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a b s t r a c t
The study reports the use of surface modified ZnS nanoparticles as potential adsorbent for the removal 
of methylene blue (MB) from aqueous solution. The surface of the ZnS nanoparticles was modified 
with EDTA (E-ZnS) and watermelon rind extract (W-ZnS) and later characterized for its surface prop-
erties. The size of surface modified ZnS nanoparticles was found to be spherical shape with an average 
size of 12 and 10 nm, respectively, for W-ZnS and E-ZnS NPs. As an application, the ZnS nanoparticles 
were investigated for the sequestration of MB from aqueous solution. Batch adsorption studies were 
employed to optimize the experimental conditions aiming MB removal. Batch parameters such as 
pH, contact time, adsorbent dose and initial adsorbate concentration were optimized. Isotherms and 
kinetic models were applied to study the mechanism of adsorption process. The process is found to be 
thermodynamically feasible and spontaneous in nature. The results suggest that the surface modifica-
tion of ZnS nanoparticles enhanced the MB uptake capacity.
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1. Introduction

The increasing population and demand for industrial 
products have led to serious contamination of the 
environment. The persistence of contaminants especially in 
the water streams has badly affected the biotic and abiotic 
components of the ecosystem. There is an increasing concern 
on elimination of contaminants from industrial wastewater 
before it reaches the water streams. Various treatment 
techniques such as oxidation, ion exchange, reverse osmo-
sis, electrochemical treatment, precipitation, adsorption, 
filtration, etc., are in practice for the removal of contaminants 
from wastewater [1]. In spite of all the techniques, adsorption 
is found to be superior and most economic technique for the 

treatment process [2]. Various adsorbents such as activated 
carbon [3], zeolites [4], agricultural wastes [5,6], ionic liquids 
[7] and nano materials [8] are investigated and reported in 
literature.

Among the adsorbents, nanosorbents are classified as 
promising adsorbent due to its high efficiency and easy sepa-
ration process. The high efficiency exhibited is due to the high 
surface area and high activities caused by size quantization 
effect [9]. Hua et al. [10] reported an informative review on 
use of various nano/nano metal oxide sorbents for treatment 
of heavy metal ions from wastewater. A detailed literature 
review suggested that much of the work has been investi-
gated on nano metal oxides for the heavy metal ion and dye 
treatment from wastewater. The reports on use of nano metal 
sulfides as adsorbents is very minimal and yet to be explored.
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Semiconductor nanoparticles (NPs) in the size ranging 
from 1 to 10  nm have received much interest because of 
their unique properties. Especially, the II–VI semiconductors 
having wide band gaps and studied for their extensive use 
in optoelectronic devices [11]. Among II–VI semiconductor 
NPs, zinc sulphide (ZnS) was considered to be an important 
material which has a wide band gap 3.5 eV for cubic phase at 
room temperature. The ZnS NPs have high catalytic functions 
and are effectively used as photocatalyst for the degradation 
of methylene blue (MB) dye [12,13]. The ZnS NPs are inves-
tigated as photocatalytic agents, their applications as adsor-
bent in the removal of adsorbates are yet to be investigated. 
Recently, Ni-doped ZnS NPs loaded onto activated carbon 
was investigated as potential adsorbent for the removal of 
Congo red dye from aqueous solution [14].

According to Lakshmipathy et al. [15], the acid group from 
the citrulline binds onto the surface of the ZnS NPs and thus the 
amino groups are freely available at the surface. The presence 
of amino group on the surface will facilitate binding of anions 
rather than cations. The study also reported that the presence 
of functional groups on the surface of ZnS NPs enhanced 
the photocatalytic property by adsorbing the target analyte. 
Though the degradation was successfully achieved, the water 
still contains degraded analytes whose toxicity or effects are 
not validated or unknown. Further, the degradation mech-
anism takes place by adsorption of MB ions onto the surface 
of the ZnS NPs and catalytically degraded upon receipt of UV 
light. Since adsorption is powerful technique which delivers 
complete elimination of contaminants, the use of ZnS NPs as 
adsorbent shall be highly significant for the removal of MB ions 
from aqueous solution. In the present study, the synthesized 
ZnS nanoparticles (ZnS NPs) by adding watermelon rind (WR) 
extract as capping agent were investigated as an adsorbent 
for the complete removal of MB from aqueous solution. The 
surface of the ZnS NPs is reported to be bound by citrulline, 
an amino acid found abundantly in WR [15]. In order to make 
the ZnS NPs as cations sequester and most efficient adsorbent, 
the surface must be modified with acidic and hydroxyl groups. 
Thus, the ZnS NPs surface was functionalized with EDTA and 
characterized for its morphology. As an application, the sur-
face functionalized ZnS NPs were investigated as potential 
nanosorbent for the removal of MB from aqueous solution.

2. Materials and methods

2.1. Materials

The analytical grade zinc acetate and sodium sulphide 
was procured from SD Fine-Chem Ltd., India. The analytical 
grade EDTA and MB was procured from Merck, India, with 
99.9% purity. Deionized water was used for making up all 
reagents and test solutions.

2.2. Synthesis of EDTA-functionalized ZnS NPs

The ZnS NPs were synthesized according to the proce-
dure reported in the literature [15]. A 1:1 molar ratio of zinc 
acetate and sodium sulfide (Na2S) solutions at room tem-
perature was mixed and spontaneously a white precipitate 
of ZnS was observed. To this ZnS colloid, WR extract was 
added, followed by vigorous stirring using a magnetic stir-
rer for 90  min at room temperature then centrifugation at 

10,000 rpm for 10 min. The product obtained after discarding 
the supernatant was washed with deionized water for several 
times in order to remove any impurities present on it. The 
water washed product was dried in oven at 100°C for 1 h and 
named as WR-capped ZnS nanoparticles (W-ZnS NPs). The 
procedure adopted for synthesis of EDTA-capped ZnS NPs is 
very similar to the W-ZnS NPs. The 1:0.5 of zinc acetate and 
EDTA was dissolved in deionized water and to this solution, 
Na2S solution was added drop by drop with constant stir-
ring (Fig. 1). Formation of white color precipitate ZnS was 
observed during the addition of Na2S and continued till no 
more precipitate formation was observed. The mixture was 
stirred well with the help of a magnetic stirrer at 100 rpm at 
60°C for 12 h. After stirring, the solid ZnS NPs were separated 
by centrifugation process. The suspension was centrifuged at 
10,000 rpm for 10 min at 3°C. The supernatant solution was 
stored for further analysis and the solid ZnS NPs obtained 
were dried in oven at 80°C for 5 h. The obtained solid was 
named as E-ZnS NPs and subjected for characterization.

2.3. Characterization techniques

The functionalization of EDTA onto ZnS NPs was con-
firmed by Fourier transform infrared (FTIR) analysis (Avatar 
330, Thermo Nicolet). The samples were scanned from 4,000 
to 400 cm–1 for 32 times in transmittance mode. Transmission 
electron microscope (TEM; JEM-2100F) was employed to 
know the size and shape of the synthesized ZnS NPs. Powder 
XRD analysis of the synthesized ZnS NPs was carried out 
using a D8 Advance diffractometer, Bruker, Germany, (with 
Cu Ka radiation, k = 1.54 Å) equipped with a Lynx eye detec-
tor and b-Ni filter, scanning in the 2 h range from 10° to 80° 
at 0.02° min–1.

2.4. Batch adsorption studies

Batch adsorption studies were carried out for the 
removal of MB from aqueous solution by W-ZnS and E-ZnS 

Fig. 1. Synthesis of EDTA-functionalized ZnS nanoparticles.
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NPs. Batch parameters such as pH, contact time, adsorbent 
dose, initial adsorbate concentration and temperature were 
optimized. The batch studies were carried out by adding 
appropriate adsorbents to 20  mL of prefixed concentration 
of MB solution for optimizing the parameters except for ini-
tial adsorbate concentration. The suspension was agitated 
at 150  rpm in a temperature-controlled orbital shaker. The 
suspension was separated by centrifugation process and the 
residual concentration of MB present in the solution was 
determined by UV-visible spectrometer. The concentration 
of MB in the solution was measured at λmax 665 nm with ref-
erence to the known standard solution. All the experiments 
were conducted for triplicate and the mean values are rep-
resented here. The error was found to be less than 3%. The 
percentage removal and loading capacity of the process was 
determined by the following equations:

% ( ) Removal of MB = q C C V
Me = −0 1 � (1)

Loading capacity Removal= =
−

×%
( )C C

C
0 1

0

100 � (2)

where C0 is the initial adsorbate concentration and C1 is the 
final adsorbate concentration. V is the volume and M is the 
mass of the adsorbent.

3. Results and discussion

3.1. Characterization of W-ZnS and E-ZnS NPs

3.1.1. FTIR

The FTIR analysis was carried out in order to confirm the 
binding of EDTA onto ZnS NPs. The FTIR spectra of ZnS, 
W-ZnS and E-ZnS nanoparticles are represented in Figs. 2 
(a) & (b) and Fig. S1. The FTIR spectra of WR-mediated ZnS 
NPs show absorption peaks at 3,441 cm–1 correspond to O–H 
stretching of acidic part of amino acids and the dual bands one 
at 3,419 cm–1 corresponds to N–H stretching and the a shoul-
der peak at 3,200  cm–1 corresponds to an overtone of N–H 
bending vibrations of 1° amines present in the amino acid of 
the extract. The peaks at 2,926 and 2,854  cm–1 are attributed 
to C–H stretching. The strong absorption peaks at 1,631 cm–1 

corresponds to C–O stretching and the band at 1,568 cm–1 cor-
responds to N–H bending. C–C stretching was observed at 
1,402 cm–1, the absorption peaks around 563 cm–1 correspond 
to Zn–S metal bond stretching. From the above analysis, it is 
clear that bio-molecular capping on the ZnS NPs especially the 
binding of major component of citrulline in WR extract. The 
FTIR spectra of EDTA-capped ZnS NPs exhibit absorption band 
at 3,388 cm–1 corresponding to O–H stretching due to moisture 
content present in the sample. The intense peaks at 1,581 cm–1 
correspond to the asymmetrical stretching of COO– groups and 
band at 1,409 cm–1 correspond to C–C stretching vibrations. The 
band at 1,325 cm–1 is attributed to C–CO2 groups of EDTA. The 
peak at 1,109 cm–1 corresponds to C–N groups. The other weak 
bands attribute to stretching and bending vibrations of C–N–C 
and C–O–O groups. These observations confirm the binding of 
EDTA on the surface of ZnS NPs.

3.1.2. TEM

The TEM analysis was carried out to know the shape 
and size of the synthesized ZnS NPs. The TEM image of 
E-ZnS NPs is represented in Fig. 3. The size of the E-ZnS 
NPs is found to be around 10  nm; however, the shape of 
the NPs is found to be irregular in shape and found to have 
agglomeration. The TEM micrograph suggests that the func-
tionalization of EDTA onto ZnS did not avoid agglomeration. 
This is due to binding of freely available COO– groups from 
EDTA onto other adjacent ZnS NPs. In case of W-ZnS NPs, 
the size and shape of the NPs was found to be approximately 
12 nm with spherical in shape [15]. The size distribution of 
W-ZnS, E-ZnS and ZnS NPs is represented in Fig. S3. It can 
be observed that the size distribution of ZnS is wide and no 
control of size due to absence of capping/stabilizing agents. 
In case of W-ZnS and E-ZnS, the size distribution range is less 
compared with unmodified ZnS. This is due to the factor that 
the presence of capping/stabilizing agents from WR extract 
and EDTA restricted the size growth of ZnS NPs.

3.1.3. XRD

The XRD analysis was carried out to determine the crys-
talline nature of the synthesized W-ZnS and E-ZnS NPs. The 
XRD patterns of W-ZnS and E-ZnS NPs are represented in 
Fig. 4. The diffraction peaks of W-ZnS NPs at 28.65°, 33.15°, 
47.56°, 56.44°, 60.67° and 76.99° correspond to (111), (200), 
(220), (311), (400) and (331) planes of cubic ZnS (Fig. 4(a)). 

W-ZnS 

E-ZnS

Fig. 2. FTIR spectra of W-ZnS and E-ZnS nanoparticles.
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The typical broadening of the peaks was observed, depicting 
that the synthesized ZnS NPs are small in size. The diffrac-
tion peaks of E-ZnS were also similar to that of W-ZnS NPs 
(Fig. 4(b)). The diffraction peaks of W-ZnS and E-ZnS NPs are 
found to be similar to that of unmodified ZnS (Fig. S2). These 
observations suggest that the functionalization of ZnS with 
WR extract and EDTA has not resulted in any phase change.

3.2. Batch adsorption studies

3.2.1. Effect of pH

The solution pH is an important parameter which must 
be optimized while performing adsorption studies. The 
presence of H+ ion concentration in the solution will always 
exhibit competition to the target analytes for the adsorption 
sites. In view of the above factor, a study was executed to 
optimize the pH by varying the solution pH from 2 to 10 
(Fig. 5). It was observed that with increase in pH of the solu-
tion, the removal efficiency increased and found maximum 
at pH 8 for W-ZnS NPs (Fig. 5). Similar trend was observed 
for EDTA-functionalized ZnS NPs; however, the maximum 
removal efficiency was found at pH 8 and observed to be sat-
urated till pH 10. The increasing trend observed in both the 

cases is due to the decrease of H+ ions concentration with the 
increasing pH thus minimizing the competitive adsorption 
for active sites. Further optimization studies were carried out 
at pH 8 for W-ZnS and E-ZnS NPs.

3.2.2. Effect of adsorbent dose

The adsorbent dose plays a vital role in adsorption stud-
ies which decides the cost of the treatment process [16]. 
In order to optimize the adsorbent dose, the dose of the 
W-ZnS and E-ZnS NPs was varied from 0.5 to 5 g L–1 and 

Fig. 3. TEM micrograph of E-ZnS nanoparticles.

Fig. 4. XRD patterns of (a) W-ZnS and (b) E-ZnS nanoparticles.

Fig. 5. Effect of pH on the removal of MB from aqueous solution 
(time 30 min, dose 1.5 g L–1, MB concentration 50 mg L–1).
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the results are represented in Fig. 6. The removal efficiency 
of MB increased with increasing adsorbent dose and found 
to be saturated at 1.5 and 1  g  L–1, respectively, for W-ZnS 
and E-ZnS NPs. The increasing trend observed is due to the 
availability of more number of active sites with increasing 
adsorbent dose [17]. The efficiency is found to be saturated 
beyond 1  g  L–1 due to agglomeration of adsorbents thus 
decreasing or blocking the active sites. The removal effi-
ciency of E-ZnS NPs is found to be much higher and satura-
tion point was reached earlier compared with W-ZnS NPs. 
The difference observed is due to presence of EDTA groups 
on the surface of the ZnS NPs enabling faster and easier 
binding process. Thus 1.5 and 1 g L–1 were fixed as adsorbent 
dose for further experiments.

3.3. Kinetics of adsorption

The kinetic experiments were performed very similar 
to the equilibrium experiments by varying the contact time 
and collecting the samples at preset time intervals. The exper-
imental data obtained were analyzed with two well-known 
kinetic models such as pseudo-first order and pseudo-second 
order kinetic models.

The pseudo-first order rate equation of Lagergren is 
represented as follows:

ln( ) lnq q q k te t e− = − 1 � (3)

where qe is the amount of MB ion adsorbed at equilibrium 
(mg g–1), qt is the amount of MB ion adsorbed at time t and 

k1 is the first-order reaction rate constant. A straight line of 
ln (qe – qt) vs. t suggests the applicability of this kinetic model 
and values of k1 and qe were determined from the plot.

Based on the sorption equilibrium capacity pseudo-second 
order equation can be expressed as:

t
q k q

t
qt e e

= +
1

2
2 � (4)

where k2 (g mg–1 min–1) is the rate constant of pseudo-second 
order adsorption. The values of k2 and qe can be calculated 
from the plot of t/qt vs. t.

The correlation coefficients and respective constants 
obtained for the kinetic models are summarized in Table 1. 
The correlation coefficients obtained for pseudo-first order 
is found to be low suggesting that pseudo-first order model 
is not applicable to the present process. The failure of the 
model is further supported by the theoretical qe values which 
are not close enough to the experimental qe values. The 
pseudo-second order kinetic model was found to fit well 
to the experimental data. The correlation coefficients were 
found to be close to 1 and further the theoretical qe values 
were close to the experimental qe values. These observations 
suggest that the removal of MB by W-ZnS and E-ZnS NPs 
follows pseudo-second order kinetics and the process con-
trolling the rate-limiting step is chemical sorption involving 
valence forces through sharing or exchanging of electrons 
between sorbate and sorbent [18].

3.4. Adsorption isotherms

The loading capacity of adsorbent is a prime criterion for 
selection of adsorbents for real-time treatment process. In 
order to evaluate the loading capacity of W-ZnS and E-ZnS 
NPs, at equilibrium, the initial concentration of the MB solu-
tion was varied from 50 to 300 mg L–1. It was observed that 
with increase in initial concentration, the loading capacity 
increased and reached a maximum of 178.7 and 388.1 mg L–1, 
respectively, for W-ZnS and E-ZnS NPs. The loading capacity 
of W-ZnS and E-ZnS NPs is found to be higher than many 
other adsorbents reported in literature and few of the load-
ing capacities of adsorbents are summarized and compared 
in Table 2. The higher removal efficiency exhibited by E-ZnS 
NPs is due to presence of the acidic functional groups from 
EDTA on the surface enabling easier binding of MB. In case 
of citrulline-capped ZnS NPs, the surface exhibits amino 
groups which do not facilitate the binding of cations. The 
equilibrium data obtained were used for understanding the 
relationship between the concentration of adsorbate ions at 
equilibrium (Ce) and loading capacity (qe). The relationship 

Table 1
Kinetic constants derived for the plot of pseudo-first order and pseudo-second order models for the removal of MB from aqueous 
solution (pH = 7, MB concentration = 50 mg L–1 and dose-0.5 g L–1)

System Pseudo-first order Pseudo-second order
k1 (min–1) qe (mg g–1) R2 k2 (g mg–1 min–1) qe (mg g–1) R2

ZnS 0.019 14.8 0.856 0.067 58.4 0.999
E-ZnS 0.023 17.7 0.913 0.043 89.7 0.999

Fig. 6. Effect of dose on the removal of MB from aqueous solution 
(time 30 min, pH 8, MB concentration 50 mg L–1).
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can be better understood by applying isotherm models such 
as Freundlich and Langmuir isotherms.

Freundlich isotherm is an empirical equation that is based 
on the sorption of an adsorbate on a heterogeneous surface 
of an adsorbent. The linear form of Freundlich isotherm is 
given as:

log log logq K
n

Ce f e= +
1

� (5)

where Kf and n are Freundlich constants which indicate the 
adsorption capacity and intensity, respectively. If Eq. (3) 
applies, a plot of log qe vs. log Ce will give a straight line.

The Langmuir isotherm assumes monolayer adsorption 
process and linear form of Langmuir isotherm after rear-
rangement is given as:

C
q bV

C
V

e

e m

e

m

= +
1

� (6)

where Ce is the concentration of MB ions at equilibrium 
(mg L–1), qe is the amount of adsorbate adsorbed per unit 
mass of adsorbent (mg  g–1), Vm is the amount of adsor-
bate at complete monolayer coverage (mg  g–1) and b is a 
constant that relates to the heat of adsorption (L  mg–1). If 
the adsorption follows Langmuir isotherm then a plot of 
Ce/qe vs. Ce should be a straight line with slope 1/Vm and 
intercept 1/bVm.

The correlation coefficients and respective constants 
obtained for Freundlich and Langmuir isotherm are summa-
rized in Table 3. The plots obtained for Freundlich isotherm 
are not linear (figure not shown) and correlation coefficients 
obtained are low, suggesting that Freundlich isotherm is not 
applicable to the present process. The plots of Langmuir iso-
therm for the obtained data are found to be linear (Fig. 7) 
and the correlation coefficients are also close to 1, suggesting 
the better fit of the model. The better fit is further supported 
by theoretical monolayer coverage (VM) derived from plots of 
Langmuir isotherm are close to the calculated experimental 
values. The results suggest that the adsorption of MB onto 
W-ZnS and E-ZnS NPs is monolayer adsorption process.

3.5. Thermodynamics of adsorption

The removal of MB by W-ZnS and E-ZnS NPs was inves-
tigated at three different temperatures to understand the 
nature of the process. The thermodynamic parameters such 
as free energy change (ΔG°), enthalpy (ΔH°) and entropy 
(ΔS°) are derived from the experimental data and used for 
understanding the nature of adsorption process.

Thermodynamic parameters can be evaluated from the 
following equations:

K
q
CD
e

e

= � (7)

∆ ° = −G RT KDln � (8)

Table 3
Parameters of Freundlich and Langmuir isotherm models for the removal of MB from aqueous solution (time = 30 min, 
temperature = 303 K, pH 7 and dose = 0.5 g L–1)

System Freundlich isotherm Langmuir isotherm
Kf 1/n R2 Vm (mg g–1) b (L mg–1) R2

ZnS 9.07 0.033 0.901 177.2 0.034 0.989
E-ZnS 8.69 0.037 0.893 391.6 0.029 0.992

Table 2
Loading capacities of various adsorbents reported in literature

Adsorbent Loading capacity 
(qe) mg g–1

Reference

ZnS:Cu-NP-AC 106.9 [19]
Ag NPs-AC 71.4 [20]
Pd NPs-AC 75.4 [20]
Graphene oxide calcium 
alginate composites 

181.8 [21]

ZnS-NP-AC 100 [22]
Fe3O4/SiO2 core/shell 111.1 [23]
Banana peel 20.8 [24]
Algerian kaolin 52.7 [25]
Pyrophyllite 4.2 [26]
W-ZnS 178.7 This study
E-ZnS 388.1 This study Fig. 7. Plots of Langmuir isotherm for the removal of MB by 

W-ZnS and E-ZnS NPs from aqueous solution.
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∆ ° = ∆ ° − ∆ °G H T S � (9)

lnK S
R

H
RTD =

∆ °
−
∆ ° � (10)

where KD is the equilibrium constant, qe is the amount of MB 
adsorbed at the surface of the adsorbent, Ce is the equilib-
rium concentration in solution (mg L–1), R is the gas constant 
(8.314  J mol–1 K–1), T is the temperature (K). The enthalpy 
(ΔH°) and entropy (ΔS°) of adsorption were estimated from 
the slope and intercept of the plot ln KD vs. 1/T, respectively.

The loading capacity of the adsorbents found to 
decrease with increase in temperature from 303 to 323 K. 
The decrease in loading capacities is due to weaken-
ing of the adsorption sites at higher temperatures. The 
thermodynamic parameters derived from the plots are 
summarized in Table 4. It is observed from Table 4 that 
the free energy values obtained for both the adsorbents 
are negative suggesting that the process is spontaneous in 
nature. However, the negative values found to decrease 
with increase in temperature suggesting that the sponta-
neity decreases with increase in temperature. The enthalpy 
(ΔH°) values are found to be negative suggesting that the 
process is exothermic in nature and positive entropy (ΔS°) 
values suggest that the increase in randomness of the MB 
ions at the adsorbent surface.

3.6. Desorption studies

The process of regeneration of the adsorbent and recovery 
of adsorbate are very important for selection of adsorbents in 
real-time industrial process. In view of the above, desorption 
of adsorbed MB ions from ZnS and E-ZnS NPs was inves-
tigated with various desorbing agents such as HCl, NaOH, 
H2O and CH3COOH. The experiments were carried by add-
ing 0.1 g of MB-loaded W-ZnS in 20 mL of desorbing agents 
and agitated for 30 min at 303 K in a temperature-controlled 
orbital shaker. After the prescribed time interval, the sus-
pension was separated by centrifugation process and the 
resultant supernatant solution was subjected to UV-visible 
spectrophotometer to determine the concentration of MB in 
the desorbed solution. Similar experiment was carried out 
for MB-loaded E-ZnS NPs. The average results of two repli-
cates are represented in Fig. 8. It was observed that acetic acid 
showed higher desorption efficiency compared with other 

investigated desorbing agents followed by HCl, NaOH and 
H2O. Further, the regenerated adsorbents were used for next 
sorption cycles. It was observed that the removal efficiency 
of E-ZnS NPs started decreasing after third cycle compared 
with W-ZnS NPs. The decrease in efficiency might be due to 
weakening of adsorption sites and leaching of EDTA from 
the surface of ZnS NPs.

4. Conclusion

The study reports the surface modification of ZnS NPs 
with EDTA and WR extract and its application in removal 
of MB dye from aqueous solution. The surface functional 
groups, size and morphology of the W-ZnS and E-ZnS were 
assessed by FTIR, XRD and TEM techniques. The size of the 
E-ZnS NPs was found to be less than 10 nm, however, found 
to be agglomerated. The loading capacities of W-ZnS and 
E-ZnS NPs are found to be higher than many other adsor-
bents reported in literature. The loading capacity of E-ZnS 
was found to be high compared with W-ZnS NPs due to 
availability of more number of acidic sites on the surface. 
The removal of MB ions follow pseudo-second order kinetic 
model with monolayer adsorption process. The thermody-
namic studies suggest that the present process is sponta-
neous and exothermic in nature suggesting that W-ZnS and 
E-ZnS NPs are superior adsorbents for the removal of MB 
from aqueous solution.

Table 4
Thermodynamic parameters derived for the removal of MB from aqueous solution (time = 30 min, MB concentration = 50 mg L–1, 
pH 7 and dose-0.5 g L–1)

Adsorbent Temperature (K) Loading capacity (mg g–1) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J mol–1 K–1)

W-ZnS 303 58.4 –6.79 –6.14 412
313 57.1 –5.96
323 54.5 –5.11

E-ZnS 303 89.7 –9.63 –8.94 651
313 88.3 –8.74
323 86.8 –7.38

Fig. 8. Desorption of MB from W-ZnS and E-ZnS NPs from 
aqueous solution.
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Supplementary data

Fig. S1. FTIR spectra of unmodified ZnS NPs.

 

Fig. S2. XRD pattern of unmodified ZnS NPs.

Fig. S3. Particle size distribution of (a) ZnS, (b) W-ZnS and 
(c) E-ZnS NPs.


