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Abstract The reduction of azo dyes to less toxic
and more easily biodegradable amine derivatives is an
effective strategy for the treatment of industrial waste-
water. The present work aimed to study the reduction
reaction of azo dye Congo red (CR) catalyzed by
nanoparticles (NPs) of chromium oxides (Cr,O;NPs)
immobilized on bentonite in the presence of NaBH,.
Cr(IIl) ions were intercalated using ion exchange
reactions to obtain Cr-bentonite, and then the immo-
bilized chromium cations were treated using NaBH,
leading to the formation of Cr,O;NPs-bentonite.
The physicochemical properties of the samples were
investigated using X-ray diffraction (XRD), scanning
electron microscopy/energy dispersive spectroscopy
(SEM-EDS), atomic absorption spectrometry (AAS),
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UV-Visible diffuse reflectance (UV-Vis DR), and
Fourier-transform infrared (FTIR) spectroscopy tech-
niques. The results showed the formation of various
chromium species, in which the most dominant were
chromium oxide nanoparticles, on the bentonite sur-
face with an average particle size between 20 and
35 nm. Line-scan analysis showed a reactive cata-
lytic surface due to the excellent distribution of Cr on
the bentonite surfaces. The best-performing catalyst,
Cr,0O;NPs-bentonite, displayed significant catalytic
activity compared to the bentonite and Cr-bentonite
materials, with a full reduction time of 630 s and a
rate constant, kapp, equal to 0.034 s\, The resulting
products (benzidine and sodium 3, 4-diaminonaph-
thalene-1-sulfonate) from the catalytic reduction
exhibited low toxicity compared to the CR dye; these
products are easy to use in chemical synthesis. All
results collected from this work indicated that this
low-cost catalyst can be exploited to eliminate other
dyes from the environment.
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Introduction

The presence of synthetic dyes in aquatic systems is
a serious environmental problem. These toxic sub-
stances are used widely in industry where they are
often discharged without treatment (Madhav et al.,
2018; Krishnan et al., 2021). Azo dyes (—N=N-)
are the most widely used synthetic dyes and consti-
tute the majority of dye production in the world. This
type of pollutant has caused severe water pollution
which poses a significant threat to human health. In
addition to this azo group, they also contain sulfonic
(—=SO;7), hydroxyl (—OH), and other electron-with-
drawing functional groups, making them less suscep-
tible to degradation. Congo red (CR) belongs to the
azo dyes and is abundant in the effluents of the tex-
tile and paper industries and has been reported to be
extremely carcinogenic and toxic to the environment
and to humans (Hudson, 1984). The processing of CR
is difficult due to the bulky structure which cannot be
degraded easily. Due to the complex nature of textile
effluents and the intrinsic properties of this type of
dye, therefore, the conventional treatment technolo-
gies barely reduce dissolved organic matter and color
in textile effluents.

Among the treatment methods, adsorption and
catalytic degradation are considered to be the most
effective and reliable techniques for the treatment of
water containing azo dyes. The adsorption process
is characterized by good processing efficiency, ease
of use, and relatively low cost; its greatest drawback
may be the difficulty in removing contaminants from
the adsorbent sample which can saturate its active
sites and thus preclude reuse (Vakili et al., 2019).
Many toxic dyes can be removed in a short time using
catalytic reduction; this results in less toxic products
with>80% conversion even after five cycles of use
(Hachemaoui et al., 2021a). The use of economi-
cal and low-cost catalysts with large surface areas is
essential in catalytic reactions and can also reduce the
cost of wastewater treatment.

The activity and selectivity of the nanoparticle-
based catalysts in the heterogeneous catalysis reaction
depend mainly on the metallic particle size (Hache-
maoui et al., 2021b; Abdelkrim et al., 2022; Asli
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et al., 2022; Mekki et al., 2022). Metal nanoparti-
cles are better for extreme activity due to their vari-
ous geometric and electronic properties. Synthesis of
finely divided metal particles involves the dispersion
of the metal catalyst on an inert support. Many mate-
rials such as silica, alumina, carbon, and also alumi-
nosilicates such as zeolites and mesoporous materi-
als have been used as supports for the dispersion of
the metal particles (Singh et al., 2020; Zhang et al.,
2022).

Cr(VI) is one of the most harmful metals. Chro-
mium generally exists in its Cr(Ill) or Cr(VI) state;
while Cr(IIl) is an important essential micronutrient,
Cr(V]) is non-essential, harmful to living organisms,
and may cause skin problems, lung cancer, kidney
and gastric damage, and respiratory tract and eye irri-
tation (Petrovi¢ et al., 2023). To reduce these prob-
lems, this metal can be dispersed on a solid support
and, thus, have its toxicity decreased.

Clay minerals are one variety of natural materi-
als suitable for scientific research into heterogeneous
catalysis (Cheng et al., 2008; De Le6n et al., 2008; Li
et al., 2011; Kaur & Kishore, 2012). In recent years,
phyllosilicate minerals have attracted the interest of
scientists in numerous disciplines, including catalysis
(Joseph et al., 2019; Tharmaraj et al., 2022), environ-
mental science (Avila et al., 2021; Imanipoor et al.,
2021; Tegin & Saka, 2021), biology, and human
health (Carretero, 2002; Carretero et al., 2006; Gomes
& Silva, 2007; Abdelkrim et al., 2020; Mokhtar et al.,
2020). This interest is generally due to the interest-
ing properties of the clay minerals, including large
adsorption capacity, resistance to mechanical forces,
large specific surface area, large cation exchange
capacity, and swelling in the presence of water (Car-
retero et al., 2006). These beneficial properties, com-
bined with their wide availability and low cost (Alex-
ander et al., 2019), make them the preferred material
for wastewater treatment.

Bentonite is an ore that is widely available and has
very large clay content, consisting primarily of mont-
morillonite (Mnt). It is created by natural weathering of
volcanic ash. Its crystal structure comprises an arrange-
ment of aluminosilicate layers each composed of two
tetrahedral silica sheets between which is inserted an
octahedral aluminum sheet in a 2:1 (tetrahedral-octahe-
dral-tetrahedra, TOT) configuration. An interlayer space
containing water and sodium and/or calcium cations
separates adjacent layers. These exchangeable cations
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counterbalance the negative charge of the aluminosili-
cate layer, giving the Mnt important properties such as
cation exchange capacity (CEC), swellability in water,
and space to accommodate within it various other inor-
ganic and organic molecules and cations. These proper-
ties make Mnt suitable for a variety of applications. In
medicine, for example, it is used in agents for sustained
drug release (Park et al., 2016; Hosseini et al., 2018).
Due to its specific nature and non-toxicity, the ingestion
of the phyllosilicates (e.g. Mnt), which carry the drug
molecule, does not impede the relief of gastrointesti-
nal ailments or the curing of infectious diseases (Jlassi
et al., 2017). Clay minerals have generated considerable
interest in their use as carriers of inorganic compounds
and have been confirmed to have a positive impact on
the formation and auxiliary stability of metallic nano-
particles. The characteristics described above open
many more fields of potential application of these nat-
ural materials (Andrades et al., 2004; Ansari Mojarad
et al., 2020).

The present study aimed to develop a simple
method to produce a Cr,O;NPs-bentonite composite
as a low-cost and eco-friendly catalyst. The hypoth-
esis was that this could be done by the chemical
reduction of Cr(VI)-exchanged bentonite. Another
objective was to evaluate the catalytic reduction per-
formance and the recyclability of the catalyst.

Experimental

Materials

The natural bentonite was obtained from the
Hammam Boughrara deposit in western Algeria.

This material has a cation exchange capacity (CEC)
of 80 meq/100 g and a chemical composition already
described (Korichi et al., 2009). Cr(IIl) nitrate
nonahydrate (Cr(NOs);, 9H,0, 99%) and sodium
tetrahydridoborate (NaBH,, 98%) were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA).
Congo red dye (C;,H,,NgNa,O4S,, CAS number of
573-58-0 and MW 699.66 g/mol) was purchased from
Merck Co (Darmstadt, Germany). A representation of
the Congo red molecule in 3D format as well as the
azo groups is shown in Fig. 1.

Characterization

The X-ray diffraction (XRD) patterns of the sam-
ples were recorded using a Bruker AXS D8 Advance
X-ray powder diffractometer (Karlsruhe, Germany)
with CuKoa radiation from 2 to 80°20 at a scan-
ning rate of 2°/min. Scanning electron micrographs
(SEM) and energy-dispersive X-ray spectroscopy
(EDS) were obtained using a Thermo Scientific
Prisma E scanning electron microscope (Waltham,
Massachusetts, USA). Samples were sputter-coated
with either gold (Au) or carbon (C). Cr in the leach-
ing test was measured by atomic absorption mass
spectrometry (Analytik Jena GmbH—novAA 400
P, Jena, Germany) using a graphite furnace with a
detection range of 10-50 ug/L. The calibration solu-
tion was Cr/Mg/HNO;. Fourier-transform infrared
(FTIR) spectra were recorded between 4000 and
500 cm™ using a JASCO 4100 spectrometer (Jasco,
Japan)(). Ultraviolet—Visible absorbance (UV-Vis)
spectra were recorded on a Specord 210 Analytik
Jena spectrometer with a holmium oxide filter (Jena,
Germany).

Fig. 1 Chemical structure and size of the CR molecule
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Preparation of Catalyst

Prior to the intercalation process, the bentonite
was first saturated with Na* using a NaCl solution
(Arbaoui & Boucherit, 2014; Korichi et al., 2009),
which was designed to promote the ion exchange of
Cr(II). The saturation process was carried out as
follows: 5 g of bentonite was dispersed in deionized
water with a minimum resistivity of 18.2 megohm cm
and stirred for 30 min at 30°C, then a previously pre-
pared NaCl solution (1 M, 1000 mL) was added to
the prepared mixture with vigorous stirring; the new
resulting mixture was stirred for 48 h at 30°C, then
filtered and washed with deionized water until free
of unreacted NaCl. Finally, the Na-saturated solid
obtained was dried at 70°C for 72 h.

The dispersion of Cr(IIl) cations in the interlayer
spaces of the Mnt was carried out using an ion-
exchange process, and the protocol was as follows:
1.4 g of bentonite was dispersed in deionized water,
then the resulting mixture was stirred for 2 h at room
temperature (solution A). Cr(Ill) nitrate solution
(100 mL, 0.1 M) was prepared by adjusting the pH to
avoid precipitation, and then the solution was added
to solution A. After that, the Cr-bentonite material
obtained was recovered by filtration, washed thor-
oughly with distilled water to remove excess unre-
acted Cr(III) cations, and dried at 70°C for 72 h. The
amount of Cr-bentonite material was treated with
NaBH, solution (100 mL, 4 M). The mixture was
stirred for 2 h; the final Cr,O;NPs-bentonite product
was filtered, washed, and dried overnight.

Catalytic Application

Bentonite, Cr-bentonite, and Cr,O;NPs-bentonite were
evaluated first in order to choose the best catalyst from
among them. The catalytic reduction of CR dye in the
presence of NaBH, was carried out under the following
conditions: 0.034 g of each catalyst, 0.05 M NaBH,, and
0.06 mM of CR, no solution pH adjustment was made,
and the reduction of CR dye was measured in situ by
UV-Vis spectroscopy. Firstly, 2.5 mL of CR dye solution
was added to 1.5 mL of freshly prepared NaBH,. This
solution was transferred to a quartz cuvette to which an
amount of catalyst was also added. This system was then
loaded into the UV-Vis spectrophotometer and the pro-
gram was set to scan the sample every 30 s. Afterward,
two parameters that affected the catalytic reduction,
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namely the dose of the catalyst (0.014-0.034 g) and the
initial dye concentration (0.06-0.12 mM) were assessed.
An adsorption test (dye+catalyst) and a test without
catalyst (NaBH,+dye) were also realized. The kinetics
of catalytic dye reduction was investigated by applying
the pseudo-first order rate law (Eq. 1 and 2). The percent-
age degradation of CR dye was also established by using
Eq. 3.

dA

r_
dr —KappA, (1
Al
In A_o = —Kypp! 2)
where k,,, (s7!) is the rate constant, A, is the absorb-

ance at time ¢, and A is the initial absorbance of the
CR dye.

A=A 100
AO
3)

Percentage of conversion of CR (%) =

Statistical Analysis

The residual sum of squares (RSS, Eq. 4) measures the
accuracy of a regression model. The smaller the resid-
ual sum of squares, the better the model fits the data;
the greater the residual sum of squares, the less well the
model fits the data (Marquardt, 1963).

RSS = ) (= fx)’ @)
i=1

Results and Discussion
Characterization of Samples
XRD

The structural properties of all prepared samples
were examined by XRD analysis. The XRD patterns
of bentonite, Cr-bentonite, and Cr,O;NPs-bentonite
samples (Fig. 2) clearly showed a crystalline structure
similar to that of pure Mnt, as described in previous
studies, which was confirmed by the presence of
reflections (001), (100), (110), and (210) corresponding
to Mnt (Cheng et al., 2013). The XRD pattern exhibited
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Fig. 2 XRD patterns of bentonite, Cr-bentonite, and Cr,O;NPs-bentonite samples

the characteristics (001) peak of Mnt at 6.437°20,
dyy;=1372 nm. In addition, the diffraction peaks
related to quartz, illite, calcite, and K-feldspar impurities
were also observed. After the ion-exchange process,
the (001) reflection shifted to a lower angle, giving a
d-spacing of 1.423 nm, which was attributed to the
species with a smaller ionic radius being replaced by the
species with a larger ionic radius, indicating successful
intercalation of Cr(IIl) cations in the interlayer spaces
of montmorillonite. After the chemical treatment using
NaBH, the d-spacing was then increased to 1.538 nm.
This was probably due to the agglomeration of
chromium oxide species on the surface of the bentonite.
The characteristic peaks for chromium oxide (at 24.73,
32.62, 35.30, 39.74, 41.64, 45.35, 50.28, 54.89, 59.16,
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and 73.27°20, corresponding to the (012), (104), (110),
(113), (202), (024), (116), (214), (300), and (101)
planes (Almontasser & Parveen, 2020; Khan et al.,
2021), respectively, were observed with low intensities,
indicating that the Cr,O;NPs were highly dispersed on
the bentonite support. This result implies the formation
of the rhombohedral structure of chromium in the
interlayer spaces of bentonite. By using the Scherrer
equation (Eq. 5) (Patterson, 1939), the average particle
diameter was calculated and found to be between 35
and 40 nm.

K\
B cos O

The mean size of particles (t) =

&)
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where 7 is the crystallite size (nm); K=0.9, the shape
factor; A(=0.154060 nm), the wavelength of Cu-Ka
radiation; P, the integral breadth of the most intense
peak (FWHM); and 6, the diffraction angle.

SEM and EDS

SEM-EDS analysis was used to study the surface
morphology and the elemental constituents of the
samples. The SEM images of Cr-bentonite and
Cr,0;NPs-bentonite samples (Figs. 3a,b and 4a,b,
respectively) confirmed the conservation of the struc-
ture of the Mnt even after the ion-exchange process
and the chemical treatment with NaBH,. All micro-
graphs showed the same morphology, which cor-
responds to the presence of aggregates of ancillary
minerals in the bentonite (supplementary information
Fig. S1); these are heterogeneous in size and have
irregularly shaped cavities, similar results to those
found by Cheng et al. (2013).

The EDS spectra of Cr-bentonite and
Cr,O;NPs-bentonite (Figs. 3c and 4c, respec-
tively) revealed brighter areas, indicating the pres-
ence of Cr (Ngah et al., 2012). The brighter areas
are because of the better electric conduction prop-
erties of chromium compared to the Mnt itself. O,
Na, Al, and Si were found in both Cr-bentonite
and Cr,O;NPs-bentonite, which is not surprising
because these are the major components of ben-
tonite. The weight percentages of these elements
in Cr-bentonite were O (46.98%), Na (0.69%), Al
(10.88%), Si (37.09%), and Cr (4.36%) (Fig. 3,
embedded table). For the Cr,O;NPs-bentonite, the
respective weight percentages were O (43.53%), Na
(7.26%), Al (9.05%), Si (33.76%), and Cr (6.40%)
(Fig. 4). The increase in Na weight was due to
chemical treatment with NaBH,, and the increase in
Cr was due to the transformation of Cr(IlIl) to chro-
mium oxide nanoparticles which were dispersed
homogeneously on the bentonite surfaces. In addi-
tion, the peaks situated at binding energies of 0.5,
5.4, and 5.9 eV indicated the existence of diverse
chromium species. Following the element map
scan (Figs. 3d and 4d), Cr was clearly intercalated
homogeneously on the bentonite. EDS line scan
analysis (Fig. 5) was carried out in order to exam-
ine the elemental distribution on the Cr-bentonite
surfaces; it was distributed homogeneously. That
sample thus provided a well dispersed Cr oxide
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system with a highly reactive catalytic surface. Cr
in the Cr,0O;NPs-bentonite (Fig. 6) was, therefore,
uniformly and homogeneously distributed across
the whole sample surface and produced a catalytic
surface with uniform, active sites.

UV-Vis DR

UV-Vis DR spectroscopy was used to identify
the chemical environment and coordination states
(Fig. 7) and a large characteristic band in the region
of 200-365 nm was revealed and attributed to Al-O
and Si-O bonding in the Mnt layers. UV-Vis spectra
of the modified Cr-bentonite and Cr,O;NPs-bentonite
samples indicated the presence of two absorption
peaks at 413 and 596 nm, which can be attributed
to the presence of several Cr species. In addition,
the peak intensity at 314 nm of Cr,O;NPs-bentonite
was much greater than for the Cr-bentonite. This was
due to the transformation of Cr ions to chromium
oxide nanoparticles (Ahmad et al., 2018). In addi-
tion, deconvolution of the UV-Vis spectra of the
Cr,0;NPs-bentonite (Fig. S2) confirmed the presence
of the 4A2g—>4T1g transition of the six-coordinate
geometry at 413 nm and the 4A2g—>4T2g transition
of chromium ions in an octahedral environment at
596 nm (Liang et al., 2014, 2015).

The CR dye also was characterized by UV-Vis
spectroscopy and gave characteristic absorption bands
of the conjugation throughout the structure and of the
azo bond at 492 and 340 nm. Possible reduction prod-
ucts include amino derivatives which have absorption
peaks around 284 nm.

FTIR

The FTIR spectrum of bentonite (Fig. 8) is very
similar to that of Mnt, as would be expected from
the large proportion of Mnt in bentonite (Hay-
ati-Ashtiani, 2011; Ikhtiyarova et al., 2012). The
vibration band observed at 3622 cm™' was attrib-
uted to the AI-OH stretching of smectites with a
large amount of Al in the octahedral sheet. The
broad band observed at 3378 cm™' was attributed
to intercalated water molecules linked through
hydrogen bonds to the terminal silanol groups. The
band at 1400 cm™' was attributed to the stretch-
ing and bending vibrations of physisorbed water
(Hayati-Ashtiani, 2011).The band at 985 cm™! was
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Fig. 3 SEM-EDS analysis of Cr-bentonite: a-b SEM images, ¢ EDS spectrum, and d SEM-EDS element mapping images
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Fig.4 SEM-EDS analysis of Cr,O;NPs-bentonite: a-b SEM images ¢ EDS spectrum, and d SEM-EDS element mapping images

attributed to the Si—O stretching vibrations (Made-
jovd & Komadel, 2001); the band at 610 cm™!
can be attributed to the bending vibration of the
Al-0O-Si groups (Aroke et al., 2013; Madejova &
Komadel, 2001). The modified materials, Cr-ben-
tonite and Cr,O;NPs-bentonite, displayed FTIR
spectra that differed in terms of the intensity of the
main band as well as the presence of new bands
in the latter. The FTIR spectrum of Cr-bentonite
showed a decrease in the intensity of the band at
1600 cm™" attributed to the intercalated and phy-
sisorbed water molecules, which suggests that the
intercalation takes place through an ion-exchange
reaction between the Cr(III) ions and the interlayer
hydrated sodium cations, thus causing the dehy-
dration of the material obtained after intercalation.

Element

Weight %

oK 43.53 57.93

NaK

Atom %

The FTIR spectrum of Cr,O;NPs-bentonite con-
tained two new bands at 553 and 600 cm™' which
were attributed to M—O (Cr—O) stretching (Madi
et al., 2007).

Catalytic Study: Selecting the Best Catalyst

Bentonite, Cr-bentonite, and Cr,O;NPs-bentonite
samples were evaluated as catalysts for CR dye
reduction in the presence of NaBH, as a reducing
agent. The respective UV—Vis spectra of the reac-
tions of CR (Fig. 9a,b,c) revealed that the char-
acteristic absorption band of CR at 492 nm was
decreased after contact with each catalyst sample.
The reduction of CR was incomplete in the presence
of bentonite and Cr-bentonite, however, whereas in

Fig. S SEM-EDS analysis of Cr-bentonite: a-b line scans of elements and ¢ distribution of Cr
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Cr element distribution

Line scan

Fig. 6 SEM image and corresponding EDS line scan along the
yellow line of the Cr,O;NPs-bentonite surface

the presence of Cr,O;NPs-bentonite, the reduction
reaction was completed after 630 s of contact time.
Plots of In(A,/A,) as a function of reaction time and
the catalytic reaction time vs CR dye conversion are
given in Figs. 10a and b, respectively. By obtain-
ing UV-Vis spectra of the reaction mixtures at dif-
ferent time intervals, the absorbance at any given
wavelength can be plotted vs time. Plotting the
change in absorbance with time at a wavelength of

1.2 4

° o =
(o] [ee] o
1 1 1

Absorbance (a.u.)

Amax =492 nm, using the form In(A/A,) (Fig. 10a),
showed that the absorbance of CR dye decreased
with time, indicating that the reduction reaction
was on-going. The reaction was incomplete in the
presence of bentonite and Cr-bentonite, however,
but reached 87.85% of completion after 630 s in
the presence of Cr,O;NPs-bentonite (Fig. 10b).
The Cr,0O;NPs-bentonite catalyst acted as a charge
transfer surface for NaBH, during the CR reduction
reaction, and the reaction became kinetically feasi-
ble when the dye molecules were deposited on the
Cr,0O;NPs-bentonite surface. The presence of chro-
mium nanoparticles facilitated the electron transfer
that brought about the catalytic reduction of CR
dye; the Cr nanoparticles efficiently mediated elec-
tron transfer from BH,™ to azo bonds (Jana & De,
2012). The plot of —In(A,y,) vs time (Fig. 10c) dem-
onstrated that the reaction passed through an initial
induction period of ~ 100 s during which reagent dif-
fusion was occurring (Benali et al., 2021). After this
lag time, the plot became linear and confirmed that
the reaction followed a pseudo-first order rate law.
The rate constant and regression coefficient were
0.0015 s=! and 0.99, respectively (Table 1). The
presence of chromium oxide nanoparticles played an
important role in improving the catalytic reduction
of CR dye, and thus the most efficient catalyst was

Bentonite
Cr-bentonite
Cr,0;NPs-bentonite

0.2 — T T 1
200 300 400 500

T
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I T T T T T 1
700 800 900 1000
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Fig. 7 UV-Vis DR spectra of bentonite, Cr-bentonite, and Cr,O;NPs-bentonite samples
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Fig. 8 FTIR spectra of bentonite, Cr-bentonite, and Cr,O;NPs-bentonite samples

identified as Cr,O;NPs-bentonite, which then was
chosen for the rest of this study.

A potential hazard from using a Cr-based
catalyst is the leaching of Cr ions into the reaction
medium. Leaching tests revealed (Fig. S3)
that~1.1 mg Cr/L was leached from Cr-bentonite
whereas only 0.23 mg Cr/L was leached from
Cr,0;NPs-bentonite.

Variables Affecting the Catalytic Reduction of CR
Dye

Firstly, to confirm that both the reductant (NaBH,)
and the heterogeneous catalyst (Cr,O;NPs-bentonite)
were necessary for the CR reduction reaction to occur,
the UV-Vis absorbance of CR at A,,,=492 nm
was measured with increasing contact time with the

Cr-bentonite
(C) Cr,0;NPs-bentonite
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Fig. 9 Time-dependent UV-Vis spectra of CR solution during the catalytic reaction of: a bentonite, b Cr-bentonite, and ¢

Cr,0;NPs-bentonite
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Fig. 10 Study of catalytic reduction of CR dye using bentonite, Cr-bentonite, and Cr,O;NPs-bentonite samples in the presence of
NaBH,. a Plot of In(A/A,) as a function of reaction time for CR dye reduction; b reaction time and CR dye conversion; and ¢ pseudo-
first order plot of —In(A,g,) (absorbance at 492 nm) vs reaction time, ¢

blank (CR dye+NaBH,) and with catalyst+CR dye
(Figs. 11a and b, respectively). Changes in absorb-
ance after as much as 990 s in the presence of the cat-
alyst, but in the absence of the reducing agent, were
small (Fig. 11b), thus confirming that little reduction

Table 1 Parameters of the reduction reaction of CR dye

Parameters Catalyst
Bentonite Cr-bentonite ~ Cr,O3;NPs-
bentonite
Kopp 57 2.766x107*  6.531x107* 0.034
R? 0.992 0.969 0.981
RSS 0.106 0.391 0.903
Conversion (%) 28.45 31.53 87.85

R? coefficient of determination
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reaction occurred without the reductant. The blank
test (Fig. 1la), moreover, revealed that NaBH,
(0.05 M) could achieve only a negligible amount of
degradation without the catalyst. Hence, the CR dye
reduction is clearly governed by a heterogeneous
catalytic reaction (Abdelkrim et al., 2022; Asli et al.,
2022).

The effect of Cr,0O;NPs-bentonite catalyst
dose on CR dye degradation was also investigated
(Fig. 1lc,d). Three masses of Cr,O;NPs-bentonite
catalyst (0.014, 0.024, and 0.034 g) were used in order
to optimize the catalyst dose for CR dye reduction.
The plot of In(A/A;) as a function of reaction
time for CR dye reduction allowed the dose of the
catalyst to be correlated with the reaction time and
the conversion of the CR dye. The reduction of CR
dye neared completion only in the presence 0.034 g
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of catalyst compared to the other doses (Fig. 11d).
The reduction reaction rate tended to increase with
increasing catalyst dose (Fig. 11c); the conversion of
dye was also greater for 0.034 g of catalyst dose with
a conversion of 87.98% (Fig. 11d). The high catalyst
dose provides an abundance of surface-charged
Cr,0O;NPs and, consequently, generates a greater
potential for electron transfer and reduces the time
required for CR dye reduction.

Two initial dye concentrations (0.06 and 0.12 mM)
were also studied to evaluate the performance of the
Cr,O;NPs-bentonite catalyst. A plot of In(A/A,) as a
function of contact time (Fig. 12) found that, with a
CR concentration of 0.06 mM, the reduction reaction
rate was rapid, yielding a total conversion of 87.85%
in 630 s, giving a rate constant of 0.034 s™!. When the

https://doi.org/10.1007/s42860-023-00226-8 Published online by Cambridge University Press

concentration was 0.12 mM, the reduction reaction
took longer and dye conversion was less complete,
with a calculated rate constant of 6.76x 10~ s™!. With
a low dye concentration, the reaction sites on the cata-
lyst are less saturated than when the dye concentration
is greater. The greater concentration thus impedes the
rate and extent of the conversion reaction.

Plausible Mechanism

A plausible mechanism for the catalytic reduction
of CR dye in the presence of NaBH, is presented
in Fig. 13a. The catalytic reaction can reduce the
toxicity of CR by converting it to less toxic prod-
ucts. According to this mechanism, in the pres-
ence of the catalyst the reducing agent NaBH,

@ Springer


https://doi.org/10.1007/s42860-023-00226-8

86

Clays Clay Miner.

0.2 -
0.0
02
044
061

-0.8

In (At/AQ)

-1.0 +

-~ 0.06mM
Y/ 0.12mM

-1.2 1 -

1.4

-1.6

T T T T
0 200 400

T T T T
600 800 1000

Time (s)

Fig. 12 Change in absorbance of CR with time during catalytic reduction using two initial dye concentrations (0.06 and 0.12 mM)

and the dye molecule are adsorbed on the surface
of the solid. Dissociation of the reducing agent to
tetrahydroborate ions (BH™,) in the waste solution
donates an electron to the catalyst. Then the reduc-
tion of water yields hydrogen (H,), which is a key
step for the generation of active hydrogen species at
the surface of the catalyst (Bakr et al., 2019). The
azo group —N=N-goes through an addition reac-
tion of hydrogen atoms to give a hydrogenated azo
intermediate. Then it undergoes further hydrogena-
tion, followed by breaking of the -NH —NH-bond
to generate amine derivatives (Naseem et al., 2018;
Benmaati et al., 2022), which are less toxic than azo
groups.

Progress of the reduction reaction was followed
by means of UV—Vis until the band at 492 nm dis-
appeared (Fig. 13b). The results showed that the
characteristic CR absorption bands at 492 and
340 nm gradually decreased and a new peak
at 284 nm appeared, which is characteristic of
the amino derivatives (benzidine and sodium 3,

@ Springer

https://doi.org/10.1007/s42860-023-00226-8 Published online by Cambridge University Press

4-diaminonaphthalene-1-sulfonate) resulting from the
reduction products.

Comparison with the Literature

A comparative study (Table 2) of the catalytic
activities of various catalysts reported in the
literature for the reduction of the CR dye found
that most catalysts are based on noble and/or
expensive metals, either alone or on supporting
materials. In the present study, the supporting
material was bentonite, a natural substance that
is less expensive than the others listed in Table 2.
The Cr,0O;NPs-bentonite catalyst has a greater rate
constant than other catalysts; this means that its
catalytic activity is also greater and with a shorter
conversion time. Due to the rapid reduction that it
promotes, Cr,O;NPs-bentonite can be considered
to be an effective catalyst for the reduction of
environmental pollutants in water.
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Table 2 Comparisons of the catalytic activities of various catalysts with Cr,O;NPs-bentonite for the reduction of CR dye

Catalyst Reducing agent Reduction completion K, s™ References
time (s)

Ag-pSty-p(NIpmam-AC) NaBH, 540 0.63 1072 (Naseem et al., 2018)
Green synthesis of silver nano- 1080 1.66 107 (Varadavenkatesan et al., 2020)

particles
ZC-Cu 600 0.0045 (Benmaati et al., 2022)
Fe;04-p(AN)-Au NPs 360 0.013 (Chen et al., 2014)
Cr,0;NPs-bentonite 630 0.034 Current study
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Conclusions

In the present study, the catalytic behavior of low-
cost Cr bentonite materials was investigated with
respect to the reduction of CR dye. Cr(III) was
intercalated into the Mnt layers of the bentonite to
obtain Cr-bentonite; it was then treated with NaBH,
to obtain Cr,O;NPs-bentonite. Various characteri-
zation techniques were applied to verify the pres-
ence of chromium nanoparticles. Leaching tests
revealed that~1.1 mg Cr/L was leached from Cr-
bentonite whereas ~0.23 mg Cr/L was leached from
Cr,0;NPs-bentonite. The catalytic reduction behav-
ior of Cr,O;NPs-bentonite was far superior to that
of either Cr-bentonite or bentonite alone, in terms
of its ability to eliminate 87.85% of the CR dye in
630 s with a rate constant, kapp’ of 0.034 571,
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