constant. The zero-order kinetics
model defined that there was a direct relationship between
the change in concentration and the change in time. In the
present study, the rate of removal was followed and thus a
positive rate constant was determined. A zeroth-order kinet-
ics model has been observed in many adsorption studies
(Cantu et al. 2018; Luther et al. 2013; Rajurkar et al. 2011;
Zepeda et al. 2018). As can be seen in Fig. 6A, the rate of
the reaction directly varied with the change in temperature,
the rate constant at the highest temperature was 0.631 ppm/
min while the rate constant at the lowest temperature was
0.256 ppm/min. The reaction times changed according to
the temperature, at 45 °C the reactions took 30 min to com-
plete, at 25 °C the reaction took 90 min to complete while
the samples at 4 °C took 240 min to complete. Ammar et al.
using CaSiO,/CuO composite nanoparticles determined time
for cadmium to completely bind from a 25 ppm solution
required 60 min [Ammar et al. 2017].

The activation energy of the reaction was determined
based on the values of the rate constants determined from
the zero-order kinetics. Using the rate constants from the
reactions at the three temperatures, an Arrhenius plot was
developed with the line defined by the Arrhenius equation

(Eq. 3):
In (k) = Eq In(A 3
n()_—ﬁ—n() 3

where the In(k) is the natural log of the rate constant, E, is
the activation energy (J/mol), R is the gas constant (8.314 J/
mol K), T is the temperature in K, and In(A) is the frequency
pre-factor of the reaction. By plotting In(k) versus 1/T, the
slope of the line is defined as the activation energy (divided
by R) while the y intercept is the frequency pre-factor. The
Arrhenius plot for the binding of the Pb** ions to the ZnS
nanoparticles under dark conditions is shown in Fig. 6B.
The activation energy for the reaction was determined to
be 16.3 kJ/mol. According to previous studies, the magni-
tude of the activation energy can be used to identify the
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Fig.6 Kinetics plot for the binding of Pb?* under dark conditions at
temperature of 4, 22, and 45° (a). Arrhenius plot for binding of Pb**
to ZnS under dark conditions (b)

type of adsorption occurring between the nano-sorbent and
the ionic species. Energies ranging between 40 and 80 kJ/
mol indicated a chemisorption process while energies below
40 kJ/mol indicated a physisorption process (Boparai et al.
2011; Cantu et al. 2014; Mahmood et al. 2011). Based on the
calculated activation energy for the binding in the present
study, the sorption process occurring between Pb** and ZnS
in the dark was physisorption, which has been observed for
the interaction of metal ions with different sorbents (Boparai
et al. 2011; Cantu et al. 2014; Mahmood et al. 2011).

Isotherms

Table 5 shows the capacities determined for the binding of
Cu** and Pb*" to ZnS in both ambient light and the Pb**
binding under dark conditions. The sorption processes for
both ions onto the nano-sorbent in light conditions and the



International Journal of Environmental Science and Technology

Table 5 Adsorption capacities for the binding of Cu>* and Pb** with
ZnS nano-sorbent following the Langmuir isotherm model

Light condition Ion T (K) Capacity (mg/g) Capacity
(mmol/g)
Ambient light cu*t 277 116.3 1.83
295 212.8 3.35
318 243.9 3.84
Pb>t 277 39.1 0.189
295 128.2 0.619
318 147.1 0.710
Dark Pb>* 277 36.1 0.174
295 54.1 0.261
318 79.4 0.383

Pb** under the dark conditions were determined to follow
the Langmuir isotherm model (Eq. 4):

r_1, 1
qe B qm Kaqmce (4)

where the removal capacity at any concentration is defined
as q,, the maximum binding capacity as q,,, the equilibrium
concentration as C,, and an equilibrium constant as K,.

As shown in Table 5, the binding capacity of the ZnS in
ambient light for both Cu®* and Pb*" increases as a func-
tion of temperature from 4 to 45 °C. At all three tempera-
tures investigated in this work, Cu”* (1.8-3.84 mmol/g)
bound more to ZnS in ambient light than Pb>*
(0.189-0.710 mmol/g), indicating that Cu>* binds in higher
concentrations compared to the Pb>*. An increase in bind-
ing capacity with increasing temperature is indicative of an
endothermic reaction occurring for both ions. Similarly, the
sorption of Pb%* with ZnS (dark), shown in Table 5, also
increased as a function of temperature from 4 to 45 °C,
which indicated an endothermic reaction. The Pb** bind-
ing under the dark reaction conditions was lower than the
observed binding in the ambient light conditions at the high-
est temperature. The data indicated there was an impairment
for the binding in the absence of light. The light may have
contributed to the formation of PbS, which was shown in the
diffraction data as a reaction product between the Pb** and
ZnS. The formation of PbS after reaction with a transition
metal-sulfide nanomaterial has been shown after the reaction
of Pb?* with TiS, nanoparticles (Cantu et al. 2019).

Recent studies on the sorption of Pb** and Cu** with
nano-sorbents showed inconsistent results which can be
observed in Table 6 (Cantu et al. 2019; Castaldi et al. 2015;
Chen and Li 2010; Gao et al. 2009; Hua et al. 2012; Lee
et al. 2015; Mahdavi et al. 2012, 2013, 2007; Nadaroglu
et al. 2010; Sitko et al. 2013; Tamez et al. 2016; Wang et al.
2006; Wu et al. 2013; Zepeda et al. 2018). For instance,
Fe—water residues also exhibited low capacities of 6.7 mg/g
and 40.8 mg/g for the sorption of Cu®* and Pb** (Castaldi

et al. 2015). Additionally, the use of graphene oxide for the
sorption of Zn>*, Cd**, Pb**, and Cu®* has shown capaci-
ties of 345, 530, 1119, and 294 mg/g, respectively (Sitko
et al. 2013). Cobalt-modified ferrite nanoparticles have
shown Cu?* binding capacities of 164.2 mg/g (2.6 mmol/g)
(Vamvakidis et al. 2020). TiO, on the other hand, has shown
relatively low capacities of 21.7 and 50.2 mg/g for Pb>* and
Cu?*, respectively (Mahdavi et al. 2013). Shahrashoub et al.
showed active carbon carbon/magnetite composite materials
had low binding capacity of 13.37 mg/g or approximately
0.21 mmol/g for Cu?* ions (Shahrashoub et al. 2021). Simi-
larly, Cantu et al. showed low capacities of 8.09 mg/g and
5.29 mg/g for the sorption of Pb>* and Cu?* with Fe,S,
respectively, at room temperature (Cantu et al. 2018). In
another study, Cantu et al. reported a binding capacity of
0.80 mMol/g (165.6 mg/g) and 3.50 mMol/g (222.4 mg/g)
for Pb** and Cu?* binding to TiS, nanoparticles at room
temperature, respectively (Cantu et al. 2019). In addition,
Wang et al. have investigated the binding of Pb** to disulfide
cross-linked poly(methacrylic acid) iron oxide nanoparti-
cles which had a binding capacity of approximately 49 mg/g
(0.24 mmol/g) (Wang et al. 2021), whereas Qu et al. stud-
ied the binding of Pb*" to activated carbon-supported
sulfide nZVI which had a binding capacity of 295.30 mg/g
(1.45 mmol/g) (Qui et al. 2021).

Thermodynamics of the binding were determined based
on the isotherm study performed at different temperatures.
From the data, the enthalpy, entropy, and Gibbs free energy
for the reactions of Cu®* and Pb>* with ZnS under ambi-
ent light and the Pb>* binding under dark conditions were
determined. The results of the thermodynamics for the bind-
ing are presented in Table 7. The AG was determined using
Eq. 5, which shows the relationship between AG and the
distribution coefficients for the reactions between the ZnS
nano-sorbent and the ions.

AG = -RT In(K,,). &)

AG is the change in Gibbs free energy; R is the gas constant
(8.314 J/mol K); T is temperature in K; and K is the distribu-
tion coefficients. Table 7 shows the thermodynamic param-
eters for adsorption of both Cu®* and Pb**. As can be seen in
Table 7, the sorption process for the Pb** ions under ambient
light conditions was spontaneous at all temperatures tested, as
indicated by the negative AG values. However, the Cu** bind-
ing was non-spontaneous at the three temperatures tested, but
the binding did become more spontaneous as the temperature
was increased as indicated by the decreasing AG values as
the temperature increased. For instance, the AG value for the
sorption of Cu** at 4 °C was 6.89 kJ/mol and decreased to
4.84 kJ/mol at 45 °C. The AG value for the sorption of Pb** at
4 °C was —4.93 kJ/mol and decreased to -9.98 kJ/mol at 45 °C.
Similarly, the sorption of Pb>" in dark conditions increased
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Table 6 Binding capacities of reported nano-sorbents for the removal of Cu?* and Pb>* in aqueous solutions

Ion Material Capacity Capacity (mg/g) References
(mmol/g)

Cu** Graphene oxide 1.84 117.5 (Wu et al. 2013)
Fe,04 0.23 19.61 (Tamez et al. 2016)
Fe;0, 0.81 37.04 (Tamez et al. 2016)
TiO, 0.79 50.2 (Mahdavi et al. 2013)
Al O4 0.754 479 (Mahdavi et al. 2013)
MgO 2.45 149.1 (Mahdavi et al. 2013)
ZnO 0.54 137.5 (Mahdavi et al. 2012)
CuO 0.19 54.1 (Mahdavi et al. 2012)
Fe;0, 0.49 14.7 (Mahdavi et al. 2012)
SnO, 0.046 2.95 (Zepeda et al. 2018)
Graphene oxide 4.63 294 (Sitko et al. 2013)
Fe,Sq 0.102 5.29 (Cantu et al. 2018)
Fe-WTR 0.106 6.7 (Castaldi et al. 2015)
Al-WTR 0.073 4.64 (Castaldi et al. 2015)
Red mud 0.084 5.35 (Nadaroglu et al. 2010)
CeO, 0.044 15.4 (Hua et al. 2012)
Fe(OOH) (goethite) 2.350 149.25 (Chen and Li, 2010)
Coal ash 0.661 42.0 (Wang et al. 2006)
Mn;0, 0.020 1.24 (Lee et al. 2015)
Activated Carbon (AC) 0.094 6.09 (Lee et al. 2015)
Mn;0,/AC 0.583 37.04 (Lee et al. 2015)
Oxidized carbon nanotubes 0.040 2.57 (Gao et al. 2009)
TiS, nanoparticles 3.50 222.4 (Cantu et al. 2019)
Cobalt ferrite 2.6 164.2 (Vamvakidis et al. 2020)
Carbon Magnetite 0.21 13.37 (Shahrashoub et al. 2021)
Fe,04 0.31 47.62 (Tamez et al. 2016)
Fe;0, 0.58 166.67 (Tamez et al. 2016)
TiO, 0.105 21.7 (Mahdavi et al. 2013)
AL O, 0.199 41.2 (Mahdavi et al. 2013)
MgO 0.717 148.6 (Mahdavi et al. 2013)
Zn0O 2.16 112.7 (Mahdavi et al. 2012)
CuO 0.85 39.4 (Mahdavi et al. 2012)
Fe;0, 0.23 101.4 (Mahdavi et al. 2012)
Graphene oxide 5.40 1119 (Sitko et al. 2013)

Pb>* Fe,Sq 0.039 8.09 (Cantu et al. 2018)
Fe-WTR 0.194 40.8 (Castaldi et al. 2015)
Al-WTR 0.065 13.47 (Castaldi et al. 2015)
CeO, 0.240 9.2 (Hua et al. 2012)
MnO,/CNTs 0.380 78.74 (Wang et al. 2007)
Mn;0, 0.037 7.57 (Lee et al. 2015)
Activated Carbon (AC) 0.131 27.17 (Lee et al. 2015)
Mn;0,/AC 0.287 59.52 (Lee et al. 2015)
TiS, nanoparticles 0.80 165.6 (Cantu et al. 2019)
Poly(methacrylic acid) iron oxide nanoparticles 0.24 49.0 mg/g (Wang et al. 2021)
Activated carbon-supported sulfide nZVI 1.45 295.0 mg/g (Qui et al. 2021)
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Table 7 Thermodynamic parameters for the sorption of Cu>* and
Pb?* with the ZnS nano-sorbent in different light conditions

Light condi- Ion T (K) AG (kJ/mol) AH (kJ/mol) AS (J/mol)

tion
Ambient Cu’t 277  6.39 16.84 37.91
light 298 573
315 4.84
Pb*t 277 =267 16.08 66.51
298 —3.48
318 —5.42
Dark Pb>* 277 —122 13.79 54.01
298 —2.46
318 —3.43

spontaneously as a function of temperature where at 4 °C, the
AG was—2.81 kJ/mol and decreased to—5.56 kJ/mol at 45 °C.
Ben-Ali et al. showed that the use of pomegranate peel for the
binding of Cu®* was spontaneous at high temperatures with
AG values of —5.36 and — 7.41 kJ/mol for 303 K and 313 K,
respectively (Ben-Ali et al. 2017). The use of ZnO nanorods
for the sorption of Pb?* was spontaneous at all temperatures
tested with AG values ranging from —8.41 to—10.07 kJ/mol
for 303 K to 323 K (Kumar et al. 2013). Additionally, Rafiq
et al. showed that the sorption of Cu** onto MgO had AG
values ranging from -0.35 to -3.26 kJ/mol over a temperature
range between 323 and 343 K, indicating that the sorption
was near equilibrium and spontaneous (Rafiq et al. 2014).
The sorption of Cu** and Pb** with manganese oxide coated
on zeolite was spontaneous at temperatures of 288, 303, and
313 K with AG values ranging from —50.5 to—56.5 kJ/mol
for Cu®* and —50.5 to— 56.7 kJ/mol for Pb** (Zou et al. 2006).
Moreover, Cantu et al. showed that the sorption of both Cu**
and Pb®* onto Fe, S was non-spontaneous at low temperatures
with AG values of 9.78 and 4.60 kJ/mol for Cu>* and 5.07
and 1.44 kKJ/mol for Pb>* for temperatures of 277 and 295 K,
respectively (Cantu et al. 2018). However, at a temperature
of 318 K, the sorption of both Cu** and Pb>* was spontane-
ous with AG values of —11.23 and —2.45 kJ/mol, respectively
(Cantu et al. 2018).

Figure 7a and b shows the thermodynamics plots deter-
mined from the isotherm studies which were obtained from
plotting In K vs 1/T (K~1). Figure 7a shows the binding for
both the Cu?" and Pb** ions to the ZnS nanoparticles under
ambient light conditions. Figure 7b shows the thermodynam-
ics plot for the binding of Pb** ions to the ZnS under the dark
conditions. From the thermodynamics plots, the fitting of the
line was used to determine the AH and AS values for the sorp-
tion process of both ions. The relationship between In K;, AH,
and AS is given in Eq. 6:

AS AH

In(Ky) = % = 27 6)
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Fig.7 Thermodynamics plots for the binding of Cu®** and/or Pb**
with ZnS under ambient lighting (a) and dark conditions (b)

where K is the distribution coefficient; AS is the change
in entropy; R is the gas constant (8.314 J/mol K); T is the
temperature in Kelvin; and AH is the change in enthalpy.
The AS value was determined from the y intercept of the
line while the AH value was determined from the slope of
the line. As illustrated in Table 7, the AH values for the sorp-
tion of Cu®* and Pb>* to ZnS in ambient light were 16.84
and 16.08 kJ/mol, respectively, indicating an endothermic
reaction occurs. Correspondingly, the binding of Pb** with
ZnS under dark conditions was determined to be 13.79 kJ/
mol, which was attributed to an endothermic process occur-
ring during adsorption. Similarly, other studies have shown
adsorption of metal ions onto metal oxides/sulfides occur
via endothermic processes (Cantu et al. 2018; Zepeda et al.
2018). Based on the magnitude of the AH, the sorption of
both ions in ambient light occurred via physisorption. Fur-
thermore, the sorption of Pb®* with ZnS in dark conditions
occurred through an ion exchange mechanism almost at
the energy of a physisorption process. Based on literature
data, adsorption reactions consisting of AH below 40 kJ/
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mol corresponded to physisorption while AH values ranging
between 8 and 16 kJ/mol indicated an ion exchange process
(Al-Anber 2011; Cantu et al. 2018; Luther et al. 2013).

Interference study

The results for the interference study are shown in Figs. 7
and 8 for the sorption of Pb>* and Cu®* with ZnS in both
ambient light and the sorption of Pb>* jon under the dark
conditions in the presence of individual and combina-
tion cationic interferences. The cationic interference ions
used for each study were Nat, Mg?*, K*, and Ca®*, which
are commonly found in natural waters, with increasing
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Fig.8 Binding of Pb>" with ZnS coexisting with cationic interfering
species under ambient light (a), dark conditions (b), and binding of
Cu®* with ZnS nanoparticles with cationic interfering species under
ambient light (c)
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concentrations from 0.3 to 1000 ppm while the concentra-
tions of Cu®* and Pb>* were held constant at 0.3 ppm. Fig-
ure 8a shows the binding of Pb** with ZnS in ambient light
in the presence of all cations. As seen in Fig. 8a, the pres-
ence of each individual cation with increasing concentration
had little to no effect on the sorption of Pb>* in ambient
lighting. The sorption of Pb>* in the presence of a combina-
tion of all cations investigated showed a slight increase in
binding as a function of concentration. For example, in the
presence of 0.3 ppm of cations, the binding was approxi-
mately 88%. The sorption then increased steadily to 100%
binding at 300 ppm of the cations and remained constant
thereafter. Similarly, as seen in Fig. 8B, the sorption of Pb**
under the dark conditions using the same cations showed to
have a synergistic effect as a function of increasing concen-
tration. The binding of Pb?* in the presence of all cations in
dark conditions had the same trend as the sorption of Pb>* in
ambient light, which showed a slight increase with increas-
ing concentration of interferences. However, the sorption of
Cu?* in the presence of the divalent cations was observed
to decrease as the concentration of the cations increased
(Fig. 8c). In fact, Na* and K* caused an antagonistic effect
at concentrations above 100 ppm. As can be seen in Fig. 8c,
the sorption of Cu”" in the presence of sodium was 100%
binding from 0.3 to 100 ppm Na*, but from 300 to 1000 ppm
Na™, the binding of Cu®* decreased slightly to approximately
90%. The presence of all cations in the sorption of Cu®* with
ZnS in ambient light was observed to decrease with increas-
ing concentration of interferences. As can be seen in Fig. 8c,
the sorption of Cu?* in the presence of 0.3 ppm cations was
100% and it decreased thereafter to approximately 35% in
the presence of 1000 ppm of all cations.

A study performed by Tamez et al. showed that the pres-
ence of Na™, Mg?*, K*, or Ca>* had no effect on the sorption
of Pb*" with Fe,0, (Tamez et al. 2016). However, in the
presence of Na* or Ca®*, a synergistic effect on the bind-
ing of Pb** with Fe,O; was reported (Tamez et al. 2016).
Similarly, Cantu et al. showed that the sorption of Pb** with
Fe,S; in the presence of Na*, Mg?*, K*, and Ca** had no
effect on the sorption (Cantu et al. 2018). Moreover, Cu?*
sorption with Fe,Sg in the presence of any of the cations
showed an antagonistic effect as a function of concentra-
tion (Cantu et al. 2018). The decrease in the Cu>* binding
with increasing concentration of interfering ion may be a
function of the cation and counter ions affecting the copper
interaction with the sulfur ions on the surface. Ejtemaei and
Nguyen have shown that Ca®* and Mg?* ions can decrease
the binding of Cu®* and the hydrophobicity of sphalerite
(Ejtemaei and Nguyen 2017). However, the authors did not
observe any major binding of Ca>* or Mg?* to the surface of
the sphalerite, but copper binding was reduced as well as the
formation of CuS. The results indicated that Ca®* and Mg>*
do compete with the surface sites for Cu?* binding. In the
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present study, the metal sulfide showed a preferential binding
to both the Cu** and Pb>* over the hard cation interferences.
The preference in the binding is more than likely due to the
solubility of the CuS and PbS formed during the binding
process. PbS and Cus$ have solubility products of 1.6x 107
and 4.07x107%, respectively (Lawrence and Johnston 1980;
Huang et al. 2009), whereas the alkali metals and alkali earth
metals are soluble or decompose in water, which results in
lower stability and lower interference on the binding even
at very high concentration ratios of interference to Cu** or
Pb** ion. In the combined interference study, there was a mg
/L ratio of 13,333:1 mg interference: mg Cu** or Pb>* ratio
and still the heavy metals bound to the ZnS.

Conclusion

The ZnS nano-sorbent was successfully synthesized using a
hydrothermal method and was determined to be in a cubic
lattice with an average crystallite size of 7 nm using XRD
analysis. The binding of Cu*" was slightly pH dependent
and increased as a function of pH while Pb** was pH inde-
pendent under ambient light. The use of UV light had lit-
tle to no effect on the binding of either Cu>* or Pb>* ions.
However, the absence of light (i.e., reactions performed in
the dark) showed a decrease for the binding of Pb>*. The
binding of both Pb** and Cu?* to ZnS in ambient light was
time independent after the first 5 min of equilibration. The
binding of Pb** in dark conditions increased as a function
of time and was determined to follow the zero-order kinetics
model while the rate increased with increasing temperature
indicating an endothermic reaction. The binding of Pb>*
under ambient light and dark conditions was spontaneous
at all temperatures tested and increased in spontaneity as
a function of increasing temperature. While the binding of
Cu** under ambient light was found to be close to equilib-
rium, the AG value was positive. The magnitude of the AH
value indicated that the sorption of both Pb** and Cu?* in
ambient light and Pb?* in the dark occurred through phys-
isorption. Finally, the presence of interfering cations showed
little to no effect on the sorption of Pb** under either ambi-
ent light or no light conditions while the sorption of Cu*
was observed to decrease as the concentrations of interfer-
ing cations increased. Although the binding was suppressed
slightly, the results showed preferential binding of the Cu**
and Pb”>" ion to the ZnS nanomaterial. In the combined inter-
ference study, there was mg /L ratio of 13,333:1 mg interfer-
ence: mg Cu®* or Pb?* ratio and still the heavy metals bound
to the ZnS.
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