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Abstract In this study, we investigated the removal
of hexavalent chromium (Cr(VI)) through an innova-
tive approach, which employed iron sulfide nanoparti-
cles synthesized via a green chemistry technique, uti-
lizing extracts derived from date palm seeds (referred
to as ds-FeS). Batch studies, which were well repre-
sented by the Langmuir isotherm model, were con-
ducted to determine the maximum removal capacities
(g, of ds-FeS nanoparticles at three different initial
pH conditions (pH=3, 7, and 9). Additionally, batch
kinetic studies were conducted under varying condi-
tions of initial Cr(VI) load (3.5, 9, 27, and 38 mg/g
of nanoparticles), nanoparticle dose (25, 37, 50, and
75 g/g of Cr(VI)), and initial pH (3, 5, 7, and 9).
Results demonstrated the positive impact of acidic pH
during Cr(VI) removal by ds-FeS wherein the high-
est q,, of 31.3 mg/g and initial rate of 6.95 mg/g-min
(pseudo-second order kinetics) were observed at pH
3. Conversely, with an increase in pH to neutral and
alkaline conditions, a decline in both q,, and ini-
tial rates was observed. Measurements of solution
pH, total chromium, and particle surface chemistry
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using X-ray diffraction and Fourier transform infra-
red spectrometry techniques revealed the crucial roles
of reduction, surface precipitation, and complexation
processes in Cr(VI) removal by ds-FeS nanoparticles.
Overall, this study demonstrates the promising poten-
tial of environmentally friendly, date palm seed—
derived iron sulfide nanoparticles for Cr(VI) removal.
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nanoparticles

1 Introduction

The presence of hexavalent chromium or Cr(VI), in
soil, groundwater, and surface water matrices poses a
significant threat to human and environmental health.
Cr(VI) typically enters the environment via effluents
of industrial processes such as dyeing, metallurgy,
and leather tanning and is highly toxic to aquatic
species as well as carcinogenic to humans (Guertin,
2004; Mitra et al., 2017; Ukhurebor et al., 2021). Its
removal from water systems is therefore critical.

Over the years, a wide range of treatment methods
has been evaluated for Cr(VI) removal such as biore-
mediation, membrane-based separation, adsorption,
and chemical reduction and precipitation (Abush-
awish et al., 2022; Islam et al., 2019; Malaviya &
Singh, 2011, 2016; Wang et al., 2019). Reduction
and precipitation techniques have seen a wider-scale
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implementation, as they allow the economical removal
of Cr(VI) by its reduction to trivalent chromium
(which has lower toxicity), and subsequent precipita-
tion (Kerur et al., 2021; Ukhurebor et al., 2021). How-
ever, a significant challenge with this approach is the
requirement for large quantities of dosing chemicals
and management of the generated sludge (Malaviya &
Singh, 2011). Therefore, more efficient chemical-based
approaches are warranted that can separate Cr(VI)
from water.

Iron sulfide nanoparticles have shown promise in
recent years in contamination abatement applications
due to their adsorptive and redox capabilities towards
a wide range of pollutants that include organic com-
pounds such as trichloroethylene as well as heavy
metals such as mercury and chromium (Gong et al.,
2016). Iron sulfide minerals consist of varying com-
positions of Fe and S (e.g., pyrite FeS,, greigite
Fe;S,, and mackinawite FeS) which impart them with
contaminant-reducing properties due to the release of
Fe* and reduced sulfur species when in water (Yang
et al., 2017). Moreover, in their nanoparticulate form,
iron sulfides can also act as effective adsorbents for
contaminants due to their large specific surface area
and chemically active surface sites (Farooqi et al.,
2021). A few studies have investigated the removal of
Cr(V]) using different types of iron sulfide nanopar-
ticles (Lyu et al., 2017; Wang et al., 2019; Wu et al.,
2017). For instance, Wu et al. (2017) investigated FeS
nanoparticles for removal of Cr(VI), and observed a
removal capacity of 7.5 mmol Cr(VI) per gram FeS.
The authors attributed the removal to both reduction
and adsorption processes. Similar mechanisms were
involved in the removal of Cr(VI) by Fe;S, nano-
particles as reported by Kong et al. (2022) having a
removal capacity of nearly 167 mg g~!. Although not
specifically with Cr(VI), Abdul et al. (2019) demon-
strated the removal of total chromium by nano-FeS,
with up to 93% removal of 1 mg/L total chromium at
pH 9. Overall iron sulfide nanoparticles have shown
a strong potential for Cr(VI) removal and water
treatment.

Green synthesis approaches for nanoparticles
have generated significant research interest in the
past decade due to concerns over the toxicity and
environmental footprint of conventional chemical
synthesis approaches (Patifio-Ruiz et al., 2021).
Plant-derived green synthesis techniques make use
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of extracts from plant parts, which are abundant in
phytochemicals such as polyphenols and flavonoids,
to effectively reduce metal precursors into nanopar-
ticles (Bolade et al., 2020). It is crucial to develop
and investigate the effectiveness of iron sulfide
nanoparticles produced through greener and more
eco-friendly synthesis routes, as their utilization in
remediation applications continues to rise. Although
many methods have been developed for different
iron-based nanoparticles (Bolade et al., 2020; Leili
et al., 2018; Plachtova et al., 2018), green synthesis
approaches for iron sulfide nanoparticles have been
scarce. Recently, we proposed a facile approach for
preparing iron sulfide nanoparticles by reducing
iron sulfate salt by aqueous extracts of date palm
(Phoenix dactylifera) seeds under mild solution
temperature (Bhattacharjee et al., 2021).

The objective of this study was to carry out
detailed investigations into the Cr(VI) removal
performance of green synthesized iron sulfide
nanoparticles and identify the underlying removal
mechanisms. This was achieved through a series of
batch experiments aimed at determining the Cr(VI)
removal capacities and rates of the nanoparticles.
Moreover, the effect of reaction conditions such as
varying chromium load, varying nanoparticle dose,
and the effect of pH was evaluated. We also meas-
ured changes in solution pH conditions and par-
ticle surface chemistry post the batch experiments
to gain insight into the underlying Cr(VI) removal
mechanisms. To the best of our knowledge, no stud-
ies have been carried out on evaluating the perfor-
mance of iron sulfide particles produced by green
synthesis approach for chromium removal, and this
work seeks to bridge the knowledge gap.

2 Materials and Methods
2.1 Chemicals

FeSO,.7H,0 (99% purity) and K,CrO, (99% purity)
were obtained from Sigma Aldrich. ChromaVer3
(Permachem reagent) powder pillows were pur-
chased from Hach. Date seeds were de-pitted from
Khalas variety dates (purchased from a local store).
Deionized water was used in all experiments.
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2.2 Green synthesis of Date Seed Extract-Derived
Iron-Sulfide Nanoparticles (ds-FeS)

The sourcing of date seeds, their grinding into pow-
dered form, and the subsequent preparation of their
aqueous extract have been described in detail in
our previous study (Bhattacharjee et al., 2021). For
ds-FeS nanoparticle production, the first 20 mL
of FeSO,-7H,0 solution (40 g/L) was mixed with
40 mL of extract. Nanoparticle formation commenced
when the mixture was subjected to constant stirring
and heated to a temperature of 70 °C. The formed
nanoparticles were separated from the solution after
30 min of heating through centrifugation and subse-
quently lyophilized (Benchtop Pro-Lyophilizer) and
stored under anoxic conditions (Korea-Kiyon glove
box).

2.3 Characterization Techniques

High-resolution images of the synthesized nano-
particles were obtained using a scanning transmis-
sion electron microscopy (STEM) detector fitted to a
field emission scanning electron microscope (Ther-
mofisher FEI Apreo C). Size distribution analysis
of the nominal particle sizes was carried out by the
Image] analysis software tool.

X-ray diffraction (XRD) was performed between
10 to 80° using a Bruker D8 instrument with a cop-
per Ka radiation source. Fourier-transform infrared
(FTIR) spectroscopy was carried out on dried nano-
particles using Jasco FTIR-6300 instrument. Zeta
potential ({) of 100 mg/L nanoparticle suspensions
was measured using a Litesizer™ 500 particle ana-
lyzer in low ionic strength (3 mM NaCl).

2.4 Cr(VI) Removal Experiments

Batch experiments were conducted in uncapped
100 mL Erlenmeyer flasks at room temperature
(25 °C), each having a final aqueous volume of
50 mL. Appropriate amounts of K,CrO, were dis-
solved in water to achieve the final desired Cr(VI)
concentrations. The contents of the flask were homo-
geneously mixed using a magnetic stirrer at 300 rpm.
Initial pH adjustments were carried out using HCI or
NaOH, before the addition of ds-FeS nanoparticles to
the solution.

Maximum Cr(VI) removal capacities were evalu-
ated by adding a fixed dose of ds-FeS nanoparti-
cles to a series of flasks with Cr(VI) concentrations
varying from 1.75 to 19 mg/L, at different initial pH
levels (pH 3, 7, and 9). Upon nanoparticle addition,
the Cr(VI)-nanoparticle suspensions were sonicated
briefly and then magnetically stirred for 180 min (the
time required to achieve equilibrium). The concentra-
tion of ds-FeS nanoparticles was 0.5 g/L.

In kinetic experiments, three sets of conditions
were evaluated—effect of chromium load, effect
of nanoparticle dose, and effect of varying initial
pH values. To evaluate the effect of Cr(VI) load,
the ds-FeS nanoparticle concentration was fixed
at 0.5 g/L while the Cr(VI) concentration varied
between 1.75 and 19 mg/L, whereas to evaluate
the effect of nanoparticle dose, the concentra-
tion of Cr(VI) was fixed at 13.4 mg/L while the
ds-FeS concentration was varied between 0.33
and 1 g/L. Both the effects of varying Cr load
and nanoparticle dose were conducted at an ini-
tial pH of 7. In the case of varying pH conditions,
the Cr(VI) and ds-FeS concentrations were fixed
at 13.4 mg/L and 0.5 g/L respectively, while the
initial pH conditions were set to 3, 7, and 9. Mix-
ing and handling conditions were similar to what
was described earlier. Two replicate systems were
set up for all Cr(VI) removal experiments. Cr(VI)
removal was assessed by withdrawing 3-mL sam-
ples at predetermined time intervals from the
flasks and passing the suspension through 0.22-
um syringe filters. The filtered samples were ana-
lyzed using a Hach UV-Vis spectrophotometer to
determine the residual Cr(VI) concentrations.

2.5 Analytical Techniques

UV-Vis method: Cr (VI) was determined by the
1,5-diphenylcarbohydrazide method using the Hach
ChromaVer 3 powder reagent and analyzing absorb-
ance using ultraviolet—visible (UV-Vis) spectropho-
tometer (model DR 3900; program 90 Chromium,
Hex).

Inductively coupled plasma atomic emission spec-
trometry (ICP-AES). ICP-AES (Thermofisher iCAP
7000 series) was used for the detection of total chro-
mium in solution. Samples were acidified with HCI
prior to analysis.
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Fig. 1 a STEM mode imaging of ds-FeS nanoparticles and b
corresponding nominal size distribution of ds-FeS nanoparti-
cles; ¢ XRD spectra of ds-FeS nanoparticles, inset shows the

3 Results and Discussion
3.1 Nanoparticle Characterization

Figure 1a presents the high-resolution STEM images
of the synthesized nanoparticles. As seen in the fig-
ure, the nanoparticles were spherical and arranged
in chain-like aggregates. A size distribution of the
nominal particle size (Fig. 2b) shows that the major-
ity of the particles were between 100 and 180 nm
while a few particles outside this size range were
also recorded. The inset in Fig. 1a provides the EDS
of the particles wherein we observe peaks for C, O,
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Fe, S, K, Al, and Au. Al peaks originate from the
SEM holding stage whereas Au peaks are observed
due to the gold coating procedure employed for the
particles for obtaining a clear image. C and O can
be attributed to the capping date seed molecules at
the nanoparticle surface (Bhattacharjee et al., 2021).
Date seeds are rich in minerals such as phosphorus
and potassium, which may have leached into the
aqueous extracts and likely explain the observation
of K peaks in the synthesized nanoparticles (Nehdi
et al., 2010). Fe and S peaks in the nanoparticles
indicate the formation of iron sulfide due to the
reduction of iron sulfate precursor salt as discussed
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Fig. 2 Cr(VI) removal isotherms at a Initial pH 3, b initial
pH 7, c initial pH 9. Solid lines represent Langmuir model fits
while dotted lines represent Freundlich model fits. Error bars
represent the range of variation between duplicate runs, and

in the XRD results below and in our previous work
(Bhattacharjee et al., 2021).

XRD analysis was performed on the particles and
is shown in Fig. 1c. Observed peaks at 20=17.8° and
23.3° are attributable to iron sulfide (mackinawite
phase). A low-intensity peak at 27.2° is most likely
from the pyrite phase of iron sulfide (Akhtar et al.,
2015; Bhattacharjee et al., 2021; Wu et al., 2015).

The zeta potential () of nanoparticles was
also measured to provide insights into the surface
charge characteristics of ds-FeS nanoparticles. As
seen in Fig. 1d, ds-FeS particles were negatively
charged over a wide pH range. The nanoparticles
had a {=—-8+0.3 mV at pH 3 which decreased
to—30+0.7 mV at pH 9. The coating of organic mol-
ecules from the date seed extract on the nanoparticle

20 7
(b) pH 7 -
15 4
5
(o)}
E 10
&
5_
0

0 2 4 6 8 10 12 14
Ce (mg/L)

8 10 12 14

Ce (mg/L)

when not visible, are smaller than the symbols. Experimental
conditions: volume of suspension, 100 mL; nanoparticle con-
centration, 0.5 g/L; initial Cr (VI) concentrations, varied from
1.75 to 19 mg/L, temperature 25 °C

surface likely provides the strong negative charge
(Bhattacharjee et al., 2021; Plachtova et al., 2018).

The BET surface area of ds-FeS nanoparticles was
51 m%/g, as reported in our prior study (Bhattacharjee
etal., 2021).

3.2 Chromium Removal Capacity

The equilibrium Cr(VI) removal capacities of the ds-
FeS nanoparticles were assessed in batch removal
studies at different initial pH conditions (selected
to represent acidic, neutral, and basic conditions)
and estimated by fitting the data to Langmuir and
Freundlich isotherm models shown in Eqgs. 1 and 2
respectively.
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_ quLCe
1= 11k.C, M
1
g =k, @)

where ¢, is the Cr(VI) removal capacity attained
at equilibrium (mg/g); C, is the aqueous concentra-
tion of Cr(VI) at equilibrium (mg/L); g,, is the maxi-
mum Cr(VI) removal capacity (mg/g); k; represents
the Langmuir constant (L/mg)); while k, and n are
Freundlich constants. The model fits of the data are
provided in Fig. 2, while Table 1 provides the corre-
sponding fitting parameters.

As seen in Table 1, the Langmuir model ade-
quately described the equilibrium behavior at the
initial pH values of 3 and 7, as evidenced by the
higher R? values compared to the Freundlich model.
The Langmuir model also estimated maximum
removal capacities close to those obtained experi-
mentally at pH 3 and 7 (Table 1). The adequacy
of both Langmuir and Freundlich isotherms for
the data at pH 9 based on R? values (R*=0.97 for

both models) may be due to the limited concentra-
tion range over which the measurements were car-
ried out at pH 9 (Houng & Lee, 1998). This is also
likely why the experimental q,, at pH 9 (14.1 mg/g)
is lower than that estimated by the Langmuir model
(9,,=20.7 mg/g). For a comparative assessment of
the Cr(VI) removal at the different pH levels, we
discuss only the Langmuir model parameters below.

From Table 1, we infer that the maximum
removal capacity of Cr(VI) was the highest at ini-
tial pH 3, with q,=31.3 mg/g. Changing the ini-
tial solution pH to 7 decreased the q,, to 14.7 mg/g.
However, at initial pH 9, an increase in q, was
observed with it being 20.7 mg/g. Interestingly, the
k; value at pH 9 was only 0.18 L/mg compared to
those at pH 3 (7.8 L/mg) and pH 7 (7.9 L/mg), indi-
cating that the affinity of Cr(VI) for the nanoparticle
surface at pH 9 is likely poorer compared to acidic
and neutral values (Horsfall Ir et al., 2006).

The Cr(VI) removal capacities obtained in this
study were found comparable to those reported in
prior literature reports, for nanoparticles prepared
via green synthesis approaches (Table 2).

Table 1 Isotherm and

kinetic model fitting Isotherm model

parameters for Cr(VI) Condition Langmuir Freundlich
removal by ds-FeS dm k. R kg 1/n R Exp.q,
nanoparticles. Units for the pH 3 313 78 095 228 0.5 0.89 334
:ig;sqa:fm(é*}‘g(;;ni/lg&li}%{ pH7 147 79 095 5.6 0.5 0.51 139
k, (g/mg- min) respectively. pHO 207 02 097 42 0.5 097 14.1
The initial PSO rate (mg/g- Kinetic model
‘I}En) is ref)resented by ﬁ(2q§' Varying parameter ~ Value Pseudo-first order Pseudo-second order
experimentaly obained @ kR o (<107 kal R
maximum removal capacity Cr load 35 32 034 098 3.3 204 22 0.99
(mg/g) mg Cr(VD/g ds-FeS 9 7.7 0.19 089 82 3.1 21 095
27 11.6 0.15 094 123 1.7 2.6 0.98
38 13.0 0.09 095 138 0.94 1.8 0.98
Nanoparticle dose 25 9.2 0.15 095 100 23 23 0.99
gds-FeSigCr(VD) 37 116 0.15 094 123 1.7 26 098
50 13.5 0.09 092 143 0.98 2.0 0.96
75 11.9 0.17 095 13.1 1.9 3.3 0.99
pH 3 24.0 0.18 094 257 1.1 7.0 0.98
5 18.3 0.11 090 19.8 0.9 34 0.96
7 11.6 0.15 094 123 1.7 2.6 0.98
9 10.0 0.15 0.89 109 1.8 2.2 0.95
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Table 2 Maximum removal capacity of Cr(VI) by different iron-based nanoparticles prepared via green synthesis

Nanoparticles (NPs) used

Maximum Cr(VI) removal capac- Reference
ity (mg/g)

Zerovalent iron NPs prepared using E. globules leaf extract
Fe -NPs prepared using eucalyptus leaf extract

Zerovalent iron NPs prepared using Citrus limetta peels

Fe -NPs prepared from pear peel extract

Iron sulfide NPs prepared using date seed extract

5.5 Madhavi et al. (2013)
20.5 Jin et al. (2018)
333 Dalal and Reddy (2019)
46.6 Rong et al. (2020)
31.3 This study

3.3 Chromium Removal Mechanism

A number of studies have suggested the role of elec-
trostatic adsorption between nanoparticle surfaces
and Cr(VI) species in solution, on the overall Cr(VI)
removal process (Ukhurebor et al., 2021). Within the
range of pH levels investigated in this study, Cr(VI)
exists predominantly as HCrO, ™ anion at pH 3, as both
CrO,* and HCrO,~ at pH 7, and as CrO,*~ at pH 9
(Bandara et al., 2020; Zhang et al., 2019). However, as
observed in Fig. 1d, ds-FeS particles show an increas-
ingly negative zeta potential through the pH range of
3 to 9. Nanoparticles displayed {=—-8+0.3 mV at
pH 3,-21+0.4 mV at pH 7, and—30+0.7 mV at
pH 9. The anionic charges of both the ds-FeS parti-
cles and the chromate anions suggest that electrostatic
adsorption of Cr(VI) may not be the dominant factor
contributing to its removal. Therefore, we carried out
comparative measurements of solution properties and
nanoparticle surface chemistry, before and after batch
experiments, to probe the underlying Cr(VI) removal
mechanisms. This was done at the initial Cr(VI) con-
centration of 13.4 mg/L, which was an intermediate
point among the range of concentrations tested for the
isotherm experiment.

Figure 3a provides the solution phase measure-
ments of Cr(VI) and Total Cr post the batch experi-
ments, at different initial pH conditions. The con-
trol system represents the measurements of the
solution phase chromium without nanoparticle
exposure and demonstrates that all the chromium
existed in the hexavalent state as indicated by the
similar values of Total Cr and Cr (VI). After expos-
ing the ds-FeS nanoparticles to Cr (VI) at initial
pH 3, the Cr(VI) in solution decreased to 1.5 mg/L.
whereas the amount of Total Cr in solution was
higher at 5 mg/L. The difference of 3.5 mg/L (total

Cr—Cr(VI)) can be attributed to the presence of
dissolved Cr (III) in the solution. The net amount
of chromium removed from the solution compared
to the control system is likely due to the formation
of surface Cr (III) oxide precipitates as discussed
below.

We also observe an increase in solution pH
(Fig. 3b) from an initial pH of 3 to a final pH of 4
after exposure of ds-FeS to Cr(VI). Thus under acidic
conditions, it is likely that the dissolution of FeS to
Fe?™ and HS™ ions took place followed by the reduc-
tion of Cr (VI) to Cr (II) and subsequent precipita-
tion of some Cr-oxides, as shown in the equations
below (Lyu et al., 2017; Wang et al., 2019):

FeS+ H* — Fe’* + HS™ )]

3Fe* + HCrO,” + TH* — 3Fe** + Cr’* + 4H,0
(2

HS™ +2HCrO,” + TH* - S0;*~ +2Cr** + 5H,0
3)
8HS™ +3HCrO,” +29H" — 350,* + 8Cr’* 4+ 20H,0
“
xCrt + (1 = x)Fe** + 3H,0 — (Cr,Fe,_)(OHy) + 3H*
&)
In Fig. 3a, we observe that at initial pH 7 and pH 9,
all of the chromium measured in solution post-expo-
sure to nanoparticles existed in the hexavalent form
(as indicated by the similar total Cr and Cr(VI) val-
ues). Additionally, we observe that in Fig. 3b, the pH
of the solutions after reaction with ds-FeS decreased
from initial pH values of 7 and 9 to final pH values of
5 and 5.5 respectively.
This suggests that the removal mechanism under

more neutral to alkaline conditions may likely involve
the reduction of Cr(VI) (present as Cr042_) to Cr (IIT)
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Fig. 3 a Solution phase measurements of Total Cr and Cr(VI)
before and after batch experiments, error bars represent the
range of variation between duplicate runs, b pH measurements

oxides followed by surface precipitation of Fe(OH);
and Cr(OH);, as shown in Eq. (6) below (Zheng et al.,
2020). The absence of Cr(III) in solution suggests that
minimal dissolution of Cr-oxides may have occurred.

3Fe™ + CrO,* + 8H,0 — 3Fe(OH); + Cr(OH); + 4H*
(6)

The deposition of Cr-oxides on the nanoparticle
surface likely results in monolayer coverage as indi-
cated by the appropriateness of the Langmuir iso-
therm model in fitting the data (Table 1).

Further investigation of the nanoparticles was
carried out using XRD post-batch experiments
and is shown in Fig. 3c. The diffraction pattern
of the particles retrieved from the three pH solu-
tions (initial pH 3, 7, and 9) looked similar, albeit
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FeS after batch experiments, d FTIR spectra of ds-FeS nano-
particles before and after batch experiments, at pH 7

certain peak intensities were different. Compared
to pristine ds-FeS nanoparticles (Fig. 1c), broad
peaks centered around 26 =14.8°, 29.8°, and 42.5°
were observed for Cr(VI) exposed nanoparticles
in Fig. 3c. The broadened peaks indicate the less
crystallized nature of the reaction products. The
peak at 14.8° may be attributed to Cr—O products
while the peak at 29.8° likely indicates FeCr,0,
(Zhou et al., 2022). ds-FeS particles retrieved from
solutions in more alkaline pH appeared to have a
higher intensity of peaks at 14.8° and 29.8° which
could be due to a higher coprecipitation of Cr-
oxide products on the particle surface. The diffrac-
tion peak at 42.5° is likely due to the formation
of iron oxides such as magnetite and lepidocrocite
v-FeO(OH) (Liu et al., 2017).
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Prior studies have suggested the involvement of
nanoparticle capping molecules in the chemisorption
of Cr(VI) through complexation (Mehmood et al.,
2022). We therefore also carried out a comparative
analysis of the surface functional groups of the ds-FeS
particles before and after Cr(VI) batch experiments.

Figure 3d provides the FTIR spectra for ds-FeS nan-
oparticles before and after exposure to Cr(VI) in batch
experiments investigated at a selected initial pH of 7.
The FTIR spectra for pristine ds-FeS nanoparticles (not
exposed to Cr(VI)) have been presented and discussed in
our prior study as well (Bhattacharjee et al., 2021). The
spectral analysis revealed the presence of several sur-
face functional groups on pristine ds-FeS nanoparticles,
which are from the date seed extract molecules involved
in the synthesis and capping process (Bhattacharjee
et al., 2021). The peaks at 2855 cm™' and 2925 cm™!
can be attributed to the asymmetric and symmetric C-H
stretches from alkyl groups, respectively. After expo-
sure to Cr(VI), the aforementioned peaks showed shifts
to 2900 and 2976 cm™! respectively. The peaks in the
region 800—1500 cm™ in pristine ds-FeS particles are
attributable to the fingerprint region of the capping date
seed extract organic molecules. The most significant dif-
ferences in the ds-FeS particles after exposure to Cr(VI)
occurred in this region. The broad peak of ds-FeS
(before Cr exposure) at 1061 cm™! was replaced by two
sharp peaks at 1045 cm™" and 1090 cm™" after exposure
to Cr(VI), which can be attributed to C-O-C and C-O
stretching respectively (Chen et al., 2016). An additional
peak also appeared at 880 cm ™' for ds-FeS nanoparticles
after exposure to Cr(VI). Overall, the comparison of the
FTIR spectra for ds-FeS nanoparticles before and after
exposure to Cr(VI) indicates that functional groups of
the capping molecules may also be involved in the over-
all removal process through complexation of Cr(VI) or
the transformed Cr(III) ions.

3.4 Chromium Removal Kinetics

The kinetics of Cr(VI) removal are shown in
Fig. 4a—c, under conditions of varying initial Cr(VI)
load (Fig. 4a), varying nanoparticle dose (Fig. 4b),
and different initial pH (Fig. 4c). Under all scenarios
investigated, removal of Cr(VI) was rapid achieving
80-90% of the equilibrium removal capacity within
30 min. The pseudo-first-order (PFO) and pseudo-sec-
ond-order (PSO) kinetic models were used to fit the
kinetic removal data, as shown in equations below.

g, = q,(1—e™") ©)
kyq?t

= -¢ 8

=7 + kyq,t ®)

where ¢, (mg/g) is the Cr(VI) removed by ds-FeS
at time ¢ while ¢, (mg/g) is that removed at equilib-
rium. The PFO rate constant and PSO rate constant is
represented by &, (min~') and k, (g/mg- min) respec-
tively. The initial PSO rate (mg/g- min) is represented
by k,q?.

The kinetic parameters obtained under the various
conditions are presented in Table 1. As shown in the
table, the correlation coefficients were higher for the
PSO model suggesting its appropriateness in represent-
ing the kinetic data. The goodness of fit to the PSO
model also indicates that the removal mechanism likely
occurs via chemisorption processes, which is in agree-
ment with the removal mechanisms discussed earlier
(Section 3.3). To obtain an insight into the effects of
the varying conditions on the rate of Cr(VI) removal,
the PSO initial rates are plotted in Fig. 4d—f.

In Fig. 4d, we observe that varying the initial
Cr(VI) load (at fixed nanoparticle concentration and
pH) did not impact the initial rates drastically within
the concentration range investigated. For instance,
a 10 times increase in the Cr(VI) load from 3.5 to
38 mg Cr/g nanoparticles displayed an initial rate
averaging around 2.5 mg/g- min. The lack of change
in the initial rate likely indicates a sufficient amount
of reactive species for facilitating Cr(VI) removal.

In Fig. 4e, the change in initial rates is shown with
changing nanoparticle load. We observe that up to
50 g nanoparticle/g of Cr, the initial rates show mini-
mal variation and also average around 2.5 mg/g- min.
At a higher dose of 75 g nanoparticles/g Cr, we see a
slight improvement in the rate to 3.26 mg/g- min. The
improvement may be due to an increase in the amount
of nanoparticle surface sites and or dissolved reactive
Fe species which facilitate faster Cr(VI) transforma-
tion and thus a higher reaction rate.

However, the most significant impact on the reac-
tion rates was that of varying the initial solution pH as
observed in Fig. 4e. The highest rates were observed
in acidic pH. For instance, at pH 3, we observe the
highest initial rate of 6.95 mg/g- min which decreased
to 3.36 mg/g- min at pH 5. The initial rates progres-
sively decreased and appeared to plateau in neutral to
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Fig. 4 Top panel represents the kinetics of Cr(VI) removal
and bottom panel represents PSO initial rates for conditions
of—varying initial Cr(VI) load (a and d), varying nanoparticle
dose (b and e), and varying initial pH (¢ and f); dotted lines

alkaline conditions with them being 2.59 mg/g- min
at pH 7 and 2.2 mg/g- min at pH 9. As discussed ear-
lier, the acidic conditions are favorable for the forma-
tion of more dissolved iron and sulfide species which
can accelerate the reduction of Cr(VI) to Cr(III).

4 Conclusion

This study effectively employed novel iron sulfide
nanoparticles derived from date seed extracts to
remove Cr(VI) from aqueous solutions. The opti-
mal conditions for Cr(VI) removal were found to be
under acidic conditions (initial pH 3), resulting in a
maximum removal capacity of 31.3 mg/g and a rapid
removal rate of 6.95 mg/g-min, as determined by
Langmuir isotherm and pseudo-second-order kinetics,
respectively. Conversely, at pH 9, the removal capacity
dropped to 20.7 mg/g, and the removal rate decreased
to 2.2 mg/g-min. The underlying mechanism of Cr(VI)
removal involved the reduction of Cr(VI) to Cr(IIl) by
dissolved Fe>*/HS™ species, followed by the surface

@ Springer

represent pseudo second order model fits while solid lines are
pseudo first order model fits in parts a—c. Error bars represent
the range of variation between duplicate runs and, when not
visible, are smaller than the symbols

precipitation of Cr-oxides. These processes were
more favorable in acidic conditions, emphasizing the
importance of pH in the removal process. Interest-
ingly, varying the concentrations of Cr(VI) or ds-FeS
nanoparticles had minimal impact on the initial reac-
tion rates. Additionally, it was observed that organic
capping molecules on the surface of ds-FeS nanoparti-
cles played a significant role in the removal of Cr(VI),
likely through complexation.

In conclusion, this study demonstrated the effec-
tiveness of iron sulfide nanoparticles produced via
the green synthesis approach in transforming Cr(VI)
into less toxic forms. To gain a more comprehensive
understanding of the performance of these nanopar-
ticles for Cr(VI) removal, future research should
explore the effects of competing ions, dissolved
organic matter, and complex water matrices.
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