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In the present study, we used the horsetail plant (Equisetum arvense) as a green source to synthesize silicon
nanoparticles (GS-SiNPs), considering that it could be an effective adsorbent for removing chromium (Cr (VI))
from aqueous solutions. The characterization of GS-SiNPs was performed via Brunauer-Emmett-Teller (BET),
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), transmission electron microscopy
(TEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray photo electron
spectroscopy (XPS) techniques. The batch test results of Cr (VI) adsorption on GS-SiNPs showed a high adsorption
capacity, reaching 87.9% of the amount added. The pseudo-second order kinetic model was able to compre-
hensively explain the adsorption kinetics and provided a maximum Cr (VI) adsorption capacity (Q.) of 3.28 mg
g1 (R? = 90.68), indicating fast initial adsorption by the diffusion process. The Langmuir isotherm model fitted
the experimental data, and accurately simulated the adsorption of Cr (VI) on GS-SiNPs (R? = 97.79). FTIR and
XPS spectroscopy gave further confirmation that the main mechanism was ion exchange with Cr and surface
complexation through -OH and —COOH. Overall, the results of the research can be of relevance as regards a green
and new alternative for the removal of Cr (VI) pollution from affected environments.

1. Introduction common and is related to a variety of fatal diseases, which globally cause

the death of about two million people annually (Chen et al., 2019). In

Novel and sustainable methodologies under the label ‘Green nano-
technology’ have been recently developed for nanoparticle synthesis,
with the aim of improving water quality and reducing the exposure of
humans and ecosystems to pollutants (Naikoo et al., 2021; Sharma et al.,
2021). With industrialization, climate change, and the expansion of
urban areas, pollution has become a global challenge which requires
urgent attention (Irfan et al., 2021). Soil, water, and air pollution are the
three major types of pollution. Among them, water pollution is the most

recent years, China has experienced rapid industrialization and urban-
ization, resulting in serious water pollution episodes (Zhou et al., 2021).
This is an alarming issue as it threatens the safety of the environment
and food, which in turn influences human health. Consequently, China,
which is inhabited by about 20% of the world’s population, gives great
importance to water pollution, being a priority in environmental safety
measures (Chen et al., 2018).

On account of natural and anthropogenic sources, heavy metals
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(HMs) are the pollutants most frequently released into water bodies
(Ajiboye et al., 2021; Azimi et al., 2017). Over the years, increases in the
maximum permissible limit of HMs in drinking water have become a
major public concern in most parts of the world (Egbueri, 2020; Egbueri
et al., 2020; Muleya et al., 2020; Sholehhudin et al., 2021; Toure et al.,
2019). Hexavalent chromium (Cr (VI)), as one of these HMs, is carci-
nogenic and toxic, and has become a major source of public health
problems due to its non-biodegradable nature, high solubility in aqueous
environments (Wani et al., 2018), and its use and improper handling in
various industries (leather, tanning, textiles, and electroplating) (Lou
etal., 2021). Considering the harmful effects of Cr (VI) on human health,
the World Health Organization (WHO) (Codex Alimentarius Commis-
sion, 1997) and the Environmental Protection Agency have set the
maximum concentration levels in drinking water at 50 and 100 pg L™},
respectively (Dianyi Yu, 2010). Increasing daily intake of Cr (VI)
(0.01-0.09 mg day %) can cause skin inflammation, liver and kidney
damage, lung congestion, vomiting, and ulcers (Hu et al., 2007).

Green synthesized nanoparticles are considered to be a future trend
in agriculture and forestry, on account of their unique physical and
chemical properties and capacity to act as a productive catalyst in the
oxidation reaction used to treat effluent water from industries (Ferrari,
2005; Saravanan et al., 2021). Specifically, silicon (Si) nanoparticles
(SiNPs) have attracted tremendous attention in their application as
remediators for HMs, owing to their high adsorption capacity (Bhat and
Venkatram, 2019; Farajzadeh Memari-Tabrizi et al., 2021), and their
great potential in improving agriculture yield (El-Saadony et al., 2021).
Due to their chelating properties, SiNPs have high potential for water
remediation (Igbal et al., 2016; Yadav et al., 2021). Recently, the
biosynthesis of SiNPs has proven to be more effective, economical, and
valuable than chemical synthesis in the remediation of HMs, and thus in
achieving sustainable development for the environment (Adinarayana
et al., 2020; Roychoudhury, 2020; Shafiei et al., 2021).

As potential green source of Si, horsetail (Equisetum arvense) is a rush-
like perennial related to ferns, with hollow, jointed stems containing
large quantities of silica and silicic acids (Vivancos et al., 2016). In view
of that, it could be explored as a low-cost and Si-rich source for the green
synthesis of SiNPs, and for the removal of HMs by adsorption. Also fa-
voring it, this plant has worldwide availability, proliferous growth, and
ability to cover a stagnant surface within a short duration of time. To
note that, up to date, previous studies were limited to the use of horsetail
for the synthesis of SiNPs and did not study its role in Cr removal by
adsorption (Annenkov et al., 2020; Garcia-Gaytan et al., 2019).

Taking all that background into account, the idea of using green
synthesized nanoparticles to treat Cr is not new (Jin et al., 2018; Mohan
et al., 2015), however, there are many challenges which have yet to be
overcome. For instance, nanoparticles, used for in situ remediation, are
released to the environment to remove contaminants (Limbach et al.,
2008). Upon the release of nanoparticles their mobility and effective
surface area and present a toxicity hazard to the environment (Sorwat
et al., 2020). The main challenge lies in maintaining the performance of
nanoparticles towards Cr removal, while curtailing the potential dis-
advantages associated with their application. The main objective of this
study was to bring about green synthesis of silicon nanoparticles using
the rapid, eco-friendly and low-cost horsetail plant extract method to
remove Cr (VI) from the aqueous environment. These green synthesized
SiNPs were characterized by Brunauer-Emmett-Teller (BET), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS),
transmission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and X-ray photo elec-
tron spectroscopy (XPS) techniques. The results of the research could be
of relevance as regards a new and green alternative to remove a
dangerous pollutant from environmental compartments.
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2. Materials and methods
2.1. Materials, chemicals, and reagents

All chemicals and reagents used in this study were of analytical
grade, provided by Fuchen Chemical Reagents, China. Horsetail plants
for green synthesis of SiNPs were collected from Shaoguan City, China.
Ultra-pure water (18.2 MQ cm ™! resistivity; Milli-Q, Germany) was used
throughout the experiment.

2.2. Preparation of plant extract

For the preparation of plant extract method of Sharma et al. (2021)
with slight modification was adopted. Briefly, harvested horsetail plants
were washed several times with ultrapure deionized water to remove
dust particles and dried at room temperature (25 °C) for six days until
the weight stabilized. Dried plants were ground in a Worbush grinder
(Dongguan Huatai Electric Co., Ltd., China) for 4 min. Then 5 g of finely
powdered horsetail plants were heated in 100 mL of deionized water at
55 °C for 45 min. After that, the heated leaves were filtered and used for
green synthesis of SiNPs (GS-SiNPs).

2.3. Green synthesis of SiNPs

Horsetail plants were used as a green Si precursor. The synthesis of
SiNPs was performed by following the protocols set out by Mohd et al.
(2017) (Mohd et al., 2017), with slight modifications for the extraction
of Si from horsetail plants. The prepared plant extract was refluxed with
sodium hydroxide (NaOH; 1.0 N) for 1 h. The following reaction was
rationalized after refluxion of plant extract with NaOH:

Si(Horsetail plant) + NaOH = Na,SiO; + H,0

The SiNPs were separated from sodium silicate (NaySiO3) by adding
hydrochloric acid (HCl; 0.1 M) drop-wise until the pH of the solution
reached 6.0 (Chapa-Gonzalez et al., 2018). The addition of HCI to
NaySiO3 produced a NaCl and SiO, reaction which can be rationalized
as:

Na,SiO; +2HCI = 2NaCl + SiO, + H,0

After that, washing with ethanol and water was performed multiple
times to remove formed NaCl, and the resulting precipitate was collected
by centrifugation for 10 min at 9000 G. The final product was then
placed in an oven at 50 °C for 24 h. After drying, the GS-SiNPs were
placed in a vial for characterization and further analysis.

2.4. Characterization of GS-SiNPs

A TriStar II 3020 Version 3.02 Serial # 2154 (Micromeritics Instru-
ment Corporation, China) equipment was used to determine the pore
size distribution and BET (Brunauer, Emmett and Teller) surface area of
GS-SiNPs, under the following conditions: Analysis adsorptive: No,
analysis bath temperature: —195.8 °C, equilibration interval: 5 s, and
sample density: 1.00 g cm 3. Micromorphological structures of GS-
SiNPs were characterized by a Gemini 300 (Shanghai, China) thermal
field emission scanning electron microscope with the energy spectrum
of: Oxford X-MAX and Electron Backscatter Diffraction: Oxford SYM-
METRYS, and by a transmission electron microscope (TEM) with in-
strument model FEI Talos F200X (USA), accelerating voltage 200 KV,
camera length 520 mm, and electron wavelength 0.0251 A. The iS10 FT-
IR spectrometer from Nicolli (USA) (400-4000 cm’l, resolution 4.00
cm™, scans 64 times) was used to detect the surface functional groups of
GS-SiNPs. XRD wide-angle diffraction (D8 ADVANCE X-ray diffrac-
tometer from Bruker, Germany) was used to obtain crystallinity of GS-
SiNPs. An X-ray photoelectron spectroscopy test (250Xi from Thermo
Fisher Scientific, USA) was used to examine the composition and valence
state of GS-SiNPs, while zeta potential was measured using a Nano Brook
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Zeta PALS Potential Analyzer (Brookhaven Instruments, Holtsville, NY,
USA).

2.5. Adsorptive removal procedure of Cr (VI) from water with GS-SiNPs

Batch studies of Cr (VI) adsorption were carried out in Erlenmeyer
flasks at different pH values, contact time intervals, temperatures,
adsorbent dose and initial Cr (VI) concentrations. In the adsorption
experiment, the pH values of the solution varied between 2 and 7, the
contact times between 0 and 160 min, adsorbent dose 10-130 mg L~}
and the Cr (VI) concentrations between 5 and 100 mg L. For each test,
a specific amount of the adsorbent was added to the reaction solution.
The solution was then subjected to thermostatic magnetic stirring (using
$10-3 equipment, Taizhou Zhejiang, China) for 12 h to reach equilib-
rium. Before adding the adsorbent, the pH of the solution was adjusted
with 1 M NaOH/HNOg3. Within the specified sampling interval, a 5 mL
aliquot of the solution was collected from each sample and filtered with
a 0.45 pm syringe filter. The concentration of Cr (VI) present in the
solution was finally measured using an ultraviolet-visible spectropho-
tometer (Thermo Fisher Scientific, USA). The adsorption capacity (Q) of
the adsorbent was then calculated with the formula shown below.

While the calculation of percentage removal of Cr (VI) and the
adsorption capacity of the adsorbent was done by equations (1) and (2),
respectively:

(CO - CL)

0

Removal (%) = x 100 (€))

(CO - Ce)

Qe (mg [ g) = xV 2
where qe (mg/g) is the adsorption capacity, C, (mg/L) is the initial metal
ion concentration in solution, C (mg/L) is the metal ion concentration
remaining in solution at equilibrium, V (litres) represents the volume of
solution used for the adsorption and m (mg) is the mass of the adsorbent
used.

Data corresponding to the adsorption isotherms were obtained and
then modeled using the Langmuir (Eq. (3)) and Freundlich (Eq. (4))
equations (Ayawei et al., 2017), expressed as follows:

QmKLCe
e = 3
e 1+ K,C, @
1
Q.=Log Kr + ZLog C, (€)]

where Q. (ng g™ !) is the adsorption capacity for the pollutant which is
present in a specific concentration (Ce); Qp, is the maximum adsorption
capacity for the contaminant; K, (L mg™) and K (mg g~ 1) are the
constants of the Langmuir and Freundlich adsorption isotherms,
respectively; and n is an empirical constant of Freundlich’s related to the
adsorption intensity, which fluctuates with the heterogeneity of the
material.

Pseudo-first order, pseudo-second order, and intraparticle diffusion
models were used to analyze the adsorption kinetics (Wang et al., 2016),
which are often expressed in linear form as follows:

Ln (1—i>:—k,xt 6)
qe
1t
- 4+ (6)
ql kzqg qe

where k; (1/min) and k; (g mmol ! min~1) are the kinetic constants.

2.6. Desorption and regeneration experiments

The reusability of GS-SiNPs in actual environments was investigated
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to check its regeneration potential. In the desorption experiment, hy-
drochloric acid (HCI) solutions with five different concentrations (0.1,
0.2, 0.5, 1.0 and 1.5 mol L) were used as strip pants. Small amounts
(100 mg) of GS-SiNPs after Cr (VI) adsorption were put into 50 mL HCl
solutions and the mixtures kept being subjected to desorption for half an
hour. The supernatant was sampled after filtration, and the Cr (VI)
concentration was measured. The measuring procedures were the same
as the ones for the adsorption experiments. In the regeneration experi-
ment, after performing Cr (VI) desorption with 1.0 mol L! HCI,
adsorbent was collected and washed with double-distilled water (DDW),
following separation from the eluent by centrifugation. After that, it was
washed with DDW 3 times. Finally, the adsorbent was dried at 80 °C for
12 h. The adsorbent was reused in subsequent adsorption experiments,
and the process was repeated for five cycles.

2.7. Statistical analysis

The investigation into the adsorption of Cr (VI) on GS-SiNPs was
performed in triplicates. Statistix 8.0 was used to perform statistical
analysis of the data. Mean values of measurements with standard devi-
ation were used in the diagrams, adsorption isotherms and adsorption
kinetic models. A significance level of p < 0.05 was used throughout the
study.

3. Results and discussion
3.1. Characterization of green synthesized silicon nanoparticles

The green synthesized silicon nanoparticles (GS-SiNPs) were char-
acterized by SEM (Fig. 1), which shows that micrographs are compact
and uneven, with uniform size. Fig. 2 shows elemental mapping images
of the same sample, whereas the weight proportion of elements was
calculated by EDS as 65.6%, 26.4%, and 8.0% for C, O, and Si, respec-
tively. The distribution of elements confirms the presence of Si. The
presence of O and C can enhance the adsorption capacity of GS-SiNPs
towards water pollutants (Ahmed et al., 2021a; Philippou et al.,
2019). The particle morphology was examined using TEM analysis. TEM
images of GS-SiNPs clearly show the size, shape, and micro-structure of
the adsorbent (Fig. 3). They revealed the presence of a layered, porous
structure, with unique, bulky, multi-layered aggregations, mono-
dispersed with uniform dispersion of NPs, and with a BJH adsorption
average pore diameter (4V/A) of 15.01 nm. With the increased porous
structure, GS-SiNPs provided a greater accessible area with maximum
adsorption capacity, and their adoption into actual environments would
have clear practical implications (Sharma et al., 2021).

Fig. 4 shows the Ny adsorption-desorption isotherm, and the inset
shows the pore size distribution of GS-SiNPs. The curve of GS-SiNPs was
consistent with the type-IV isotherm and H3 hysteresis loop (Sing,
2007), showing the existence of mesopores. The desorption curve shows
a hysteresis loop as it does not coincide with the adsorption curve, which
is a clear indication of a strong interaction between sorbent and adsor-
bate (Ahmed et al., 2021b). The adsorption average pore diameter
(4V/A by BET) of GS-SiNPs was recorded to be 10.261 nm, and the
average nanoparticle particle size was 411.70 nm. Indeed, the higher
surface area could be helpful in binding the heavy metals on the
accessible active sites (Ahmed et al., 2021a; Huang et al., 2018). The
BET surface area of GS-SiNPs, meanwhile, was recorded to be 14.57 m?
g~ L. The single point adsorption total pore volume of pores was recorded
to be less than 130.99 nm, and the diameter at P/Po was 0.038 cm® g~ *.
The obtained values indicate that GS-SiNPs could be a promising
adsorbent choice for the adsorption of pollutants from water (Sharma
et al., 2021).

The XRD was accessed as described the procedure in Sect. 2.4 to
know the product crystallinity, size and phases respectively. As received
spectrum from XRD (Fig. 5A), exhibited very well-defined peaks related
to the available data of powder sample and matched with the JCPDS
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Fig. 1. SEM-EDX images of green synthesized silicon nanoparticles (GS-SiNPs). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

EDS Layered Image 6

Fig. 2. Elemental mappings of the homogenous dispersion of silicon (Si), oxygen (O), and carbon (C) elements in green synthesized silicon nanoparticles (GS-SiNPs).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

card No. 39-1346. The peaks positions are as 28.40 <111>, 47.20
<220>, 56.05 <311>, 69.10 <400> and 76.30 <331> are clearly
indexed with silicon phase (Si-NPs) (Wahab et al., 2020). The sharp-
ening of the peaks clearly indicates that the particles are in the regime of
nanoparticles (Adinarayana et al., 2020; Jose et al., 2016; Zaumseil,
2015). There are no other peaks related to any impurities had been
observed in the spectrum, which states that the processed material is
highly pure and well crystalline in nature (Gupta and Wiggers, 2011;

Wahab et al., 2020).

Moreover, the surface functional groups of GS-SiNPs were further
analyzed by FTIR before and after adsorption of Cr (VI). The FTIR
spectra were recorded by drop-casting the GS-SiNPs sample onto KBr
pellets (Fig. 5B). These data reveal major Si-O-Si symmetric bond
stretching, at 474 cm_l, while the peak at 1069 em™! is due to the
asymmetric stretching of the Si-O-Si bond. These peaks are considered
the characteristic peaks of SiNPs (Sharma et al., 2021). The bands at
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Fig. 3. Transmission electron microscopy (TEM) images of green synthesized silicon nanoparticles (GS-SiNPs), magnified at the accelerating voltage of 200 KV,
camera length of 520 mm, and electron wavelength of 0.0251 A.
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Fig. 4. N, adsorption-desorption isotherm of green synthesized silicon nanoparticles (GS-SiNPs): the inset shows the pore size distribution. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

1634 and 3442 cm™! are due to N-H stretching and bending, respec- band at 1240 cm™! belong to the secondary ~OH bending vibrations
tively (Nieto et al., 2008). For the case of peaks after adsorption of Cr (Rajagopal et al., 2021). These outcomes reveal the role of distinct
(VI) on GS-SiNPs, an additional peak appeared at 1240 cm™! occurs, the functional groups for the reduction and stabilization of the GS-SiNPs.
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Fig. 5. XRD patterns (A), FTIR spectra before and after Cr (VI) adsorption (B), and Zeta potential (C) of green synthesized silicon nanoparticles (GS-SiNPs). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Furthermore, the surface charge of GS-SiNPs and SiNPs was examined
by Zeta potential (Fig. 5C and S1, respectively). The results showed that
the surface charge of GS-SiNPs was —32.9 mV and the zeta deviation was
4.79 mV (Alvarez-Berrios et al., 2018; Sharma et al., 2021; Song et al.,
2005), which shows the stability of GS-SiNPs (Kim et al., 2014b). The
presence of a negative charge on the surface of GS-SiNPs corresponds to
Si-OH groups (Sharma et al., 2021), since these Si-OH groups are
deprotonated to form SiO- species in water, resulting in the formation
negative charges on the surface of SiNPs (Kim et al., 2014a).

(A) 100

95 1
90 4
85

80 -

Adsorption%

754 [+

70 /

65 T T T T

100
(C) 5. i A—0—0—0—0

80 Qo
n] /

604 .9
50 —‘f
40
30
20
10 1

Adsorption%

0

Time, mins

0 20 40 60 80 100 120 140 160 180

3.2. Effect of pH

It must be noted that the pH of the solution is a critical factor in the
adsorption process, one which both affects the surface charge of any
adsorbent and influences the species of metal ions (Ahmed et al.,
2021b). The pH of the aqueous solution affects the solubility of the metal
ions, concentration of the counter ions on the functional groups on the
sorbent and the degree of the ionization of the sorbent during the
adsorption process (Anah and Astrini, 2017). The effect of this param-
eter on the removal of Cr (VI) was analyzed by varying the pH of the
solution from 2 to 7 (Fig. 6A). As discussed earlier, a specific dose (100
mg L D anda specific contact time (60 min) were selected to study the
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Fig. 6. (A) Effect of pH on the adsorption capacity of 50 mg L' Cr (VD) in the presence of 100 mg L~! of GS-SiNPs at 25 °C and with contacting time of 60 min. (B)
Removal percent of Cr (VI) (50 mg L) as a function of 100 mg L~! GS-SiNPs dose at pH 4.0 ambient temperature 25 °C and with contacting time of 60 min. (C)
Effect of contact time on the adsorption capacity of 50 mg L™ Cr (VI) at pH 4 in the presence of 100 mg L ! of GS-SiNPs at 25 °C. (D) Removal percent of Cr (VI) at
different concentrations at pH 4 in the presence of 100 mg L' of GS-SiNPs at 25 °C with contacting time of 60 min. Average values (n = 3), with coefficients of

variation always lower than 5%.
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effect of the pH of the solution, alongside the initial concentration of 50
mg L~ for Cr (VI). The highest removal efficiency (96.9%) of Cr (VI) by
GS-SiNPs was recorded at pH 4.0 (Fig. 6A). These results can be
explained by the multiple phenomena involved in this system, such as
reduction of Cr (VI), adsorption/desorption of chromium ions, and
protonation/deprotonation of cell wall functional groups depending on
solution pH (Silva et al., 2009). The balance of protonation and depro-
tonation depended on the pH of the solution and the pHpzc of adsorbent
(Ghorbel-Abid et al., 2016). It was noted that the removal efficiency of
Cr (VI) by GS-SiNPs was higher under acidic conditions, and lower under
neutral conditions, which in fact could be attributed to the variation of
pH (Kekes et al., 2021). At a pH value in the range 3.0-6.0, the Cr (VI)
ions exist in the form of HCrOg, HoCryg, and CrZO%’ (Yao et al., 2020),
whilst, at a pH value in the range 6.0-12.0, the Cr (VI) ions are mainly
available as CrOF~, which is found to be difficult to reduce compared
with the other forms of Cr (VI) (Kekes et al., 2021; Zhang et al., 2019).
Our findings also confirmed this fact as we found that the lowest Cr (VI)
removal efficiency by GS-SiNPs was recorded at pH 2 and 7 (Fig. 6A).
The results indicate that pH has an influence on adsorption for Cr(VI),
and the optimal pH value for Cr(VI) adsorption is 4.0 (Zhang et al.,
2020).

3.3. Effect of adsorbent dose

The study also investigated the effect of varying doses of GS-SiNPs on
the removal of Cr (VI) (Fig. 6B). The dose of GS-SiNPs varied from 10 to
130 mg L ! during the experiment, while maintaining a constant contact
time of 60 min, on account of the maximum Cr (VI) adsorption on GS-
SiNPs that was found to occur in this timeframe. The results in Fig. 6B
show that the removal rate increased with the increase of GS-SiNPs dose.
When the dose increased from 10 to 130 mg L™}, the removal rate for Cr
(VI) increased substantially. On further increasing of adsorbent dose, the
increase of removal rate was not significant. The highest removal rate
reached 96.76% for Cr (VI) respectively. Considering factors of removal
efficiency and economic cost, 100 mg L™ was taken as the optimum
dose in further studies. The removal capacity of the adsorbent increased
with increasing adsorbent dose (Fig. 6B), which could be attributed to
the availability of a larger number of active sites on the adsorbent sur-
face (Ahmed et al., 2021a; Sharma et al., 2021). Previous studies sug-
gested that increases in the mass of the adsorbent can lead to increases in
its surface area and adsorption potential (Younis et al., 2020). On the
other hand, it could be concluded from Fig. 7, that as the initial
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Fig. 7. Effect of adsorbent dosage on the amount of Cr (VI) adsorbed per gram
of adsorbent at room temperature.
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concentration of adsorbent raises from 10 to 130 mg L ™! the adsorption
capacity declines from 3.91 to 0.52 mg g 1. The reason is that when the
initial concentration of adsorbent is increased, a larger area becomes
exposed to Cr (VI) ion adsorption and as a result the Cr (VI) ions face
more competition to fill the actives sites and it results in lots of active
sites on the surface of adsorbent to remain unsaturated and the
adsorption capacity to decrease (Chabaane et al., 2011). The removal
rate also was above 96.63% in 100 mg L™ adsorbent solution, while the
adsorption capacity was reduced, which can be explained by the in-
crease in available adsorption sites at a certain contaminant concen-
tration (Gao et al., 2019). According to the obtained results a dosage of
100 mg L' was selected as the optimum initial concentration of the
adsorbent.

3.4. The effect of co-existing ions

Moreover, in this study, the influence of coexisting common ions was
performed with cations (Na®, K*, Mg?*t, Ca?") and anions (Cl~, NO3,
CO%’, SO%’) at a concentration of 0.1 M for each (Zhang et al., 2020). As
shown in Fig. 8, the adsorption capacity of GS-SiNPs showed a trend to
be maintained even in the co-existence of different ions, suggesting that
their presence have no significant effect on the adsorption capacity of
GS-SiNPs towards Cr (VI) removal (Ahmed et al., 2021b). According to
Hu et al. (2005) the common ions coexisting in solution invariably
compete with Cr (VI) for the limited adsorption sites of maghemite
nanoparticle adsorbent. Such impacts need future further studies, as
other transition metal ions could influence the Cr (VI) removal from
wastewater.

3.5. Isotherm and kinetics analysis

The kinetics data were fitted by pseudo-first-order and pseudo-
second-order kinetics according to equations (5) and (6) (Poguberovic¢
et al., 2016), and the results are listed in Table 1. Results in Table 1
indicate that ge in the pseudo-second-order model was more consistent,
and the coefficients (R?) in pseudo-second-order kinetics were larger
than 90% (see Table 2).

The effect of contact time on the adsorptive removal of Cr (VI) using
GS-SiNPs was investigated by plotting the removal percentage of Cr (VI)

100
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Fig. 8. Effect of common cations and anions on Cr (VI) removal.
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Table 1
Experimentally determined kinetic, Langmuir and Freundlich parameters for Cr
(VI) adsorption by green synthesized silicon nanoparticles (GS-SiNPs).

Metric GS-SiNPs
Initial Cr 50 ppm
concentration
Contact time 60 min
pH 4.0
Dosage 100 mg
Langmuir isotherm Qm=255(mg K, =0.558(Lmg ") R? (%) =

g 94.80

Freundlich isotherm  n = 1.3713 Kp = 7.614 (mg g 1) R? (%) =
97.79

Pseudo-first order Q.(mgg™h) = K; (1/min) = 0.000079  R? (%) =
1.13 85.69

Pseudo-second Qe (mg g’l) = Kz (g mg’1 min 1) = R? (%) =
order 3.28 0.192461 90.68

Table 2
Comparison of the maximum adsorption capacities of Cr (VI) obtained in this
study and those reported in other studies.

Adsorbents Qm (mg References
g™
Zeolites modified ZVI 2.49 Dang et al., (2014)
Magnetite-maghemite nanoparticles 2.40 Chowdhury and Yanful
(2010)
Magnetic carbon nanocomposite 3.7 Zhu et al., (2014)
Magnetite nanoparticles 3.81 Huang et al., (2015)
Di et al., (2006)
Olive stones coated by iron-based 5.78 Vilardi et al., (2018)
nanoparticles
Amorphous silica nanoparticles 0.4 Jang et al., (2020)
Green synthesized CuO nanoparticles 16.63 Mohan et al., (2015)
Ceria nanoparticles 1.5 Di et al., (2006)
Green synthesized iron nanoparticles 20.5 Jin et al., (2018)
Synthesized CeO2 nanoparticles 1.88 Recillas et al., (2010)
Mesoporous silica nanoparticles 1.3 Jang et al., (2020)
Green synthesized silicon nanoparticle 2.55 This study

against the contact time (Fig. 6C). The adsorption kinetic experiments
were carried out in Cr (VI) concentrations of 50 mg L~!. The GS-SiNPs
dose was 100 mg L1, and the pH of the water was 4.0. Samples were
taken at different times to determine the residual concentrations of Cr
(VD). A sharp increase in the adsorption of Cr (VI) was noticed during the
initial 20 min, before it became stable at 60 min. The functional groups
and active available sites on the surface of GS-SiNPs could be responsible
for the adsorption of Cr (VI). Meanwhile, the increase in the adsorption
rate during the initial minutes could be attributed to strong surface
complexation of Cr (VI) with functional groups, which is more probable
than the phenomenon of physical adsorption (Sun et al., 2012). More-
over, pseudo-first and second order kinetic models were employed to
gain further understanding of the adsorption kinetics of Cr (VI) on
GS-SiNPs (Fig. 9A and B). The calculated values of the relevant kinetic
parameters are listed in Table 1. The adsorption data for GS-SiNPs fitted
the pseudo-second order kinetic model, indicating that chemical
adsorption may be involved in the adsorption of Cr (VI), and that it may
involve valence forces, with electrons being shared between the adsor-
bents and the metal cations (Ahmed et al., 2021b). This indicates that
the adsorption process was well accordant with the pseudo-second-order
reaction (Rajput et al., 2016). The Q. value of GS-SiNPs was recorded to
be 3.28 mg g .

To gain a comprehensive understanding of the adsorption of Cr (VI)
by GS-SiNPs, the collected data were used for fitting to Langmuir and
Freundlich isotherm models (Fig. 9C and D and Table 1). In this section,
the initial concentrations of Cr (VI) were controlled at 50 mg L’l, the
GS-SiNPs dose was 100 mg L7L the temperature was 25 + 2 °C, and the
pH of water was 4.0. The adsorption isotherms were fitted according to
the linear form of the Langmuir isotherm equation (Equation (3)) and
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the linear form of Freundlich isotherms equation (Equation (4)) (Boparai
et al., 2011). The results are shown in Table 1. The adsorption results
revealed a good fitting for both the Langmuir and the Freundlich
models, for GS-SiNPs. To note that, n being the exponential coefficient of
the Freundlich model, a smaller 1/n ratio has been found to lead to
better adsorption performance (Kekes et al., 2021); where 1/n is be-
tween 0.1 and 0.5, it indicates that the adsorption reaction is effective,
while a value of 1/n greater than 2.0 indicates that the adsorption re-
action is low. In this study, 1/n was 0.7038, indicating that the
adsorption reaction was favorable. It was also observed that the
adsorption of Cr (VI) on the surface of GS-SiNPs was a monolayer pro-
cess, and that the GS-SiNPs had a homogeneous adsorption surface. The
maximum adsorption capacity of GS-SiNPs was 2.55 mg g~!. The sorp-
tion performance of GS-SiNPs indicated that it could be a promising
option for removing Cr (VI) from polluted waters.

3.6. Possible adsorption mechanisms

The pseudo-second-order model fitting results for chromium (Cr
(VD)) sorption kinetics suggested that chemisorption was involved in the
Cr (VI) sorption on GS-SiNPs. Previous studies have reported that
sorption of Cr (VI) might involve many different interactions, such as
electrostatic interaction, hydrophobic interaction, ligand and ion ex-
change, and hydrogen bond (Badruddoza et al., 2017; Jain et al., 2018;
Liu et al., 2019). Further Choi et al. (2018) also reported that the
adsorption of Cr (VI) was affected by the solution pH and altered the
nanoparticle surface chemically. First principles calculations of the
adsorption energies for the relevant adsorption configurations and XPS
peaks of Cr showed that Cr (VI) is reduced to Cr (III), by an amine group
and that Cr (III) and Cr (VI) ions are adsorbed on different functional
groups. Our data suggest that the Langmuir model adequately quantify
the maximum equilibrium binding capacity and thus removal efficiency
of Cr (VI) onto GS-SiNPs. Further, the Langmuir model as a relevant
model for nanoparticles mediated Cr (VI) removal has been widely
applied in previous studies (Jain et al., 2018; Liu et al., 2019; Sorwat
et al., 2020). Post adsorption FTIR of the GS-SiNPs (Fig. 5B) showed
adsorption of chromium due to the functional groups on the surface of
GS-SiNPs. After the adsorption of Cr (VI) on GS-SiNPs, an additional
peak appeared at 1240 cm ™! which corresponds to the presence of G-H
groups (Azarshin et al., 2017) and shows the involvement of carboxylate
group in Cr (VI) adsorption and surface complexation and this result is in
agreement with previous studies (Choudhary et al., 2017; Xu et al.,
2018). To further investigate the mechanism of Cr (VI) adsorption onto
GS-SiNPs, XPS analysis was performed. The XPS spectra of GS-SiNPs and
Cr (VD)-loaded GS-SiNPs are shown in Fig. 10A-E. The survey scans of
GS-SiNPs before and after the adsorption of Cr (VI) are shown in
Fig. 10A. Similar characteristic peaks assigned to C 1s, O 1s and Si 2p are
present on both spectra. The existence of a Cr (VI) 2p peak at 576.29 eV
after adsorption serves as evidence of the retention of Cr (VI) ions (Wan
et al., 2019) on GS-SiNPs. Furthermore, we can infer the interaction
mechanisms from the C 1s (B), O 1s (C), Si 2p (D) spectra analysis, both
before and after Cr (VI) adsorption. The fitting of the Si 2p peaks in
GS-SiNPs exhibits Si 2ps,/ and Si 2p at 102.7 eV and 99.0 eV, respec-
tively. This is further confirmed by O 1s spectra, which exhibit three
peaks at 532.7 eV, 533.2 eV, and 534.6 eV, corresponding to Si-O-Si,
Si-OH and O-H, respectively (Moulder et al., 1993; Sharma et al., 2021).
Both the relative proportions and the positions of these O-donor func-
tional groups exhibit variations after Cr (VI) adsorption. After metal
sorption, these were primarily attributed to the reduction of the electron
cloud density around oxygen (Cai et al., 2019). The C 1s spectra fitted
with three peaks corresponds to C-C (284.6 eV), C-O (285.4 eV) and
C=O0 (288.5 eV) bonds, which are similar results to those from other
studies (Ahmed et al., 2021b; Sharma et al., 2021). Moreover, C 1s was
observed to exhibit significant changes after Cr (VI) adsorption. Fig. 11
further explained the adsorption of Cr (VI) on the surface of GS-SiNPs.
The above results of XPS spectra before and after Cr (VI) adsorption
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clearly indicate “surface complexation™ between Cr (VI) and different
functional groups (-COOH and -OH) as possible phenomena that sub-
sidized to aqueous Cr (VI) removal. Hence, the green synthesized silicon
nanoparticles (GS-SiNPs) could be an affective adsorbent for Cr (VI) (and
maybe other heavy metals) removal from contaminated environments.

3.7. Recyclability of green synthesized silicon nanoparticles

The recyclability of catalyst is a great advantage in reducing the

overall cost in process chemistry

and decreasing environmental

pollution. It eliminates involvement in the synthesis and resale process.
The Cr (VI) concentrations was 50 mg L’l, and the adsorbent dose was
100 mg L1, The pH of the water was 4.0. The adsorption stability of GS-
SiNPs was investigated for the reusability test, as shown in Fig. 12. Even
though there were six cycles, there was no significant loss of adsorption
activity, showing that the adsorbent was stable and reusable.

4. Conclusion

In the current study, SiNPs were synthesized from horsetail
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Fig. 12. Regeneration studies of GS-SiNPs for the removal of Cr (VI).

(Equisetum arvense) plants and characterized by FTIR, SEM-EDX, BET,
XRD, TEM, and XPS techniques. Green synthesized silicon nanoparticles
(GS-SiNPs) were found to effectively remove Cr (VI) under different
experimental conditions (such as varying pH, contact time, and dosage).
The GS-SiNPs nanoparticles showed good adsorption capacity for Cr (VI)

10

in water and can be reused stably. At concentrations of Cr (VI) at 50 mg
L™, and with a GS-SiNPs dose of 100 mg L™, the maximum adsorption
capacity was reached to 2.55 mg g~ . The adsorption capacity of GS-
SiNPs for Cr (VI) was strongly dependent on pH, and the removal rate
was higher when pH was 4.0. The adsorption capacity increased with the
increase of the initial Cr (VI) concentration in water, while the removal
rate decreased with the increase of the initial Cr (VI) concentrations. The
increase of GS-SiNPs dose improved the adsorption efficiencies for Cr
(VD). The adsorption process fitted well the Langmuir and Freundlich
isotherms of Cr (VI) adsorption. The maximum adsorption capacity of
GS-SiNPs was 2.55 mg g_l. The common coexisting anions and cations
had no effect on the adsorption of Cr (VI). The results of this study show
that GS-SiNPs are effective adsorbents and can enhance the removal of
water pollutants (specifically Cr (VI)), which would have great envi-
ronmental and economic benefits in the future.
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