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Abstract This study presents an efficient appli-
cation of the Fenton reaction for the degradation of
methyl orange (MO), utilizing a composite of hydro-
chloric acid-modified kaolinite supported nanosized
zero-valent iron (mk-nZVI). The successful loading
of Fe” onto the hydrochloric acid—-modified kaolinite
was confirmed through scanning electron micros-
copy, X-ray diffraction, and Fourier transform infra-
red spectroscopy analyses. Key variables, such as
solution pH, reaction temperature, mk-nZVI dose,
initial MO solution concentration, and H,0, con-
centration, were manipulated to examine the efficacy
of the mk-nZVI/H,0, system in the degradation of
MO. The system demonstrated improved degrada-
tion performance with decreased pH and increased
temperature. Under the following conditions: an ini-
tial pH of 5.6, a reaction temperature of 25 °C, an
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mk-nZVI dose of 2 g/L, an initial MO solution con-
centration of 100 mg/L, and an H,O, concentration
of 74.8 mmol/L, an MO degradation of 96.56% was
achieved using the mk-nZVI/H,0,-based Fenton-like
reaction. This performance was markedly superior
to the traditional Fenton method in decolorizing MO
solutions. UV-Vis spectroscopy demonstrated the
mk-nZVI/H,0,-based Fenton-like reaction’s effec-
tiveness in degrading MO’s azo structure. The deg-
radation of MO was primarily attributed to the action
of surface-bounded hydroxyl radicals. The findings
indicate that the synthesized mk-nZVI composite
holds promise for efficient treatment of MO in water,
establishing it as a prospective composite material for
wastewater remediation.
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1 Introduction

In the context of burgeoning industrial advancements,
the widespread application of organic dyes encom-
passing azo groups has become integral to various
manufacturing processes, driven by the incessant
momentum of global industrialization. However, this
progress brings with it a pressing challenge related to
the management of industrial wastewater. Among the
myriad contributors to this issue, the textile industry
stands as the most substantial, accounting for 54% of
the worldwide dye wastewater. Additional significant
contributors include the printing and dyeing, paper
and pulp, leather and paint, as well as dye manufac-
turing industries, which are responsible for 21%, 10%,
8%, and 7% of the total dye wastewater, respectively
(De Gisi et al., 2016). Azo dyes, which are the main
source of dye wastewater pollution, are extremely dif-
ficult to degrade because of their complex structures
and the generation of several metabolic intermedi-
ates (Varjani et al., 2020). In addition, a few azo dyes
may produce carcinogenic aromatic amines in chemi-
cal reaction decomposition. Long-term exposure to
these compounds will pose different degrees of risk
to human health. Due to the large amount of azo dye
wastewater discharge and high concentration of pol-
lutants, it poses a serious threat to the environment
and residents’ health, making it one of the important
problems of water pollution. In recent years, scholars
have conducted a large number of experimental treat-
ments on dye wastewater, using methods from fields
such as physics (Waheed et al., 2021), chemistry
(Refat et al., 2021; Zheng et al., 2020), and biology
(Kapoor et al., 2021; Wang et al., 2020). However,
the efficient treatment of dye industrial wastewater is
still a hot issue to be solved urgently and has great
challenges. Therefore, the development of composite
materials that can efficiently remove dye from waste-
water is of great importance.

Nanosized zero-valent iron (nZVI) is a type of nan-
oparticle material that presents certain unique prop-
erties. These properties, known as surface effects,
emerge due to an abrupt increase in the ratio of sur-
face atoms to total atoms as particle size decreases
(Galdames et al., 2020; Li et al., 2021). nZVI is
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frequently used for in situ and ectopic remediation
of groundwater and soil pollution owing to its large
specific surface area, high reactivity, free migration in
water, and environmental friendliness (Marcon et al.,
2021). However, the shortcomings of nZVI, such as
easy oxidation by non-target chemicals and particle
aggregation, reduce the reaction efficiency of nZVI
and limit the direct application of nZVI in the remedi-
ation of azo dye wastewater, which usually leads to a
rapid decline in catalytic activity, material waste, and
can even limit its economic feasibility.

To address the aforementioned shortcomings of
nZVI, various strategies have been employed. These
include the use of iron-based catalytic substances,
loaded or doped with metal active components.
These substances are applied to the Fenton oxidation
method, with the goals of reducing the rapid oxidation
of nZVlI itself, preventing particle agglomeration, and
ultimately improving the activity and recovery effect
of the catalyst. nZVI is currently used to degrade azo
dyes, such as methyl orange (Shi et al., 2020), Congo
red (Tanwar et al., 2017), orange-yellow series of
dyes (I-IV) (Bastidas et al., 2018; Park et al., 2019),
in wastewater. Moreover, Fenton-like reaction can
assist in the treatment of various organic pollutants,
such as azo dyes (Tang et al., 2020), inorganic acids
(Arts et al., 2021), and phenolic compounds (Xie
et al., 2019). The decolorization mechanism of azo
dye wastewater with nZVI primarily involves a coex-
istence system containing Fe’, Fe** and Fe*". In this
system, the -OH free radical preferentially breaks the
azo group (-N=N-), leading to the decolorization of
the dye (Yu et al., 2014).

In this study, our focus was on the degradation
processes of methyl orange. Kaolinite, an economi-
cal and readily available material, has been shown
to act as an effective adsorbent for various pollutants
(Gandhi et al., 2021). Acid modification of kaolin-
ite, moreover, enhances the number of acid centers
on the surface, increases the specific surface area,
and improves its catalytic efficacy. Kaolinite modi-
fied with hydrochloric acid can augment the acid
activity of the clay’s structure without compromis-
ing its basic integrity, thus exposing a greater num-
ber of active adsorption sites (Chen et al., 2018).
hydrochloric acid-modified kaolinite nanosized zero-
valent iron addresses some of the limitations associ-
ated with nZVI/H,0,, such as agglomeration and
self-oxidation, making it a more efficient material for
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treating MO wastewater (Elfadly et al., 2017; Rabie
et al., 2018). Our investigation centered around the
Fenton-like reaction induced by hydrochloric acid-
modified kaolinite supported nanosized zero-valent
iron (mk-nZVI). Our goal was to broaden the pH
application range to effectively degrade MO-con-
taining wastewater and to examine the factors influ-
encing the efficiency of an mk-nZVI/H,0, system
for MO degradation. In addition, we delved into the
reaction mechanism, an exploration that contributes
to the development of processes intended to enhance
aquatic environments.

2 Materials and Methods
2.1 Materials

Methyl orange (C,,H,4;N;SO;Na) was purchased
from Beijing Bellingwei Technology Co., Ltd. H,0,
(30%), sodium borohydride(NaBH,), ferric chlo-
ride hexahydrate (FeCl;-6H,0), anhydrous ethanol,
n-butanol and potassium iodide (KI) were all pro-
vided by Sinopharm Chemical Reagent Co., Ltd,
China. All the aforementioned reagents were of
analytical grade and were used without further puri-
fication. All solutions were prepared with deionized
water, and nitrogen was blown into all prepared
solutions for deoxidization.

2.2 Composite Preparation

2.2.1 Preparation of nZVI

The chemical reaction involved in liquid-phase
reduction, which was adopted in this study, can be
expressed as follows:

4Fe** + 3BH,™ + 9H,0 — 4Fe” + 3H,BO,™ + 12H* + 6H, (1)

FeCl;-6H,0 (4.83 g) was dissolved in a solution of
anhydrous ethanol and deionized water (3:7; 50 mL)
and subsequently transferred into a three-neck flask,
one neck of which had a mechanical agitator attached.
The solution was then stirred under a N, atmosphere
for 30 min. NaBH, (3 g) was subsequently dissolved
in 100 mL of deionized water, and the resulting solu-
tion was added dropwise to a three-neck flask using

a peristaltic pump at a rate of one drop per second
with intense stirring (500 rpm) to facilitate the reac-
tion. The NaBH, solution was stirred for 30 min after
it was completely added. Finally, a magnet was used
to attract the particles in the bottom of the three-neck
flask, the waste liquid was poured out, the leftover
components were cleaned with anhydrous ethanol
three times, then sealed for storage. All these steps
were conducted under an N, atmosphere.

2.2.2 Preparation of Hydrochloric Acid-Modified
Kaolinite Supported Nanosized Zero-Valent
Iron (mk-nZVI)

Preparation of hydrochloric acid-modified kaolinite (mk):
An HCI solution (100 mL, 25 wt%) was blended with
25 g of kaolinite, followed by a rigorous stirring process
for 2 h, facilitated by a mechanical stirrer. After thorough
agitation, the modified kaolinite was centrifuged and
rinsed until a neutral pH was achieved. Subsequent pro-
cesses involved filtration, drying at ambient temperature
for a span of 36 h, and then grinding and sieving (100
mesh). The resulting mk was transferred to a glassdesic-
cator, sealed, and preserved for further analysis.

Preparation of mk-nZVI: The synthesis of mk-nZVI
was accomplished by employing a method similar with
the Sect. 2.2.1. The FeCl;-6H,O solution was poured
into a three-necked flask and stirred for half an hour
under a nitrogen atmosphere. Following this, 2.33 g of
the mk was introduced, and the system was once again
stirred under a nitrogen atmosphere for an additional
30 min. Subsequently, 3 g of NaBH, was dissolved in
100 mL of deionized water. The remainder of the proce-
dure followed the steps outlined in Sect. 2.2.1.

2.3 Characterization

The concentration of MO in the aqueous solution was
determined at 464 nm using UV-Vis spectropho-
tometry (Mapada, UV-6 series dual beam scanning,
China). The morphology and elemental distribution
of mk-nZVI were examined via Scanning Electron
Microscopy (SEM) (ZEISS, SIGMAS500, Germany).
Structural and compositional analyses of the materials
were conducted through X-ray diffraction scans rang-
ing from 10° to 70°, utilizing an X-ray diffractom-
eter (Bruker, D8-Advance, Germany) to characterize
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the composite material. Fourier Transform Infrared
Spectroscopy (FTIR) (Thermo Scientific, Nicolet-
IS5, USA) was used to identify functional groups on
the surface of composite material within the range
of 500 to 4000 cm™'. X-ray Photoelectron Spectros-
copy (XPS) (Thermo Scientific, ESCALAB 250XI,
USA) was employed to study the Fe species on the
mk-nZVI surface. The binding energies of the spectra
were corrected using the hydrocarbon component of
adventitious carbon at 284.8 eV. XPS data fitting was
performed using XPSPEAK 41.

2.4 Experimental Methods

A MO solution (100 mL) of a predetermined con-
centration was introduced into a 250-mL stop-
pered conical flask, maintaining its pH of 5.6. This
flask was then situated within a temperature-con-
trolled oscillating chamber. A defined quantity of
mk-nZVI and H,0, (74.8 mmol/L) were supple-
mented, instigating the reaction as the flask oscil-
lated at a rate of 180 rotations per minute. The
reaction was permitted to continue for a duration
of 90 min, throughout which the MO concentra-
tion was intermittently assessed. Further examina-
tion was conducted on the influence of variables
including composite dosage, reaction temperature,
initial solution concentration, and H,0, concentra-
tion on the decolorization of MO. All experiments
were performed in duplicate, with data presented
as mean + standard deviation.

3 Results and Discussion
3.1 Characterization of Composites

FTIR spectra of the mk-nZVI composite and nZVI
are shown in Fig. 1. The -OH and —COOH stretching
vibration absorption peak appeared at 3429.68 cm™!
and 1625.86 cm™!. The stretching vibration absorp-
tion peak of Si—O-Si, absorption peak of Si—~OH, and
bending vibration absorption peak of Si appeared
at 1099.54, 895.15, and 465.78 cm™!, respectively
(Quintelas et al., 2011).

The XRD patterns are depicted in Fig. 2. nZVI
exhibited a diffraction peak at 44.67°. There were
no iron oxide peaks in the XRD pattern of nZVI
(Petala et al., 2013), implying a predominance
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Fig. 2 XRD patterns of mk, nZVI, and mk-nZVI

of Fe’. Comparison with the standard card of Fe
(JCPDS No0.06-0696) indicated that the material
exhibited the plane diffraction of an a-Fe body-
centered cubic structure (Zhou et al., 2021). The
characteristic peak at 26 =44.98° confirmed the
existence of zero-valent iron in mk-nZVI, and the
diffraction peak of the composite material was
sharper and narrower than that without the com-
posite material, indicating successful loading of
Fe’ nanoparticles (Fan et al., 2009). In addition,
the peaks at 26.21° and 31° are characteristic
peaks of kaolinite, reflecting the typical struc-
ture of kaolinite. The XPS results are depicted in
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Fig. 3 (a) pre-reaction and (b) post-reaction XPS spectra of mk-nZVI

Fig. 3. Figure 3 (a) indicates the presence of dif-
ferent states of Fe in mk-nZVI, with the binding
energies of 711.3 eV and 724.9 eV correspond-
ing to Fe’* 2p;,, and Fe?* 2p, ,, respectively; this
confirms the presence of iron oxide in the mk-
nZVI (Bagus et al., 2020), likely resulting from
oxidation of the sample. Moreover, Fe® could
be detected at 718 eV, suggestive of nZVI coat-
ing on the acid-modified kaolinite. Figure 3 (b)
shows the XPS profiles obtained after the reac-
tion, which indicate that the Fe peaks related to
the 2p orbital slightly changed (724.8 eV and
710.37 eV), and the Fe’ peak at 718 eV disap-
peared; moreover, the binding energies of Fe?*
2p,, and Fe’* 2p,, both increased slightly,

Fig. 4 SEM images of mk-
nZVI (a) at a scale of 1 pm
and (b) at a scale of 100 nm

indicating complete oxidation of Fe’. The SEM
images (Fig. 4) demonstrate that nZVI is uni-
formly coated onto the acid-modified kaolinite.

3.2 Degradation Experiments of MO

The results for degradation of MO under differ-
ent reaction systems are shown in Fig. 5. Over
the course of 90-min reaction, individual addi-
tion of mk and H,0, achieved MO removal
rates of 61.09% and 56.45%, respectively. Treat-
ments with mk/H,0,, mk-nZVI, nZVI/H,0,,
and the mk-nZVI/H,0,-based Fenton-like reac-
tion resulted in MO removal rates of 72.55%,
80.32%, 86.19%, and 96.56%, respectively.
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Fig. S Degradation of MO under different reaction sys-
tems. Experimental condition: T=25 °C, MO concen-
tration=100 mg/L, pH=5.6, 2 g/L mk; 20 mL of H,0O,
(74.8 mmol/L); 2 g/l mk-nZVI; 2 g/l mk+20 mL of H,0,
(74.8 mmol/L); 2 g/L nZVI+20 mL of H,0, (74.8 mmol/L),
and 2 g/L mk-nZVI+20 mL of H,0, (74.8 mmol/L)

These results suggest that the mk-nZVI/H,O0,-
based Fenton-like reaction enhanced the deg-
radation of MO. This improvement is presum-
ably attributable to the synergistic effect of MO
adsorption on kaolinite and the nZVI-catalyzed
Fenton reaction, thereby increasing the effi-
ciency of degradation. The reactions involved
in the MO treatment via the mk-nZVI/H,0,-
based Fenton-like reaction, as described by Lin
et al. (2017), are outlined below. Initially, nZVI
donates two electrons, which are transferred to
H,0,, catalyzing its oxidation to Fe?* as shown
in Eq. (2). This is followed by the production of
-OH by the Fenton oxidation of Fe?* and H,0,
as shown in Eq. (3). Furthermore, H,0, under-
goes decomposition as depicted in Eq. (5).

Fe® + 2H* — Fe?* + H, )
Fe’* + H,0, — Fe’* + -OH + OH~ A3)
2Fe* + Fe' — 3Fe?t )
2H,0, — 2H,0 + O, ©))
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Fig. 6 Effect of pH on degradation of MO. Experimen-
tal condition: MO concentration=100 mg/L, T=25 °C,
pH=3, 7, and 9, mk-nZVI dose=2 g/L, H,O, concentra-
tion=78.4 mmol/L

3.2.1 Effect of pH on Degradation of MO

The data demonstrated that the degradation rate of
MO increased as pH values decreased (Fig. 6). At
a pH level of 3, the rate of MO degradation reached
99.84%, suggesting near-total degradation. How-
ever, at pH 7 and pH 9, the MO degradation rates
were 86.74% and 82.65% respectively. This can be
attributed to the fact that a pH of approximately
3—4, commonly used in traditional Fenton systems,
effectively catalyzes H,O, to produce -OH radicals.
In Fenton-like treatments, such as the mk-nZVI/
H,0, used in this study (where mk-nZVI acts as a
Fenton-like catalyst), the generation of -OH radicals
primarily occurs on the surface of mk-nZVI parti-
cles. This process is less influenced by the pH of the
solution, thereby expanding the pH range suitable
for the reaction (Feng et al., 2006).

The degradation of MO using a traditional Fen-
ton reaction was compared with that achieved by the
mk-nZVI/H,0,-based Fenton-like reaction under
similar conditions across a pH range of 5.6-9.0
(Fig. 7). With comparable pH values, the Fenton-
like reaction proved more effective than the tradi-
tional Fenton process in degrading MO. When the
initial solution pH was 5.6, MO degradation rates
of 96.56% and 73.1% were achieved by the Fenton-
like reaction and the traditional Fenton reaction,
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Fig. 7 Effect of the Fenton-like and traditional Fenton meth-
ods on degradation of MO

respectively. Under acidic conditions, the functional
groups on the surface of the composite material
acquire a positive charge due to a protonation reac-
tion. This enables the composite material’s surface
to attract anions electrostatically, facilitating the
formation of hydrogen bonds with the azo groups in
the solution, thereby aiding in the removal of MO
(Gao et al., 2019; Vithanage et al., 2017).

3.2.2 Effect of Reaction Temperature on Degradation
of MO

The results indicate that the degradation rate of MO
escalates with a rise in temperature, escalating from
96.56% at 25 °C to 99.8% at 40 °C. This phenom-
enon is attributable to the fact that enhanced tem-
perature instigates a vigorous thermal motion of MO
molecules within the solution. This dynamic motion
consequently augments the likelihood of interaction
between these molecules and the active sites of mk-
nZVI. Acting as the catalyst in the Fenton-like reac-
tion, mk-nZVI propels H,O, to generate a greater
quantity of -OH (Hassan et al., 2020), which in turn
enhances the degradation rate of MO (Fig. 8).

3.2.3 Effect of mk-nZVI Dose on Degradation of MO
As Fig. 9 demonstrates, the degradation rate of MO

correlates positively with the increasing concen-
tration of mk-nZVI (Li et al., 2015). The systems

100

50

Decolorization of MO (%)

T T T T T
0 20 40 60 80 100

Time (min)

Fig. 8 Effect of reaction temperature on degradation of MO.
Experimental condition: MO concentration=100 mg/L,
T=25 °C, 30 °C, 35 °C and 40 °C, pH=5.6, mk-nZVI
dose=2 g/L, H,0, concentration=78.4 mmol/L

incorporating 2 g/L and 3 g/ mk-nZVI achieved
MO degradation rates of 96.56% and 98.2%, respec-
tively. However, a marginal increase of only 1.64%
was observed in the degradation rate when the
dosage of mk-nZVI was elevated from 2 to 3 g/L.
This finding suggests that a specific amount of
mk-nZVI is adequate to catalyze the decomposi-
tion of MO given a certain concentration of H,0,.

100

®©
=]
1

60

40

Decolorization of MO (%)

[
=4
1

T T T T T
0 20 40 60 80 100

Time (min)

Fig. 9 Effect of mk-nZVI dose on degradation of MO. Experi-
mental condition: MO concentration=100 mg/L, T=25 °C,
pH=5.6, mk-nZVI dose=1, 2, and 3 g/L, H,O, concentra-
tion="78.4 mmol/L
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Consequently, 2 g/L has been identified as the opti-
mal dosage of mk-nZVI.

3.2.4 Effect of MO Concentration on Degradation
of MO

Our investigation revealed a diminishing degradation
rate of MO concurrent with an increase in the initial
concentration of the solution. A maximum degrada-
tion rate of merely 54.54% was achieved at an initial
MO concentration of 200 mg/L. This trend could
be attributed to the elevated solution concentration
resulting in the adsorption of an excess of MO mol-
ecules onto the surfaces of mk-nZVI, thereby reduc-
ing the number of active sites and subsequently sup-
pressing the production of -OH (Xue et al., 2009).
Furthermore, a high concentration solution tends to
generate an abundance of intermediates during the
reaction, which consume a considerable amount of
OH (Hamad et al., 2018) (Fig. 10).

3.2.5 Effect of H,0, Concentration on Degradation
of MO

The effect of H,O, concentration on degradation of
MO were scrutinized, as illustrated in Fig. 11. The
findings revealed that an optimal MO degradation
rate of 96.56% was attained at a H,O, concentration

100 H

504

Decolorization of MO (%)

—a— 50 mg/L
—e— 100 mg/L
0 —4A— 200 mg/L
T T T T T
0 20 40 60 80 100
Time (min)

Fig. 10 Effect of MO concentration on degradation of MO.
Experimental condition: MO concentration=50, 100, and
200 mg/L, T=25 °C, pH=5.6, mk-nZVI dose=2 g/L, H,0,
concentration =78.4 mmol/L
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Fig. 11 Effect of H,O, concentration on degradation of MO.
Experimental condition: MO concentration=100 mg/L,
T=25 °C, pH=5.6, mk-nZVI dose=2 g/L, H,0, concentra-
tion=0, 39.2, 78.4 and 156.8 mmol/L

of 78.4 mmol/L. This could be due to the propensity
of excessive H,0, to induce the quenching of -OH.
Furthermore, ‘OH can undergo decomposition,
thereby diminishing the degradation rate of MO, as
demonstrated in Egs. (6), (7), and (8).

nZVI + 2H,0, — Fe** +2 . OH + 20H" (6)
H,0, + -OH — H,0 + 2 - OOH @)
2-0O0H+2-H - 2H,0+ 0, (8)

3.3 Degradation Kinetics of MO

The degradation of MO by the mk-nZVI/H,0,-
based Fenton-like reaction was simulated using
pseudo-first-order and pseudo-second-order kinetics
models. The pseudo first-order dynamics model is
expressed as follows:

Cl
In C_O = _kobsl -t (&)

where, C, (mg/L) is the initial MO concentration, C,
(mg/L) is the MO concentration at t min, and k.
(min~") is the first-order reaction rate constant, which
can be obtained from the slope of the In(C/Cy)-t
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plot. The pseudo-second-order dynamics model is
expressed as follows:

1 1
n(=- =) =kyo-t
n < Ct CO > obs2 (10)

where, k., (L/mg-min) is the second-order reaction
rate constant, which can be obtained from the slope
of the In(1/C,— 1/Cy)-t plot.

As indicated in Table 1, the R* value of the
pseudo-first-order  kinetics model exceeds
0.9. This suggests that the degradation of MO
achieved through the mk-nZVI/H,0,based
Fenton-like reaction under varying tempera-
tures align more closely with pseudo-first-order
kinetics. This observation is congruent with
the established understanding that the pseudo-
first-order dynamics model can precisely depict
the dynamic processes of distinct nZVI parti-
cles and loaded nZVI particles (Li et al., 2016).
Graphical representations of the pseudo-first-
order dynamic model are portrayed in Fig. 12.
The temperature reduction from 40 °C to 25 °C
resulted in a decline in the observed rate con-
stant (K,,,;) from 0.0740 to 0.0407 min~'. This
suggests that the degradation of MO via the mk-
nZVI/H,0,-based Fenton-like reaction at differ-
ing temperatures is indeed an endothermic pro-
cess (Daud et al. 2010.

The Arrhenius formula is expressed as follows (Shi
etal., 2011):

E'cl
IK = — = +InA, (11)

where, E, (J/mol) is the apparent activation energy,
Ay (min~") is the pre-exponential factor, K (min™")
is the pseudo-first-order adsorption rate constant, R
(8.314 J/mol-K) is the gas constant, and T (K) is the
reaction temperature. E, was determined using the

25°C

]
[ ]
A
v

0 20 40 60 80 100

Time (min)

Fig. 12 Pseudo first-order kinetic model fitting under different
temperature conditions

pseudo-first-order reaction rate constant, k,;, and the
slope of the line was obtained by plotting In K against
I/T. E, was estimated to be 31.05 kJ/mol, indicating
that the degradation of MO by the mk-nZVI/H,0,-
based Fenton-like process at different temperatures
was a chemically controlled surface-restricted reac-
tion that exhibited a large activation energy (> 29 kl/
mol) (Jin et al., 2016).

3.4 Degradation Isotherm of MO

MO solutions, with distinctive initial concentra-
tions (50, 100, and 200 mg/L), were formulated
at a temperature of 25 °C. A dosage of 2 g/L
mk-nZVI and a reaction duration of 90 min were
employed. The acquired experimental data were
simulated using both Langmuir and Freundlich
isotherm models, aiming to deduce the isotherm

Table 1 Kinetic parameters Temperature ~ Cy/(mg-L™")

Pseudo-first-order model Pseudo-second-order model

of degradation of MO /°C
40 100
35 100
30 100
25 100

Kb /min~! P Koo P
/[L-(mg-min)~"]

0.0740 0.9906 0.0691 0.9177

0.0515 0.9925 0.0479 0.8439

0.0414 0.9463 0.0377 0.7622

0.0407 0.9479 0.0371 0.7515
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type that could most accurately depict the degra-
dation mechanism.

The Langmuir isotherm model is expressed as
follows:

Kq,,C

%= Trke (12)
where, q, (mg-g™') is the adsorption capacity, q,
(mg-g™!) is the maximum adsorption capacity, K (L/
mg) is the Langmuir constant, and C, (mg/L) is the
equilibrium solute concentration.

The Freundlich adsorption isotherm model is
expressed as follows:

g = KC!/ (13)

where, K and n are Freundlich constants. The simu-
lation results of the two adsorption isotherm models
are shown in Table 2. Table 2 highlights that the R>
value deduced from the Langmuir model surpasses
that of the Freundlich model. This suggests that the
adsorption of MO onto mk-nZ VI aligns more closely
with the Langmuir model. It can be inferred that MO
is uniformly adsorbed onto the surfaces of mk-nZVI,
predominantly via monolayer adsorption.

3.5 Degradation Thermodynamic of MO

The degradation of MO by the mk-nZVI/H,0,-based
Fenton-like reaction was evaluated at various tempera-
tures. Accordingly, thermodynamic parameters, such as
Gibbs free energy (AG®), entropy (AS?), and enthalpy
(AH?), were ascertained using the following equations
(Pelalak et al., 2021):

9e

AG® = —RTInK . K, = c (14)
AS®  AH®

where, K (mL/g) is the equilibrium constant. The
values of AG?, AS®, and AH® were determined using
In K, and 1/T (Table 3). Table 3 reveals that AH is
greater than zero, which designates the degradation of
MO as an endothermic process. This, in turn, implies
that the adsorption capacity intensifies with a rising
temperature. Conventionally, when a reaction absorbs
heat ranging from 80 to 200 kJ-mol~!, it is indica-
tive of a chemical reaction. The energy required for
physical adsorption tends to be relatively low, gener-
ally lying within the 0 to 20 kJ-mol~! range, a finding
consistent with the conclusions drawn in Sect. 3.3. A
negative AG signifies the spontaneous nature of the
MO degradation process facilitated by the mk-nZVI/
H,0, based Fenton-like reaction. The growing abso-
lute value of AG® with increasing temperature sug-
gests that elevated temperatures could enhance the
degradation of MO. The AS° being greater than zero
implies that the observed degradation of MO repre-
sent a transition from an ordered to a disordered state.

3.6 Mechanism of Degradation of MO by mk-nZVI

Ultraviolet—visible (UV-vis) full-wavelength scan-
ning was performed for varying durations of degrada-
tion, as depicted in Fig. 13. Characteristic absorption
peaks appeared in the visible region at approximately
464 nm, which correspond to the behavior of the azo
groups in MO. Additional absorption peaks were

Table 2 Isothermal

Freundlich model

K/ (L-mg™" 7
7.963 0.9915 66.26 0.220

K (mg-g™) I/n 7
0.8692

AGY(KJ-mol™") AS%(kJ-mol™) AHY%(KJ-mol ™)

. Adsorbent Langmuir model
parameters in the
degradation of MO mk-nZVI q,,/(mg- el
82.29
Table 3 Thermodynarpic Temperature/°C InK,
parameters of degradation
of MO 40 8.716
35 6.668
30 5.723
25 5.638

21.967 573.841 157.006
16.806 564.949
14.425 565.496
13.975 573.475
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Fig. 13 UV-vis spectra of MO during degradation. Experi-
mental condition: pH=5.6, T=25 °C, initial MO concentra-
tion=100 mg/L, mk-nZVI dose=2 g/L, H,0, concentra-
tion=78.4 mmol/L

discernible in the 250-300 nm range, potentially cor-
responding to aromatic compounds (EI-Desoky et al.,
2010). The characteristic azo group peak at 464 nm
gradually diminished and vanished with prolonged
reaction time, signifying that the mk-nZVI/H,O,-
based Fenton-like reaction could effectively cleave
the azo bonds in MO molecules. Furthermore, the
characteristic peak of the aromatic compounds gradu-
ally lessened, affirming the system’s ability to effec-
tively degrade MO.

KI and n-butanol were employed as -OH scav-
engers to ascertain the potential role of -OH as
the primary radical in MO degradation catalyzed
by mk-nZVI. n-butanol can capture -OH both at
the reaction interface and in solution, whereas KI
can trap -OH solely at the reaction interface (Xu
& Wang, 2011). The results demonstrated that an
MO degradation rate of 96.56% was achieved in the
absence of n-butanol (Fig. 14). However, the degra-
dation rate diminished from 96.56 to 40.09% upon
introducing excess n-butanol, suggesting that MO
is primarily decomposed by the attack of -OH radi-
cals (encompassing both surface-bounded and free
-OH). With the addition of excess KI, which scav-
enges ‘OH produced at the mk-nZVI surface, the
degradation rate decreased from 96.56 to 43.36%.
This result signifies that surface-bounded -OH plays
a substantial role in the degradation of MO.

100 H

50

Decolorization of MO (%)

— /A//
04 AT . Without KI/n-butanol trapping agents
—e— Excess KI

—#4— Excess n-butanol

T T T T T
0 20 40 60 80 100

Time (min)

Fig. 14 Effects of excess KI and n-butanol on degradation
of MO. Experimental condition: T=25 °C, MO concentra-
tion=100 mg/L, mk-nZVI dose=2 g/L, H,0, concentra-
tion=78.4 mmol/L, pH=5.6, excess n-butanol and KI were
introduced into the reaction system

Expanding on the preceding discussion, Fig. 15 illus-
trates the process through which the mk-nZVI/H,0,-
based Fenton-like reaction degrades MO. -OH are
predominantly generated via two pathways. One path-
way involves the Fenton-like reaction on the particle
surface between adsorbed H,0O, molecules and mk-
nZV], resulting in surface-bound hydroxyl radicals
(-OH,). The second pathway entails the Fenton reaction
between H,O, molecules and Fe leached from the mk-
nZVI surface, yielding free hydroxyl radicals (-OH,). It
is important to underscore that MO and H,0, molecules
initially adsorb onto the mk-nZVTI surface, thus foster-
ing the reaction between the oxidant and the active site.
This interaction generates free radicals within the solid
phase. According to Eq. (3), Fe?* reacts with H,0, in
both pathways, and is subsequently oxidized to Fe*'.
As expressed in Egs. (16) and (17), the regeneration of
Fe?" is facilitated by reducing Fe** with H,0,, which
then leads to the formation of less reactive species such
as HO,- and O,- (Barndok et al., 2016). As depicted
in Egs. (18) through (21), the formed O,- reacts with
H,0 molecules to generate additional -OH radicals
while concurrently producing and consuming H,O,. A
compound of HO,- radicals in the liquid or solid phase
can further yield H,0,, H,0, or O, molecules, as illus-
trated in Egs. (23) and (24) (Taha & Ibrahim, 2014).
Finally, the Eq. (25) reveals that MO react with both
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Fig. 15 Mechanism of deg-
radation of MO by mk-Nzvi

free radicals, -OH, and -OH,, alongside HO,- and O,-,
to form intermediates, carbon dioxide, and water.

Fe’* + H,0, — Fe** + HO, /0, + H* (16)
Fe** + HO, — Fe** + 0, + H* 17)
O, +0; +2H" - H,0, + 0, (18)
0, +2H* - HO, (19)
0; +H,0 - -OH, + OH™ (20)
0O; + H,0 —» HO, + HO™ 1)
0; +H,0, - 0, +HO™ +-OH, (22)

H,0,

\

\\\HEOJ\ \\ NaO,S—<\ﬁ>—N=N%\ />—N (CH3 );
\ \
- Ttermediates H,0+CO,

v !
‘OH,+H,0, HO,"/0,-
NaO;s— )}—N=N—( )N (CH,),

HO, + HO' - H,0+ 0O, (23)
HO, + HO, — H,0, + 0, (24)

‘OH,/ - OH,/HO, /Oy + MO — Intermediates + CO, + H,0
(25)

In conducting a comparative analysis, the maxi-
mum removal capacity (q,,) of this study is juxta-
posed with the experimental parameters for removal
of MO by various removal materials reported in
extant literature, as summarized in Table 4. The
results reveal that mk-nZVI exhibits a superior
removal capacity (82.29 mg/g) and a heightened
proficiency in degradation MO from aqueous solu-
tion. Nevertheless, the evaluation of removal mate-
rials viability is contingent upon factors such as
efficiency, availability, cost-effectiveness, and ease
of preparation. Consequently, this study proposes

Table 4 Comparing the removal performance of mk-nZVI and other materials for MO

MO removal materials

Cy(mg/L™Y)  Tnitial pH

T(C) Volumeof q,(mg/g) References

MO (mL)
Sugar scum powder 100 7.2 22 50 15.24 (EI Maguana et al., 2020)
y- Fe,O5/chitosan composite films 10-60 NA 37 50 29.41 (Jiang et al., 2012)
y- Fe,O; crosslinked chitosan composite 30 6.6 27 50 29.46 (Zhu et al., 2010b)
y- Fe,O5/chitosan/kaolin composite 20 29-114 37 50 34.29 (Zhu et al., 2010a)
AlgN-CTAB 0-300 5 27 25 76.48 (Buhani et al., 2021)
Zeolite NaA/CuO 50 7 25 100 79.49 (Mekatel et al., 2015)
Crosslinked chitosan beads 20 3 25 50 79.55 (Sabarudin & Madjid, 2021)
Goethite/chitosan beads 100 3 65 30 84 (Munagapati et al., 2017)
mk-nZVI/H,0, 100 5.6 25 100 82.29 This study
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that the mk-nZVI, with its exceptional degradabil-
ity, serves as a promising material capable of effec-
tively removing MO from water environments.

4 Conclusion

This investigation found that using the mk-nZVI
under specified conditions—initial MO solution
concentration of 100 mg/L, reaction temperature
of 25 °C, mk-nZVI dose of 2 g/L, and H,0, con-
centration of 74.8 mmol/L—an MO degradation
rate of 96.56% was attained. The mk-nZVI/H,0,-
based Fenton-like reaction demonstrated superior
efficacy compared to the traditional Fenton sys-
tem within a pH range of 5.6-9.0. UV-Vis spectra
of MO subjected to degradation by the mk-nZVI/
H,0,-based Fenton-like reaction indicated that the
mk-nZVI composite could effectively dismantle the
azo structure of MO. Mechanistic elucidation of
the H,0,-induced degradation of MO by the mk-
nZVI composite revealed that surface-bounded -OH
plays a substantial role in the degradation of MO.
Given its simplicity, environmental friendliness,
cost-effectiveness, and efficiency in treating methyl
orange-contaminated wastewater, the synthesized
hydrochloric acid-modified kaolinite supported
nanosized zero-valent iron represents a promising
material for future applications.
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