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Abstract

We report a facile and green route for a new synthesis of sulfide nanoparticles (ZnS NPs) using
Artemisia Herba Alba (AHA) plant extract for efficient adsorption/photodegradation of meth-
ylene blue dye (MB). Results exhibited a blue shift in the absorbance band and higher energy
band gap values than bulk ZnS materials, which was due to the quantum confinement effect.
X-ray diffraction confirmed the formation of the cubic phase of ZnS-AHA nanocrystals with a
calculated average size of 4 nm. Green synthesized ZnS NPs show enhanced adsorption effi-
ciency toward MB from contaminated water. ZnS-AHA NPs showed a specific surface area of
36.82 cm? g'!' and an adsorption capacity of 31.17 mg g! for MB. The Langmuir-Freundlich
model modeled adsorption data. The photocatalytic degradation performance of the green na-
noparticles under sunlight irradiation showed a remarkable dye degradation rate of 94.09% in
180 min. In summary, this eco-friendly NPs is a highly promising material to be used in

wastewater treatment for the removal of organic compounds.

Keywords: Green synthesis; Artemisia Herba Alba; nanoparticles; Adsorption; Statistical

physics modeling; Photocatalysis; Methylene Blue.

1. Introduction
Finding a way to treat wastewater that is safe for living things, cheap, and effective remains a
challenge for humanity. Due to the widespread industrialization of the world, the situation is

much worse than it used to be. This has caused many serious problems for our environment,



such as the pollution of water by dumping pollutants like organic dyes into rivers, lakes,
streams, and ponds without first cleaning them [1]. These toxic chemicals are difficult to bio-
degrade, and they remain in soil and water for years, which causes serious health dangers to
living organisms and also reduces soil fertility as the photosynthetic activity of aquatic plants
results in the development of anoxic conditions for aquatic flora [2,3]. To protect the environ-
ment, it is important to limit these toxic wastes as much as possible by coming up with an

effective way to treat wastewater before it is released.

In recent decades, numerous chemical, physical and biological methods were proposed for
wastewater treatment, including membrane-based processes, ultrafiltration, and reverse osmo-
sis [4]. Nevertheless, dyes reveal high solubility in water, which makes them difficult to elimi-
nate by such traditional procedures [5,6]. Among the current techniques, the so-called advanced
oxidation processes (AOP) have emerged as one of the most powerful means for dye degrada-
tion. Some AOPs methods such as ozonation have reached a level of development at an indus-
trial scale, while others are in full development in the research field [7]. These processes allow
the elimination of organic pollutants at atmospheric pressure and ambient temperature using
extremely oxidizing and reactive radical species able to degrade a wide variety of molecules,
and they may eventually lead to the complete mineralization of the pollutants. Heterogeneous
solar photocatalysis is one of the most studied, environmentally compatible, and efficient pro-
cesses for degrading many non-biodegradable pollutants using solar resources [8]. A photocata-
lyst is used in this process to start a chemical reaction when it is exposed to sunlight. In this
process, the photocatalyst is typically a semiconductor material, which absorbs light and gen-

erates electron-hole pairs that can react with water and other organic molecules.

Among the different semiconductors, zinc sulfide (ZnS) has been the focus of much attention
in view of its low cost, abundance,good stability, non-toxicity, and high optical absorption in
the visible and ultraviolet ranges [9]. Indeed, ZnS nanoparticles (NPs) are synthesized through
various methods, including chemical precipitation, solvothermal synthesis, and hydrothermal
synthesis [10]. These methods allow for precise control over the size, shape, and properties of
the nanoparticles. ZnS NPs have potential applications in various fields, including as a material
for optoelectronic devices, such as solar cells and light-emitting diodes (LEDs), and as a pho-
tocatalyst for water splitting and pollutant degradation [11]. They have also been studied for

their potential in biomedical applications, such as imaging and drug delivery.



Traditional ways of making NPs, on the other hand, often involve using toxic chemicals and
solvents, which can be bad for the environment. Therefore, there is a growing interest in devel-
oping environmentally friendly methods for the biosynthesis of NPs. One such approach is the
use of biological agents, such as microorganisms, plants, and enzymes, for the synthesis of NPs.
These agents can reduce metal ions and generate NPs through a process known as bio-reduction.
For example, nanoparticles can be synthesized using biological substances such as plants, algae
[12], bacteria [13], fungi, and viruses [14], which is defined as a novel, simple, fast, economic

and ecological alternative.

Currently, there is an increasing interest in the green chemistry method for synthesizing zinc
sulfide [15,16]. Rajabi et al. used the leaf extract of F. Johannis, and they obtained spherical
and semi-spherical nanoparticles of ZnS [17]. On the other side, Kannan et al. reported on the
synthesis of ZnS nanoparticles with a spherical form and an average size between 5 and 20 nm
using Acalypha indica and Tridax procumbens [18]. Plant extracts have several benefits, such
as safe handling and non-toxicity. Also, they can act as both reducing and stabilizing agents for

nanoparticles, allowing the simple fabrication of large amounts of nanoparticles [19].

To our knowledge, the use of an aqueous extract of Artemisia Herba Alba (AHA) for the green
synthesis of ZnS nanoparticles has not been reported. In this context, Artemisia Herba Alba is
a species of aromatic plant that belongs to the family Asteraceae. It is commonly known as
desert wormwood, or also known in Tunisia as 'Chih', and is native to North Africa and the
Middle East [20]. This plant has a woody stem and grows up to 60 cm tall. The leaves are silver-
gray in color, hairy, and divided into small lobes. The plant produces small, yellow flowers in
the summer. The AHA plant has been used in traditional medicine for a variety of purposes,
including the treatment of digestive disorders, respiratory problems, and skin conditions. It is
also used as a natural insect repellent [20]. Recent studies have shown that the plant contains
compounds with potential therapeutic properties, including antioxidant, anti-inflammatory, and
antimicrobial effects. However, more research is needed to fully understand the plant's potential
benefits [21]. This desert wormwood has more than 160 individual components, including many
essential oils, terpenoids, flavonoids, luteolin and flavones [22]. These phyto-bioactive constit-
uents, which are present in the aqueous extract of AHA, play an essential role in capping and

stabilizing the biosynthesized nanoparticles.

In the present study, the authors attention is focused on preparing a new green synthesis of ZnS

colloidal nanoparticles using Artemisia Herba Aba (ZnS-AHA) plant extract by chemical route



and subjecting them to several experimental techniques to explore their applications in the ad-
sorption/photodegradation of a cationic thiazine dye, methylene blue (MB). MB is a cationic
dye commonly used in industries such as textiles, paper, and printing [23]. The adsorption of
MB on green-capped ZnS NPs was studied at different operating conditions. The effect of tem-
perature on the adsorption process was analyzed. MB degradation with ZnS-AHA nanocatalysts

was assessed at operating conditions under sunlight irradiation.

2. Experimental
Details regarding experimental and Artemisia Herba Alba extraction should be found in the

supplementary information.

3. Results and discussion

3.1. ZnS-AHA nanoparticules characterization

The compositions of biologically active compounds in 4. annua extract utilized for ZnS-AHA
NPs preparation were determined by FTIR analysis. The FTIR spectrum is presented in Fig.S2.
The FTIR analysis exhibited a major vibrational band at 540 cm™!, which is associated with the
Zn-S stretching vibrations [24,25]. The absorption peak was observed at 3319 cm™ which is
due to the alcohol/phenol group (-OH) stretching vibration [26]. The peak at 2978 cm! is prob-
ably ascribed to C-H alkane stretching, while the band at 2893 cm™! could be assigned to the C-
H stretching of branched alkenes, particularly from AHA extract [27,28]. The peaks of FT-IR
analysis were evidence that the ZnS-AHA NPs were alleviated with the major phytoconstituents

of Artemisia Herba Alba extract utilized for ZnS NPs fabrication.

The crystal structures of the as-synthesized ZnS nanoparticles prepared using AHA were deter-
mined by X-ray diffraction analysis; see Fig. S3. XRD confirmed the formation of the cubic
phase of ZnS-AHA nanocrystals with a calculated average size of 4 nm. The sharp and narrow
peaks implied that the ZnS-AHA NPs were highly crystallized [29]. The smaller size of the ZnS
crystallites encapsulated by AHA extract is most likely due to the strong interaction of AHA

molecules with ZnS nanocrystals [30].

The size distribution and morphology of the synthesized ZnS-AHA NPs were imaged using
HR-TEM. The ZnS-AHA NPs microscopic analysis with TEM was presented in Fig.S4a. In
general, the TEM images have revealed the sphere's spherical shape, with diameters in the range
of 4 nm. These results are in good agreement with the XRD results. The d-spacing determined
from the digital micrograph for ZnS is 0.30 nm, which is close to the spacing of the (111) dif-
fraction plane of the cubic phase [8]. NPs elemental composition was determined by EDX (Fig.



S4b). Zn and S are the major elemental components. The presence of C is related to the TEM
grid, and other peaks, Si and P, are probably due to residues coming from the synthesis and the

grid.

Fig. S5 shows the optical absorption spectra of the ZnS NPs that were spread out in water. A
broad, strong absorption band located at 325 nm confirms the single-dispersed nature of ZnS-
AHA NPs distribution [31]. The estimated band gap energy for the green ZnS using the Tauc
relation [32] is 3.70 eV, which indicates that the gap energy of ZnS-AHA NPs shifts towards
the blue compared to that of bulk ZnS (Eg=3.6eV).

The photoluminescence spectra of the synthetized nanoparticles dispersed in water were rec-
orded in (Fig. S6). An intense and wide band centered at 450 nm dominates the spectrum, which
was attributed to recombination between electrons and holes at the edges of the conduction and
valence bands, respectively [33,34]. The FWHM of the main emission band is equal to 62 nm,
which is related to the size dispersion of the ZnS-AHA NPs.

In the extra information, you can find more information about how our samples are described.
3.2. Adsorption study of MB on AHA capped ZnS nanoparticles

In general, studies show that the amount of dye that can be removed increases significantly as
the adsorbent's efficiency goes up [35]. The effect of the mass of the AHA-capped ZnS NPs on
the MB adsorption is revealed in Fig. 1. The amount of the nanoadsorbents is varied from 0.1
to 2 g, the concentration of dye being 10 mg/l at pH = 7, the temperature being 298 K, and the
contact time being 120 min. This figure exhibits that the removal of dye increases as the amount
of the adsorbent increases. This is easily understandable, as the increase in adsorbent mass in-
creases the available surface area and therefore the number of adsorption sites available [36]
and consequently increases the amount of dye adsorbed. The dye removal reached approxi-
mately 95.91% using 1 g of green AHA-capped NPs, which is related to a large number of
adsorption sites. On further addition of adsorbents, a decrease in the adsorption efficiency of
nano-adsorbents was observed. This is explained by the fact that the accessibility of adsorbent
active sites with higher energy decreases, and only the active sites with lower energy are avail-
able to be occupied [37]. Therefore, the optimum amount for dye removal was chosen to be 1

g of ZnS-AHA NPs.
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Fig.1: (a) Effect of ZnS-AHA mass on the MB adsorption and (b) Efficiency of MB adsorption.

The pH of the solutions is also an important factor that influences the capacity of the adsorbent
by influencing the surface charge of the nanoparticles [24]. The effect of the solution pH on the
dye adsorption was studied from 5 to 9, when keeping the dye concentration equal to 10 mg/1,
the adsorbent quantity equal to 1 g and the temperature at 300 K. As shown in Fig. 2, the per-
centage of dye removal increased gradually from 70.55 to 95.91% when pH varies from 3 to 7;
this is due to the electrostatic interactions between the positively charged dye molecules and
the negatively charged adsorbents [24]. On the other hand, a decreasing trend in the dye removal
efficiency was observed with a further increase in pH to 9. The pH value equal to 7 was fixed

as the optimum pH for MB dye experiments.
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Fig.2: Effect of pH on the adsorption of MB by AHA-capped ZnS NPs.

Over time, adsorption was studied to find out how much dye was taken up at different times.
Equilibration time is also an important economic factor for the water treatment of polluted sys-
tems [38]. The results of the kinetic adsorption study of MB on green capped ZnS NPs are
presented in Fig. 3. The dye adsorption process on the AHA-capped ZnS nanoparticles was fast
for the first 5 min, then continued at a slower rate for 10-30 min, reaching equilibrium after
approximately 45 min of the experiment. The experimental kinetics showed that using an AHA
ligand increased the MB adsorption capacity. This can be explained by the small size of the
robust adsorbents, which have a large surface-to-volume ratio and provide more sites on the
surface. Hence, we could deduce that the new green synthesis has a progressive impact on the
adsorption process with the improvement of the adsorption efficiency in addition to the eco-
friendly criteria. The effect of the initial dye concentration depends on the immediate relation
between the dye concentration and the available nano-adsorbent surface sites, as shown in Fig.
4. The ability of the adsorbent goes up as the initial dye concentration goes up. This may be
because the driving force for mass transfer is high when the initial dye concentration is high
[39]. Experimental data exhibit an outstanding MB adsorption capacity on AHA-capped ZnS
NPs, which varied from 9.54 to 29.92 mg/g when the dye concentration is raised from 10 to 50
mg/L, and it was assumed that Artemisia Herba Alba plant extract enhanced the adsorption
process. However, another parameter is the temperature, which influences the adsorption ca-
pacity of the adsorbent. A decrease in the adsorption process has been noted, and the results are

7



given in Fig. 5. A decline of adsorption capacity with an increase in temperature demonstrates
that the adsorption is an exothermic process. This may be attributed to the decline in the ad-
sorptive forces between the dye species and the active sites on the adsorbent surface with a rise

in temperature [40]

ZnS-AHA
10
TP = . ]
8 - ﬂf
a :';’/
2o /
E 64
-_ [ ]
=
d.]/
4
[ ]
2
0 —! T T T T T T
1] 20 40 60 &0 100 120

t (min)

Fig. 3: kinetic adsorption study of MB on green capped ZnS NPs.
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Fig.4: Effect of initial dye concentration on the adsorption capacity AHA-capped ZnS NPs.
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Fig. 5: Effect of Temperature on the adsorption of MB onto AHA-capped ZnS NPs.

3.2.1. Adsorption kinetics

The kinetics studies on MB adsorption were conducted at 298 K. The pseudo-first-order (PFO)
and the pseudo-second-order (PSO) models were applied to evaluate the MB adsorption kinetic
data. The PFO kinetic model has been widely employed to predict the dye adsorption kinetics,

which is given by the next formula [41] :

q (1) = qe (I-exp(-Ki1) (1)
Where q(t) and ge represent the amount of dye adsorbed (mg/g) at any time t and equilibrium,

respectively, K1 is the corresponding PFO adsorption rate constant (min ™).

On the other side, the PSO kinetic model predicts that the rate-limiting step is chemisorption
and this model is valid over the whole range of adsorption. The PSO kinetic rate equation is

defined as follows [41] :

_ _Gbkat
) = o (2)

Where K> (mg/g min) is the corresponding PSO rate adsorption constant. The best model for

the adsorption kinetics study was chosen according to the R* value. The PFO model was the

9



best alternative to describe the MB dye adsorption on ZnS-AHA NAs with R?= (0.98-0.99) for
all concentrations. The obtained results of adsorption kinetic modeling are reported in Fig. 6
and Table 1. Adsorption rates (K1) declined when the dye concentration increased because of
the competition of dye molecules with the available adsorption active sites [42]. Fig. 6 indicates
that two different stages can be found in the kinetic profile. The first section of the curve corre-
sponds to the diffusion of molecules on the NAs surface, which is generally the longest stage.
The second stage corresponds to the adsorption equilibrium where the interaction between ad-

sorbate and adsorbent surface takes place.

The adsorption capacity varied from 9.58 to 28.94 mg g !, when the dye concentration is in-
creased from 10 to 50 mg/L, respectively. These values are close to the experimentally deter-
mined values from the adsorption isotherms. These high adsorption capacities are favored by
the small particle size of ZnS-AHA NPs. The specific surface area of ZnS-AHA was found to
be 36.82 cm? g'!; this high specific surface area is a key factor to reaching these adsorption
capacities, which also contributes to a fast mass transfer gradient for the MB diffusion to the

NPs surface [24].
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Fig.6: Modeling of MB adsorption kinetic using the pseudo-first order
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Table 1: Pseudo-first-order kinetic parameters for the MB adsorption on ZnS-AHA NAs

Model Pseudo-first order
C(mg/1) 10 15 20 25 30 35 40 45 50

K1 (min') 0.09  0.05 0.08 0.05 0.04 0.05 0.05 0.06 0.07
qe (mg/g) 9.58 13.81 17.47 2277 2597 2740  28.01 28.69 28.94

3.2.2. Dye adsorption isotherms

Adsorption isotherms are highly useful for understanding the mechanism of adsorption [43]. In
general, adsorption isotherms provide information on the improvement of the adsorbents, a de-
scription of the affinity and the binding energy between adsorbate and adsorbent (whether or
not there are lateral interactions between molecules), and the adsorption capacity [44]. The

isotherm also gives information on mode adsorption (monolayer or multilayer adsorption).

In this study, the effect of the initial concentration of MB on the amount adsorbed (mg/g) by
ZnS-AHA NPs was studied over a range of initial concentrations (10-50 mg/l) for MB. The
adsorption isotherms assessed at room temperature of 298 K are shown in Fig. 7. According to
Giles [45], the ZnS-AHA NPs adsorption isotherms show an L-form, indicating a relatively
high affinity between the adsorbate and adsorbent. The maximum equilibrium adsorption ca-

pacity value is 29.92 mg/g.

The equilibrium data of MB onto ZnS NPs was examined using the most common Langmuir,
Freundlich and Langmuir-Freundlich models to find out the suitable model that may be applied
for the design and optimization of adsorption processes (see Fig. 7 and Table 2). The best ap-
plicable model of those is chosen from the coefficient R? value (0 < R? < 1). The Langmuir
isotherm states that adsorption takes place with the monolayer formation of adsorbate molecules
on a homogeneous adsorbent surface with uniform adsorption energies [46]. This model is very
useful for the monomolecular adsorption of a solute by forming a single layer on the surface of
an adsorbent; this model is used when the following conditions are met. The adsorbed species
is fixed on a single well-defined site, and each site can fix a single adsorbed species, the ad-
sorption energy of all sites is identical and independent of other species already adsorbed at

neighboring sites. The following equation represents this model [24]:

e = Qmax 1_%526 (3)
Where ¢e 1s the equilibrium adsorption capacity (mg/mg), Ce (mg/L) is the dye concentration

in solution at adsorption equilibrium, g,,,,, (mg/g) is the maximum adsorption capacity of tested

11



nanoadsorbents and K; (L/mg) is the Langmuir constant. On the other side, the Freundlich
model implies an heterogeneous adsorption surface having sites with different adsorption ener-
gies. It is mostly applied to the heterogeneous solid catalysts and is a mathematical relation used
to describe multilayer adsorption. It is described as [24]:
Ge = ks C:/nF 4)

where Kr(mg/g) is the Freundlich adsorption constant and nr is the degree of nonlinearity be-
tween solution concentration and adsorption where, 1/nr (0.1, 1) demonstrates favorable ad-
sorption. In the end, the Langmuir -Freundlich (L-F) isotherm model is an equation based on

the isotherms of Langmuir and Freundlich at the same time. It describes heterogeneous surfaces

as well. The equation can be written as:

_ Amax(KLFCe)"LF
e = 1+(KLFCe)"'LF (3)

where g,,q,(mg/g) is the maximum adsorption, the capacity of tested nano-adsorbents, K is
the adsorption affinity constant and ncr is the heterogeneity index.

From the isothermal modeling results given in Table 2,

We find that the Langmuir-Freundlich model better describes our experimental results, with
gmax= 31.85 mg/g and R?>= 0.98. The Langmuir model shows that the surfaces of our samples
are energy homogeneous and allow monomolecular adsorption of MB on our green NPs. On
the other hand, Freundlich model nr values are greater than 1 (nr > 2.16) showing that adsorp-
tion is favorable and physical [42]. The maximum adsorption capacity calculated with the Lang-
muir-Freundlich model was 31.15 mg/g, which agreed with the experimental data of 29.92 mg/g
and proves that the new robust green nano-adsorbents are good candidates for wastewater treat-

ments.

15 | u Experimental points

Langmuir Isotherm ,R2=0,979
weer Frendlich Isotherm R2=0,877
Langmuir-Frendlish Isotherm ,R2=0,980

(] 5 1|o 15 20
Ce {mgf)

Fig. 7: The adsorption isotherms of MB dye using AHA-capped ZnS NPs.
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Table 2: Parameters of the isotherm models for the MB adsorption on ZnS-AHA NPs

Langmuir isotherm (R? = 0.97)
Qmax (Mg/g) KL
31.8 0.80
Freundlich isotherm (R? = 0.86)
Kr(mg/g) nr
15.52 241
Langmuir-Freundlich (R? = 0.98)
Qmax (Mg/g) KiLr m
31.15 0.84 1.10

3.2.3. Statistical physics modeling

A statistical physics model was applied for MB supplement adsorption analysis via the calcu-
lation of the following physicochemical parameters: the number of the adsorbed dye molecules
per adsorption site (n), the density of adsorption sites (Du) and the corresponding adsorption
energies. A monolayer advanced model was used to clarify the adsorption isotherms of MB on
the tested ZnS-AHA NPs. This model considered that MB dye molecule formed a monolayer
on NPs surface. The formation of the layer of adsorbed MB molecules resulted from the inter-
actions between MB and NAs surface. This advanced model demonstrates that the main ad-
sorption site in the green ZnS-AHA NPs could link a variable number of MB dye molecules

(equal, inferior or superior to 1). This monolayer model is reported in equation 6 [24]:

e (6)

qe - 1 n
_2
1+ Co

where Ci21s the concentration at half-saturation of MB on the ZnS-AHA NPs surface. Note

that the calculation of adsorption energy via this model was performed with equation 6 [24]:

<)

AE‘, = RT.In(
C1/2 (7)

where Csis the MB dye molecule solubility (i.e., 40 g/l), R is the universal ideal gas constant
(8.314 x107 kJ K" mol™!) and T (K) is the absolute value of adsorption temperature. The esti-
mated values for model parameters are summarized in Table 3, while the model fitting is given
in Fig. 8. It is noted that the parameter n can be applied to describe the number of dye-adsorbed

molecules per adsorption site and provides also details about the geometric adsorption position.

13



Geometrically, the position of an adsorbate can be described according to the number of mole-

cules per adsorption site of the tested material.

Table 3 shows that n = (1.08-2.25) indicates that MB dye molecules could be linked or adsorbed
via a non-parallel orientation or inclined, with a multimolecular adsorption process [8]. MB
molecules can interact with the adsorbent surface thus forming an aggregation process where
the formation of MB dimers in the solution and a multimolecular adsorption process (n > 1)
could be expected on the prepared nano-adsorbents. This multimolecular adsorption phenome-
non usually occurs for dye molecules. The density of adsorption sites Du decreased with tem-
perature from 28.73 to 11.45 mg g’!. Indeed, if the number of adsorbed MB dye molecules per
adsorption site increased, the space in the ZnS-AHA nanoparticles surface reduced and, conse-
quently, the number of adsorption sites available for dye removal became limited [24]. Note
that a high Du value implies a high performance of the adsorbent because more adsorption sites
are available for the adsorption of the target pollutant [8]. The adsorption capacities at saturation
(Osat) decreased as a function of the aqueous solution temperature from 31.17 mg g ! at 298 K

to 25.49 mg g ! at 318 K, thus indicating exothermic adsorption.

The last parameter to be analyzed is the adsorption energy. This adsorption energy is expressed
as a function of the concentration at half-saturation and the solubility of MB dye in water (Cs).
All the adsorption energies that characterize the interactions between MB molecules and ZnS-
AHA nano-adsorbent surface were estimated by modeling the experimental data through the
Hill model, and they are summarized in Table 3. It is observed that the adsorption energies
ranged from 25.82 to 21.58 kJ mol ™!, suggesting the presence of physical interactions between
MB dye molecules and the ZnS-AHA nano-adsorbent surface. It could be expected that weak
electrostatic forces and hydrogen-bond interactions were involved in the adsorption of MB mol-
ecules on the functional groups of the green ZnS-AHA nanoparticles. When comparing the
capacity of adsorption of ZnS-AHA to that of other previously published ZnS nanoparticles
(Table 4), ZnS AHA presents higher capacity of adsorption, compared to naked ZnS NPs [47],
to ZnS encapsulated with broccoli extract [48] and ZnS encapsulated with mercaptopropionic

acid [24].

14
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Fig. 8: Adsorption isotherm for statistical physics modeling of MB on ZnS-AHA.

Table 3: Parameters of the Hill model for the MB adsorption

T (K) n Dwm (mg/g) Ci2 (mg/1) Qsat (mg/1) AEf (kJ/mol)
298 1.08 28.73 1.19 31.17 25.82
308 1.75 15.94 3.25 27.85 23.33
318 2.25 11.45 6.58 25.49 21.58

Table 4: Comparison of the adsorption capacity of various adsorbents with ZnS-AHA NPs to-
wards MB dye.

Sr. No Sample Dye Time (min) | qmax (Mg/g) Ref. No
1 ZnS-MPA MB 120 25.18 [24]

2 ZnS MB 120 15.65 [47]

3 ZnS-Broccoli MB 60 9.00 [48]

9 ZnS-AHA MB 120 31.85 Our work

3.3. Photocatalytic degradation of MB dye using ZnS-AHA NPs

3.3.1. Degradation pathways

In a process called "photocatalytic degradation of MB dye using sunlight irradiation," ZnS

nanocatalysts are used to start a chemical reaction in the presence of sunlight. This reaction

breaks down the dye molecule. The sunlight's irradiation plays a crucial role in this process by
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providing the energy required for the photocatalytic reaction to occur. The energy from the
sunlight excites the electrons in the photocatalyst material, which in turn react with the dye
molecules to break them down. Preliminary experiments carried out with MB solution in the
absence of the ZnS nano-catalysts reveal that less than 10 % of the dye was decomposed after
180 min of sunlight irradiation due to the OH* radicals coming from water or due to the self-
sensitization light of dye molecules, proving that MB molecules present a good photostability.
Fig. 9 shows a series of UV-Vis absorption spectra for the methylene blue dye suspension in
the presence of the AHA-capped ZnS NPs irradiated for 0, 10, 20, 30, 45, 60, 120 and 180 min.
With increasing sunlight irradiation time, it was observed that a significant reduction in the
absorption of the MB dye solution at the maximum peak at 664 nm was due to the break of the
azo groups (C-S'=C) bond responsible for the blue color which indicates the decomposition of

the MB chromophoric structure [10].
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Fig. 9: Absorption spectral changes for the MB aqueous solution in the presence AHA capped
ZnS NAs.

As a result, MB dye concentration decreased in the presence of the green ZnS-AHA NPs under
sunlight irradiation until a full decolorization of the initial solution revealed that MB molecules
were completely degraded. The degradation efficiency of AHA-capped ZnS NPs is given in
Table 5. These results show a high degradation of MB dye using our synthesized NPs after 180
min of irradiation. We have recorded a rapid degradation of MB using the new plant extract-

capped ZnS NPs leading to very effective decomposition in the first hour (89.18%). As a result,
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the new green nano-adsorbents demonstrated a fast and powerful degradation (94.09%) and
which makes them a promising and robust nanocatalyst for the dyes degradation. This high
photodegradation activity can be explained by the reduction in electron-hole recombination [8].
In order to deduce kinetics from the degradation process, we calculated the effect of the irradi-
ation time on the degradation using the normalized changes in the MB concentration (C/Co)
and degradation efficiency (1- C/Co) for the nano-adsorbents represented in (Fig. 10). The in-
tersection of these two curves indicated the half-life of the dye, which is the time reach to attend
the MB half-concentration. The degradation performance is dependent on the high surface area
of the crystal and morphology, which might enhance the number of photo-generated electron-
hole pairs. Here, we suppose that Artemisia Herba Alba extract may influence the ZnS crystal
growth with a high surface-to-volume ratio due to the small size of nanocrystals (4 nm) and
subsequently high specific surface (36.82 cm? g'!) which highly generate electron-hole pair at
the conduction and valence band states under sunlight irradiation [30].In addition, another ex-
planation is the ligand functional groups which is involved in the adsorption and the photocata-
lytic processes because Artemisia Herba Alba extract is plenty of phenol, proteins and flavo-
noids groups which include reactive hydroxyl radicals. These highly reactive hydroxyls and
superoxide radicals formed by interaction with the charge carrier to the surface of the nanopar-
ticles can react with MB dye adsorbed on ZnS leading to its degradation [49]. As a result, the
probability of adsorption of MB molecules on the surface of ZnS NAs will be increased with
the use of AHA. In order to calculate the rate constant (k) and half time for MB degradation,

we have used Eq.4 and Fig. 10; the summarized parameters are presented in Table 5.
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Fig. 10: C/Co curve and degradation efficiency (1-C/Co) for AHA capped ZnS NPs
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Table 5: degradation efficiency of MB by ZnS-AHA NPs under sunlight irradiation.

t (min) Omin | 10 min | 20 min | 30 min | 45 min | 60 min | 120 min | 180 min
% Degradation
of MB 0 69.27 |79.81 | 7990 |82.27 |89.18 | 89.63 94.09

The calculated rate constant (k) AHA-capped ZnS NPs was 0 0.012 min™'. It is clear that the
use of green ZnS-AHA nanocatalysts increases the photodegradation of the MB dye under sun-
light which is confirmed by the small half-time value (7.41min). Finally, AHA-capped ZnS
nanocatalysts showed a high photocatalytic performance due to the formation of NPs enriched
with sulfur vacancies (Vs) and zinc interstitials (Izn) caused by stacking faults [24]. Therefore,
as the plant extract-capped ZnS NPs present high defaults (dislocations, strain and stacking
fault), this could facilitate the transfer of the photogenerated carriers by trapping the excited
electrons and restraining the electron-hole recombination which increases the photocatalytic
activity of these nano-adsorbents. This indicates that the ZnS capped with Artemisia Herba
Alba groups can be considered as a promising photocatalyst that can operate under sunlight for
the environmental removal of organic pollutants. Moreover, the green molecules of the plant
extract are eco-friendly that making AHA-capped ZnS a good candidate for further applications
(antibacterial activity and gas sensor). Some values of maximum quantities found in the pho-
todegradation of MB on some other ZnS nanoparticles are presented in Table 7. ZnS-AHA
presents the higher degradation efficiency, nevertheless, its degradation rate constant is lower
than that of ZnS NPs coated with Acalypha indica extract [18] and that of ZnS NPs with cubic
phase [53].

Table 6: Calculated parameters of photodegradation of MB in aqueous solution using ZnS-
AHA NPs under sunlight irradiation.

Nanocatalyst Degradation rate Half-time t1/2 Degradation effi-
constant K (min™) (min) ciency 7 (%)
ZnS-AHA 0.012 7.41 94.09
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Table 7: Comparison of the photocatalytic efficiency of various adsorbents with ZnS-AHA
NPs towards MB dye.

Sr. Sample Dye Irradiation Time (min) |[Degradation| Degrada- Ref. No
No rate con- | tion effi-
stant K ciency
(min™) (Y0)
1 ZnS-TGA | MB Sunlight 180 0.010 91.10 [10]
2 ZnS-CHI | MB UV light 120 | - 87.00 [50]
3 ZnS-CC MB UV light 120 | - 96.00 [51]
4 ZnS-S MB Visible light 180 | - 81.00 [52]
5 ZnS-A MB UV light 180 0.071 93.00 [18]
6 ZnS MB Sunlight 180 0.013 87.38 [24]
7 ZnS MB Visible light 120 0.020 78.41 [53]
9 ZnS-AHA | MB Sunlight 180 0.012 94.09 Our work

To help explain more about how photocatalysis works, Fig. 11 shows a possible photocatalytic
mechanism for the degradation of MB dye by capped ZnS nanoparticles when exposed to sun-
light. The first step is summarized by the adsorption phase of the dye molecules on the NAs
surface. When the ZnS semiconductor was irradiated by sunlight with energy higher than the
band gap, an electron (¢7)/ hole (h") pair was generated, where the electrons e will transfer from
the valence band (VB) to the conduction band (CB) and the holes h" will be located in VB. The
formed e and h* will migrate to the nano-adsorbent's surface and react with electronic reactants
such as adsorbed Oz to produce a superoxide anion radical (Q2"). The photo-induced holes can
be trapped to produce hydroxyl radical species (OH"), which are assumed to be the most essen-
tial and powerful oxidizing radicals for dye degradation. In addition, intrinsic defects in the
crystal structure (i.e., Vs, and Izn) act as intermediate energy states for the electrons, inhibiting
or delaying the rapid carrier recombination processes, which improve the separation of electron-
hole pairs [54]. The active radical species (OH" and O2") can effectively degrade dye molecules
to form intermediates like propionic acid and malonic acid with the final products (CO2 and
H20) [55]. An analogous effect may be expected from the charged functional groups of the

plant extract and the organic-capping agent at the nano-interfaces with ZnS under irradiation.
The main reactions that might be involved can be summarized as follows:
(a) Adsorption phase
ZnS-AHA + MB — ZnS-AHA-MB (18)

(b) (e)-(h") pair generation
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ZnS-AHA + hv — eBc” + hv' (19)

(c) Production of superoxide and hydroxyl radicals

e+ 02— 02" (20)
H20 + h*—OH" + H' (21)
h*+ OH — OH" (22)
(d) Degradation phase
02" + Ci6H1sCIN3S — Intermediates + CO2 + H20 (23)
OH™+ C16H13CIN3S — Intermediates + CO2 + H20 (24)

In the photocatalytic experiment to break down MB dye, it is clear that the hydroxyl radical is
very important. To prove the effect of these species on the degradation process the photolysis experi-
ments were carried out, which were based on sunlight irradiation without nanocatalysts. These prelimi-
nary experiments reveal that less than 10 % of dye was decomposed after 180 min of sunlight irradiation
which demonstrates the importance of OH" and O2™. These robust radicals found in high density in
AHA-capped ZnS NPs arise from the phenol and flavonoid groups of the extract plant. The
hydroxyl radical starts to attack dye molecules from the C-S™=C bond and other bonds to de-
grade the MB dye. According to the photocatalytic experiment, the biological and organic-
capped ZnS nanoparticles show enhanced photocatalytic activity for the degradation of MB
dye.

(a) MB adsorption @@

(c) Production of superoxide radical

(b) Zn$ excitation by

0, (d) Degradation phase
sunlight irradiation 2

C P e
[ ¢
& > L)
> ( +°. 4 Intermediates

OH" H,0 €o,

‘/(c) Production of hydroxyl radical

0 <9
023 o .
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Fig. 11: Proposed MB dye degradation mechanism using capped-ZnS nano-adsorbents.
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3.3.2. Recycling of the ZnS-AHA photocatalysts

Reusability studies are an important tool for evaluating the long-term viability of materials, and
can help to take decisions about their use in a variety of applications. In this context, the pho-
tocatalytic stability of ZnS-AHA for MB degradation was thus studied. Repeatability experi-
ments were conducted for 5 continuous cycles (Fig.12). After each run, the catalysts were col-
lected and rinsed a few times with deionized water and ethanol, and dried at 100°C for 24 h
before the beginning of the next cycle. Results reveal that the catalytic performance remains
nearly unchanged and the degradation of MB is kept 92 + 2 % after 5 successive cycles. These
provide clear evidence of high physiochemical and photocatalytic stability of as-synthesized

nanoparticles. We have added the following reusability studies in the photocatalytic section.

100
94,09 93,53 92,27

90,54 88,15
80 -
60 -
40
20
o —+
1 2 3 4 5

Cycling times

Decolorization (%)

Fig. 12: Reusability of the ZnS-AHA nanocatalysts for the photodegradation of MB

6. Conclusion

In summary, the present findings demonstrate that AHA-capped ZnS NPs synthesized via a
stable, simple and colloidal route at room temperature. An innovative green method for prepar-
ing luminescent ZnS nano-photocatalysts was developed, for the first time, using Artemisia
Herba Alba. FTIR results confirmed the functionalization of nano-adsorbent surfaces by AHA.
XRD analysis indicated the formation of nanocrystals with an almost pure cubic phase. The
average size of AHA-capped ZnS nanocrystals calculated by using the Debye-Scherrer formula
and observed by HR-TEM was 4 nm. The optical absorption spectra showed the appearance of
an absorption edge shifted towards short wavelengths compared to that of the solid-state semi-
conductor ZnS. PL spectroscopy indicated that no significant emission intensity was observed

which clearly revealed that AHA ligands could play the same role as organic ligands for use in
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luminescence applications. Capped-ZnS NPs were used for MB removal under sunlight irradi-
ation from an aqueous colloidal solution to investigate the adsorption-photocatalysis synergy.
Results showed spontaneous exothermic adsorption with an adsorption capacity of up to 29.92
mg/g. Adsorption isotherms and statistical physics calculations were used to analyze the steric
and energetic parameters associated with MB adsorption on the surface of nano-adsorbents.
The green ZnS nanoparticles showed a remarkable sunlight photocatalytic activity for MB dye
with a conversion rate of 89.18 % in the first hour. ZnS-AHA nanoparticles exhibited high
adsorption and photocatalytic capacity indicating that new plant extracts are a promising cap-

ping agent for potential eco-friendly and environmental applications.
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Supplementary Information

A novel green synthesis of zinc sulfide nanoparticles using Artemisia Herba
Alba plant extract for adsorption and photocatalysis of methyl blue dye
2. Experimental details

Chemicals and reagents together with Artemisia Herba Alba plant extraction were demonstrated

in the first section of the Supplementary Materials.

2.1. Chemicals and Reagents

Analytical-grade chemicals were used from commercial sources without any further purifica-
tion. Zinc (II) acetate dihydrate (Zn [CH3COO]2.2H20 > 98%), sodium sulfide (NazS > 98%)),
and methylene blue dye (CisHisCIN3S >50%, MW = 319,85 g/mol) were purchased from
Sigma-Aldrich. Ultra-pure water (UPW) from the Millipore system was employed in all
aqueous solutions (resistivity > 18 MOhm.com).

2.2. Artemisia Herba Alba extraction

Artemisia Herba Alba (AHA) plants were collected from Tunisia. The selected leaves of AHA
plants were washed with deionized water and then dried in the shade at room temperature and
ground into powder. 11.5 g of powder was added to 200 mL of distilled water. The mixtures
were boiled at 100 °C for 2h and filtered at room temperature. The filtered aqueous solution
constitutes the extract of A. herba alba, which was used for ZnS nanoparticle fabrication in the

present study. Fig. S1 shows a picture of 4. herba alba leaves and their extract.

Plant extract
e —

Fig.S1: Artemisia Herba Alba plant and its extract.

2.3. Synthesis of ZnS nanoparticles

The colloidal wet chemical route has been used to describe in detail how ZnS nanoparticles are
made [1]. The green synthesis of the ZnS NPs was carried out employing Artemisia Herba Alba
(AHA) extract as a complexing agent. In the typical synthesis process of AHA-capped ZnS
NPs, 20 ml of AHA aqueous extract was mixed with 3 mM of Zn[OOCCHj3]2-2H20 solution
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(50 ml). The mixture was then agitated and degassed in the presence of N2 for 30 min. In a
second step, under stirring, 1.2 mM of NaxS solution (30 ml) was added to the solution contai-
ning Zn-AHA complexes at room temperature. Then, the mixture was heated under N2 reflux
at 100 °C for 3 h to obtain AHA-capped ZnS NPs. The final solution was to allow the solution
to cool down naturally at room temperature to stop the growth of NPs. The nanoparticle powder
was separated by centrifugation for 20 min and washed with water and ethanol, and then it was

stored at room temperature to be used later in dye removal studies.
2.4. Adsorbent characterization

Numerous techniques were used to characterize AHA-capped ZnS NPs. XRD measurements
were carried out using a Panalytical X’ Pert Pro diffractometer with a CuKa radiation source
(A=1,542A). Fourier transform infrared (FTIR) spectra were obtained in the transmission mode
using a Perkin Elmer version 5.3 spectrophotometer in the spectral range of 4004000 cm™! at
room temperature using KBr pellet disks. High-resolution transmission electron microscopy
(HR-TEM) images were recorded using a JEM-2100 microscope operating at 200 kV and
equipped with an Energy Dispersive X-ray (EDX) system for element chemical analysis. A drop
of nanocrystal solution was poured onto carbon-coated copper grids to obtain HR-TEM
samples, where the excess solvent was evaporated. The nanocrystal size and size-distribution
data were collected based on the HR-TEM images by measuring at least 100 randomly selected
nanocrystals using an image processing program (ImagelJ, version 1.50). Absorbance spectra
were registered using a SPECORD 210 Plus spectrophotometer in the range of 200—-800 nm at
room temperature with a quartz cuvette. Photoluminescence (PL) spectroscopy was used to
study the defects and emission properties of the ZnS NAs using a helium-cadmium laser as an

exciting source of 325 nm.
2.5. Dye adsorption experiments

The process of molecules or particles sticking to the surface of a material or substrate is called
adsorption. The study of the adsorption of MB onto AHA capped ZnS nanoparticles involves
investigating the interaction between the dye and the surface of the nanoparticles. This can be
done by preparing a suspension of the nanoparticles and adding a known concentration of MB
to it. After stirring and allowing the suspension to equilibrate for a period of time, the concen-
tration of MB remaining in the solution is measured using a UV-Vis spectrophotometer (SPE-
CORD 210 Plus, Tunisia). All adsorption tests were performed with magnetic stirring in the
dark.
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You can figure out how well the nanoparticles absorb by figuring out the difference between
how much MB was in the solution at the beginning and how much was left at the end. This
information can be used to figure out how well the nanoparticles remove MB from the water.
Factors that can affect the adsorption of MB on AHA capped ZnS nanoparticles include the
concentration of MB, the pH of the solution, the temperature, and the size and surface area of
the nanoparticles. These parameters can be varied to optimize the adsorption capacity of the
nanoparticles. To check the effect of these parameters, each one was tested individually by hol-
ding all the other variables fixed. Contact time (0-120 min), initial concentrations of MB (10-
30 mg/l), adsorbent dose (0.1-2 g/1), different medium pH (5-9) and temperature range (298-
318 K) were studied to find the effect of these variables on the adsorption operation of ZnS
nanoparticles in aqueous solutions. The MB adsorbed amount Qe (mg/g) as well as the percent

dye removal efficiency (%) by the ZnS NPs can be expressed as [2]:

(C _Ce)V
Qe == m (1)
. . . (CO _Ce)
Dye Adsorption ef ficiency (%) = ———x100 (2)

0

where Co and Ce is the initial and the equilibrium concentrations of dye in the solution, in
(mg/L), respectively, V is the volume of the MB solution in (mL), and m is the mass of the ZnS-
AHA in (mg). The plot of equilibrium adsorption capacity Qe against equilibrium concentration

Ce in the liquid phase is graphically illustrated to determine the equilibrium isotherm.

Furthermore, the density p was calculated using the following expression [2]:

ZM
P=3 (3)

Where Z is the number of atoms per unit cell, M (g mol™) is the molecular weight of the ZnS,
Vis the volume of the unit cell (cm™) and N is the Avogadro number. The specific surface area
S (cm? g'') of ZnS nano-particles was calculated using the next equation [2]:

-5
S = P 4)
Where p (g cm™) and D (nm) are the x-ray density of cubic or hexagonal nano-particles and the

average particle size, respectively.

2.6. Photocatalytic degradation measurements

The photocatalytic performance of ZnS-AHA NPs was measured by the photodegradation of
MB as model dye. The photocatalytic experiments were carried out at 300 K and pH 7 with the
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initial concentration and volume of 10 mg/l and 20 ml respectively in the presence of 20 mg
ZnS NAs. At midday on a clear day in Tunisia, the intensity of sunlight at the Earth's surface is
typically around 1000 watts per square meter (W/m?). By contrast to sunlight, UV radiation
represented only 5% (50 Wm?) of the total available solar flux received at the surface of the
earth in the most favorable sunlight conditions [1]. After the adsorption phase (in the dark), the
suspensions were submitted to sunlight irradiation between 11 am and 2 pm to rate the dye
degradation. The photocatalytic activity was examinated by monitoring the concentration in
samples of 2 mL of the preparation suspension taken after filtration at different irradiation pe-
riods (0, 10, 20, 30, 45, 60, 120, 180 min). According to the Beer-Lambert law, the degradation
performance was evaluated by measuring the optical absorption at the maximum absorption
wavelength of MB at 664 [2]. The degradation efficiency and rate were calculated using the

following equations [2]:

n= CC;C x 100 (5)
kt = Ln (2 (6)
Ct
_Ln(2)
tp=—"= (7

Where C, C, are the concentrations (mg/L) and A, and A are the absorbances of MB dye solution
before and after irradiation, respectively, at different times using the NPs. Note that K (min™!)
is the apparent reaction rate constant, which is calculated from of Ln (C/Co) or Ln (A/Ao) versus

L.

3. Results and discussion
3.1. ZnS-AHA Nanoparticles characterization

The FTIR spectrometer was used to measure the vibrational frequencies of bonds in the
molecules and to confirm the presence of different functional groups on the surface of ZnS
nanoparticles (Fig. S2). The absorption band at 540 cm™ was observed due to the Zn-S stret-
ching vibrations [3]. The presence of Zn-S vibration clearly indicated that ZnS NPs was suc-
cessfully formed. Absorption peak was observed at 3319 cm™! which is due to the alcohol/phe-
nol group (-OH) stretching vibration [4]. The strong broad peak at 3665 cm! is attributed to N-
H stretching mode of the secondary amides coming particularly from the identified molecule
dihydroxanthin of plant extract [5]. The peak at 2978 cm™ is probably ascribed to C-H alkane
stretching, while the band at 2893 cm™! could be assigned to the C—H stretching branched alkene,
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particularly from the identified molecule cis-hydroxydavanone compound of AHA extract [5].
The peak at 1575 cm™ could be due to C=0 carbonyl stretching group and the peak at 1057 cm
!'was assigned to the stretching vibrations of primary alcohol groups in the AHA extracts [6].
Hence, these two peaks confirmed the presence of flavonoids or polyphenolic compounds in
AHA-capped ZnS NPs [6]. The peaks at 1393 and 1259 cm™! corresponded to CH3 and C-O
stretching vibration coming mainly from the identified molecule vulgarin [5]. FTIR analysis
evidenced that green nanoparticles were stabilized with the major phytoconstituents of AHA

extract.
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Fig. S2: FTIR spectrum of AHA-capped ZnS nanoparticles.

The crystal structures of the as-synthesized ZnS nanoparticles prepared using AHA as a cap-
ping agent was studied by X-ray diffraction (XRD) and the obtained XRD patterns are shown
in Fig. S3. The diffraction peaks are broadly confirming the nanometric size of the ZnS par-
ticles. For the phase identification, diffraction patterns of the ZnS were compared and analyzed
using the diffraction standards of the wurtzite phase (JCPDS card No.80-0020) and zinc blend
phase (JCPDS card No.80-0007). XRD patterns can be indexed as cubic zinc blende structure,
and they appear in good agreement with JCPDS data card No. 80-0007 with prominent peaks
corresponding to the reflections at (111) (220) and (311) planes. The non-appearance of diffrac-
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tion peaks related to the wurtzite phase demonstrates that AHA capping favors the cubic struc-
ture. To better quantify the effect of the stabilizers, the size of the nanoparticles was estimated

using the Scherrer formula [7]:

KA
D= Fo0s @) (S.1)

Where D is the average crystallite size (A), k= 0.9 is the Scherrer constant, / is the wavelength
of X-ray (1.5402 A) Cu Ko radiation, f is the full width at half maximum of the diffraction
peak (in radian) and 6 is the Bragg diffraction angle, respectively. The estimated average size
of the ZnS-AHA nanocrystals was found to be nearly equal to 4 nm. The smaller size of the
ZnS crystallites encapsulated by AHA extract is most likely due to the strong interaction of
AHA molecules with ZnS nanocrystals which makes the growth slower [8]. On the other hand,
the lattice constant of the cubic phase of ZnS nanocrystals can be estimated using the following

expressions:

a?

h2+k2+12

dizlkl = (5.2)

Where dri is the inter-reticular distance for the cubic structure; /4, £, and [/ are Miller indices; A
is the wavelength of the X-ray radiation; a, is the lattice constant of the cubic phase of ZnS
nanocrystals. The calculated average value of the lattice and the inter-reticular distance para-
meters of AHA ZnS nanocrystals was a= 5.4 A and dna=0.31 nm. It should be kept in mind

that the Scherrer formula considers only the size effects coming from the diffraction results,

and it then offers a lower limit for the nanocrystals size and neglects the micro-strain [9].
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Fig. S3: DRX patterns of AHA-capped ZnS nanocrystals.
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Figure S4a shows the HR-TEM images of the AHA-capped ZnS NPs, which are round,
and a histogram of their sizes. Their aggregation could be due to the high concentration of
nanoparticles. The histogram of nanocrystal size distribution shows that the average crystal size
is 4.3 = 0.5 nm. These results are in good agreement with the XRD results. The d-spacing de-
termined from the digital micrograph for ZnS is 0.30 nm, which is close to the spacing of (111)
diffraction plane of the cubic phase [2]. Comparing the values calculated by Bragg law, it is
evident that the growth of ZnS-AHA occurs preferentially along the direction [111]. NPs ele-
mental composition was determined by EDX (Fig. S4b). Zn and S are the major elemental
components. The presence of C is related to the TEM grid and other peaks, Si and P, are proba-

bly due to residues coming from the synthesis and the grid.

Fig. S4: (a) HR-TEM images of ZnS-AHA nanocrystals with an inset showing the 0.29 nm
lattice spacing that corresponded to the (111) plane and (b) EDX results.

3.1.2. Optical study of ZnS-AHA NPs

In order to investigate the optical properties and the impact of ligand on the stability and size
distribution of the nanoparticles, the optical absorption spectra of the ZnS NAs dispersed in
water were recorded in (Fig. S5). The UV-Visible absorption spectrum of ZnS NAs suspension
shows an absorption band at 325 nm related to the first electronic transition 1Se-1Sh [10]. The
blue shift compared to bulk ZnS (344 nm, E; = 3.6 eV) is due to the quantum confinement of

charge carriers due to the small particle size. This tendency is characteristic of semiconductors
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II-VI, mainly associated with the nanocrystal size distribution and sub-bandgap transitions ari-
sing from the intrinsic-extrinsic defect states. We have determined graphically the value of the

optical and band-gap energy Eg using the following Tauc relation [11]:

ahv =
ZnS-AHA
—_
‘“.
=
~ —_
@ H
o £
c s
«
2
Eg=3.75eV

o g=3.75
[72]
Q 2,50 2‘75 3‘00 3‘25 3‘50 3‘75 4‘00 4‘25 4,50
< Y ’ Y ’ hvv(eV) Y ’ Y Y

T T T T T T T T T T T T T T T T T T T

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)
A (hv — Eg)" (S.3)

Here, a is the absorption coefficient, 4 is a constant, h is the Planck constant, v is the frequency
of radiated photons and n is a transition-dependent factor (n = 1/2 for direct semiconductors).
The optical gap energy of the capped ZnS NPs is obtained by extrapolating the plot of the
function (ahv)? to the value o = 0. The intersection of the line with the horizontal axis gives the
band gap energy value, (see insert in Fig. S5). The estimated band gap energy for the green ZnS
1s 3.70 eV. It is clear that the gap energy of these ZnS NPs shifts towards the blue, compared to
that of the bulk ZnS (Eg = 3.6 eV); this is due to the very small size of NPs, which induces a
quantum confinement effect (QCE) [12].
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Fig. S5: Absorption spectra for ZnS nanoparticles prepared with AHA plant extract. The de-
termination of the energy band gap using Tauc Relation is shown in the inset.

Fig. S6 shows the emission spectra of ZnS NPs obtained with an excitation wavelength Aex.=
325 nm at room temperature. An intense and wide band centered at 450 nm dominates the
spectrum. The emission spectra are deconvoluted using three Gaussian profiles associated with
three main bands. The first band is less intense and has a spectral width of a few nm and is
strongly correlated with the size of the nanoparticles. This band was attributed to the direct
band-to-band recombination of excitons. The second emission band in the blue region (450
nm), which dominates the spectrum, was attributed to recombination between electrons and
holes at the edges of conduction and valence bands respectively, or involves very shallow re-
combination centers (sulfur vacancies Vs) [13]. Finally, the green emission band (500 nm) was
attributed to the interstitial zinc atom (Izn) [14]. The FWHM of the main emission band is equal
to 62 nm which is related to the size dispersion of the ZnS-AHA NPs.
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Fig. S6: Gaussian adjustment of PL spectra of AHA capped ZnS NPs.
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