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egration of red mud-derived metal
oxides into graphene sheets for sulfamethoxazole
removal from water
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In this study, we present a facile in situ integration of redmud-derivedmetal oxides into graphene sheets via

an electrochemical method, and we demonstrate its application for sonodegradation of sulfamethoxazole

(SMX) in water. The resulting red mud-derived metal oxides/graphene composite (RAG) has a porous

structure (with a specific surface area of 42.08 m2 g−1) and contains metal oxides (e.g., TiO2, Al2O3, and

Fe2O3) and SiO2 anchored on the surface of the exfoliated graphite flakes via oxygen bridges (e.g., C–O–

Ti/Al/Fe). The produced nanocomposites contained Fe2+ and Fe3+ with a vital role in sonochemical

degradation and the oxygen-containing groups such as COOH, C–O–C, and C]O for attracting the

pollutant molecules to the catalyst surface. The investigated results of SMX degradation indicated an

excellent performance of the synthesized RAGs with the highest SMX degradation efficiency of 91.5% at

pH 7, SMX initial concentration of 10 mg L−1, catalyst dosage of 0.5 g L−1, volume of 100 mL,

temperature of 313 K, and reaction time of 180 min. Besides, the SMX degradation can occur at a wide

pH range of 3–7, suggesting a potential solution for removing antibiotic pollutants in environmental

remediation.
1. Introduction

Red mud (RM) usually consists of Fe2O3 (54%), Al2O3 (16.4%),
SiO2 (5.14%), TiO2 (6.88%), Na2O (3.32%), and several others
(Zn, Ba, Hg, Sn, Be.), which is a waste of the process producing
alumina by bauxite ore following Bayer technology. It contains
smooth particles with a clay ratio of 17.2% and limon ratio of
47.5%, high total iron content (about 21.6%),1,2 and it is one of
the most important waste problems of the alumina industry.
The most harmful factor of red mud is its high pH (pH > 12)
which destroys or harms creatures contact directly with the
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the Royal Society of Chemistry
waste and degrades the quality of surface and underground
water.3–5 Therefore, nding a way to reuse red mud as useful
material is a research direction which attracted the attention of
the scientists in recent years.

Sulfamethoxazole (SMX), introduced in the United States in
1961, is one of the most popular oral sulfonamide antibiotics
which is usually used to treat and prevent a variety of uncom-
plicated bacterial infections of the urinary tract, respiratory
system, and gastrointestinal tract.6 The used amount for SMX is
about 8 million prescriptions each year.7 The half-life of SMX in
the kidney is about 7–10 hours,8 thus it is difficult to decompose
in the aqueous environment. To eliminate SMX in water, several
methods have been used such as Sponge-MBR combined with
ozonation, sonodegradation, adsorption, or using nano-
materials (e.g., nano-TiO2, MgO@CNT, and rGO/CdW4) to
enhance the degradation capacity of SMX. Besides, ozonation
combined with chlorination, anodic oxidation using metal
oxide anodes,9 electro-Co2+/peroxydisulfate system with the
cathode of activated carbon ber,10 UV light, UV/H2O2, and UV/
S2O8

2−,11,12 boron-doped diamond electrode,12 and combination
of graphite/graphene with other metal oxides also showed great
and effective potential for removal antibiotics in an aqueous
environment. However, these works consumed lots of chem-
icals to modify raw materials or required chemical precursors
with high-quality accompanying time-consuming preparation
materials. Additionally, the direct utilization of metal oxides
RSC Adv., 2025, 15, 29367–29376 | 29367
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View Article Online
and high pH of red mud as raw material to fabricate the
material with high ability for removing antibiotics in aqueous
solutions has not been reported.

In the present work, we proposed a simple and effective
method for the anchoring of metal oxides on the graphene
sheets by direct activation of graphite in basic red mud slurry.
This eco-friendly process addresses the issues of (i) reuse of
waste red mud slurry, (ii) utilization of the high alkaline
condition of RM slurry as both electrolyte and catalyst for
simultaneous activating and exfoliating of graphite, and (iii) in
situ integration of metal oxides nanostructures into graphene
layers. Various characterizations were then applied to fully
understand the formation of the composite material and the
interaction of red mud components and graphene in the
composite. The applicability of the produced material was
evaluated through a sulfamethoxazole (SMX) removal test in
water using RAG composite as the agent of the sonodegradation
process. This study provides a potential solution to prevent
environmental impacts while developing technologies to
recover and reuse red mud for other purposes. It is believed that
the viewpoint of industrial waste as a resource would contribute
signicantly to environmental protection.
2. Experimental
2.1. Synthesis and characterization of materials

Fig. 1 is the schematic presentation of red mud-activated
graphite formation for eliminating SMX. In a typical proce-
dure, 450 mL of red mud slurry (taken from Tan Rai aluminum
factory, Lam Dong Province, Vietnam) was added with 100 mL
of 5% w/w (NH4)2SO4 solution. Graphite rod (99.99%) was then
electrochemically activated and exfoliated simultaneously using
this electrolyte under a working voltage of 39.9 V and a current
Fig. 1 The schematic presentation of red mud-activated graphite comp

29368 | RSC Adv., 2025, 15, 29367–29376
intensity of 2.75 A for 2, 3, 4, 5, or 6 h. Under the electric current,
the graphite rod was exfoliated and dispersed into the solution.
The suspension was then cooled to ambient temperature and
the resulting material was collected by ltration, washed with
distilled water, and dried at 100 °C for 24 h. The obtained red
mud-activated graphene composite powder (denoted as RAG)
was nally placed in a desiccator at 30 °C. The samples were
named RAG 2, RAG 3, RAG 4, RAG 5, and RAG 6, respectively.
For comparison purposes, electrochemically exfoliated graphite
(EEG) was also prepared by using the mixture of (NH4)2SO4 (5%,
50 mL) and KOH (7.5%, 300 mL) instead of red mud slurry.

The produced materials were then characterized by Raman
spectroscopy (HORIBA, Lab RAM HR 800), high-resolution
transmission electron microscopy (HRTEM, JEOL 2100F), eld
emission scanning electron microscopy (FESEM, Hitachi
SU8000), X-ray photoelectron spectroscopy (XPS, Thermo Sci-
entic™ ESCALAB™ XI+ X-ray Photoelectron Spectrometer),
Brunauer–Emmett–Teller analysis (BET, TriStar 3000), Fourier-
transform infrared spectroscopy (FTIR, Shimadzu IR Prestige-
21), and X-ray diffraction (XRD, D2 Phaser) to explore their
properties.
2.2. Sonodegradation of SMX

The sonodegradation of SMX was investigated with several
factors such as pH (3–11), initial concentration of SMX
(10 mg L−1), contact time (30, 60, 90, 120, 150, and 180 min),
catalyst dose (0.1–0.6 g L−1), and temperature (30, 40, and 50 °
C). NaOH and HCl solutions were used to adjust the pH value of
the solution. Typically, 0.03 g of RAG was added into an Erlen-
meyer ask containing 100 mL of SMX solution. Aer that, the
resulting mixture was deposited into an ultrasound bath with
an ultrasound frequency of 40 kHz and power of 600 W. The
mixture was sonicated continuously at these stable conditions
osite formation for sonodegradation of SMX in water.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for 3 h. Aer each 30 min, 5 mL of the mixture was taken and
centrifuged at a speed of 6000 rpm min−1 for 10 min to remove
the solids. The supernatant was taken to measure the absor-
bance at a wavelength of 274 nm using a UV-Vis spectropho-
tometer (Hitachi UH5300 UV-Vis). The SMX removal efficiency
(E, %) and pseudo-rst-order rate constant (k, min−1) are
calculated by the following equations.

E ¼ C0 � Ct

C0

� 100% (1)

ln
C0

Ct

¼ k � t (2)

where C0 and Ct (mg L−1) are the initial concentration and
concentration at t (min) of SMX.

Additionally, the activation energy (Ea) and thermodynamic
parameters (DG°, DH°, DS°) of the reaction are also vital values.
They indicate the feasibility of the degradation process as well
as the tendency of reaction. The activation energy can be ob-
tained from the Arrhenius equation (eqn (3)), whereas the
thermodynamic parameters are calculated via eqn (4)–(6).

ln k ¼ �Ea

R

�
1

T

�
þ ln A (3)

DH˚ = Ea − RT (4)

DS� ¼ R

�
ln A� ln

kBT

h
� 1

�
(5)

DG˚ = DH˚ − T × DS˚ (6)

where A is a constant, R is the ideal gas constant (R = 8.314 J
mol−1 K−1), T (K) is the temperature, kB is Boltzmann constant
Fig. 2 SEM images of (a) red mud, (b) EEG, and (c) RAG, (d) XRD patterns a
EEG and RAG composite (inset in (d) is the XRD pattern of graphene flak

© 2025 The Author(s). Published by the Royal Society of Chemistry
(kB = 1.381 × 10−23 J K−1), and h is Planck constant (h =

6.626176 × 10−34 J s−1).
3. Results and discussion
3.1. Characterizations of RAGs

Fig. 2a–c displays the SEM images of red mud, EEG, and RAG
composite, respectively. It can be seen that red mud contains
nanoparticles arranged to form a porous structure, whereas
EEG consists of stacked, thin sheets. The obtained RAGs indi-
cated the presence of thin sheets of graphene and nanoparticles
of red mud, which can be further conrmed by TEM images
inset Fig. 2c. More graphene sheets were observed when the
exfoliation time increased from 3 h to 6 h demonstrating the
content of EEG or intensity of graphene's peaks, which was
further conrmed by FT-IR and XRD data are shown in Fig. 2d
and e. It can be observed from the inset of Fig. 2d that the small
and narrow peaks at 2q = 9.73° and 43.71° correspond to the
(002) and (101) crystalline planes of graphene akes13 while
a sharp and high peak at 2q = 26.25° can be assigned to (100)
crystalline plane of graphite.14 Meanwhile, the XRD spectra of
red mud indicated the small peak at 2q = 14.03°, attributed to
the mineral component of Na5Al3CSi3O15, which then di-
sappeared when combined with graphene akes due to the
change to amorphous phase or other components. Simulta-
neously, the peak of Na5Al3CSi3O15 was also exhibited at 2q =

24.34°, whose intensity decreased when RM was combined with
exfoliated graphite akes. However, the intensity increased with
the increase of the electrochemical time from 2 h to 5 h, fol-
lowed by a slight decrease with the electrochemical time of 6 h.
Besides, it was also found the peaks of muscovite mineral
(18.46° and 20.32°), Al(OH)3 (gibbsite: 21.5°, 29.43°, and
40.51°), SiO2 (quartz: 26.79°, 54.04°, and 59.80°), Fe2O3
nd (e) FT-IR spectra of red mud and RAGs, and (f) Raman spectra of the
es).

RSC Adv., 2025, 15, 29367–29376 | 29369
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(hematite: 33.06°, 35.81°, and 64.22°), and FeO(OH) (geothite:
37.06°) in both RM and RAG samples, but the peak intensity
also changed with electrochemical time. The sample of RAG3
appeared one more peaks of hematite at 2q = 36.6°, proving the
higher content of hematite which may be more benecial for
catalytic reaction.

In the FT-IR spectra as depicted in Fig. 2e, the peak at around
3448 cm−1 corresponds to the adsorption spectra of OH,
whereas asymmetric and symmetric CH2 stretching of graphene
akes can be seen at about 2886 cm−1. The peak at 1581 cm−1 is
considered to be the existence of C]C vibration and the peak at
1332 cm−1 is the presence of the C–OH bond of the carboxylic
group. Besides, two peaks at around 1216 cm−1 and 1008 cm−1

are attributed to the vibrations of the C]O bond of the
carboxylic group. When red mud was combined with graphene
akes, a new intense band C]O can be found at 1718 cm−1

belonging to RAGs nanocatalyst. Additionally, the peak at about
469 cm−1, which corresponds to the Fe–O vibration of red
mud15,16 can be observed in FT-IR spectra of RAGs, demon-
strating the synthesis of two raw materials by electrochemical
process.

Raman spectroscopy in Fig. 2f was employed for further
evaluation of exfoliated and activated graphite akes, showing
the characteristic D band at 1340 cm−1, G band at 1570 cm−1,
and 2D band at 2685 cm−1 of graphene nanosheets.17,18 In the
case of the RAG composite, the Raman spectrum contains all D,
G, and 2D peaks of graphene, and appears several peaks under
the Raman shi of 1000 cm−1, which could originate from
vibrational mode assignments of metal oxides. In particular, the
peaks at 295, 408, 605, and 666 cm−1 mostly correspond to the
main component of hematite in red mud.19,20 Moreover, the
defects/disorders of the graphitic structure were evaluated
through the intensity of the D band to G band (ID/IG). It is
observed that the ID/IG of RAG 3 composite (0.95) is higher than
that of EEG (0.13) due to the presence of various metal oxides
that could damage the graphene surface or turn sp2 hybridized-
carbon atoms to sp3 ones.17 The shiing and broadening of G
and 2D bands in RAG 3 composite as compared to that of EEG
indicate the co-existence of graphene nanosheets and metal
oxide species in RAG 3 composite,20 which infers the successful
production of graphene sheets by using red mud slurry as
activating agent.

The N2 adsorption–desorption isotherms and pore distri-
bution of raw materials and RAG 3 are illustrated in Fig. S1 (see
detail in SI). It can be seen that all isotherms belonged to type II
according to the IUPAC classication, proving the interaction
force between adsorbent and adsorbate is stronger than that of
adsorbate and adsorbent. The pore is distributed mostly in the
mesoporous range with size of 2–50 nm. Additionally, the BET
surface area of RAG 3 composite and EEG are listed in Table S1
in SI, showing a remarkably higher value of RAG 3 composite as
compared to that of EEG. This could be explained by the
appearance of red mud components in the obtained composite
aer the electrochemical exfoliation process. Specically, red
mud is itself a porous material and can act as an appropriate
agent for preventing the agglomeration of electrochemically
exfoliated graphite akes/graphene akes, which signicantly
29370 | RSC Adv., 2025, 15, 29367–29376
increases the specic surface area and enriches the pore
structure of RAG 3 composite.21 With higher surface area and
other enhanced properties, it could be expected that RAG 3
composite will yield higher catalytic performance than distinct
red mud and graphite components.

To better understand the surface chemical environment of
RAG 3 composite, XPS measurement was conducted and results
are exhibited in Fig. 3. As can be seen from Fig. 3a, the XPS
spectrum reveals the presence of Al, Si, C, Ti, O, and Fe elements
on the surface of RAG 3. The qualitative and quantitative
chemical position of the RAG 3 composite is consistent with
published literature, containing a mixture of hematite, quartz,
gibbsite, and anatase.22,23 Al 2p peak was observed at 74.5 eV,
whichmight be assigned to gibbsite.24 The peak at 102.4 eV could
be attributed to the binding energy of Si 2p, revealing the
formation of aluminosilicates or SiO2.25 Moreover, the charac-
teristics of graphitic materials are evidenced by the presence of
C]C (C sp2, 284.4 eV) and C–C (C sp3, 285.5 eV)26 in Fig. 3b.
Additionally, the oxygen defects were characterized by a C]O
peak at 286.3 eV, corresponding to carbon atoms connected with
oxygenated groups. Generally, the tting results of the O 1s
region showed three peaks Fig. 3c, indicating the presence of
three kinds of oxygen species.27 The rst peak located at 530.1 eV
is assigned to O–Fe from Me–O– lattice and the second peak
observed at 531.8 eV corresponds to oxygen defect sites such as
C]O groups which are mostly caused by the defect of graphite
structure. The last peak at around 533.3 eV is attributed to C–O–C
of epoxide group in graphene lattice.28,29 Furthermore, the
deconvolution of the Fe 2p line (Fig. 3d) shows a doublet and
centers at binding energies of 711.2 eV (Fe2+ 2p3/2), 713.4 eV
(Fe3+), and 725.4 eV (Fe3+ 2p1/2). This result indicates that both
Fe(III) and Fe(II) would exist concurrently30,31 or Fe3O4 is the main
iron phase on the surface of RAG 3 composite.32,33 Beside, the
energy separation between Fe 2p3/2 and Fe 2p1/2 was about
14.2 eV demonstrating the existence of Fe3+. The small satellite
peak at about 719.2 eV is ascribed to the presence of goethite and
Fe(III) in g-Fe2O3.34 The detailed XPS analysis of Ti 2p is shown in
Fig. 3e, where the deconvolution results depicts the Ti 2p3/2 and
2p1/2 signals at 462.0 eV and 466.7 eV, respectively. Besides, the
separation (D = 2p1/2 − 2p3/2) was found to be 5.7 eV, which
could be attributed to the Ti4+ oxidation state in TiO2.30

The proposedmechanism formation of RAG 3 is described in
4 following steps. In the rst step, water, by applying a bias
voltage, is reduced at the cathode, creating hydroxyl radicals
(OHc) alongside OH− ions coming from the red mud slurry.
Then, OHc initially attacks the edge sites and grain boundaries
of the graphite structure. In the second step, the depolarization
and expansion of graphite layers might be attributed to the
oxidation at the surface, for instance, at the edge sites and grain
boundaries. This phenomenon could lead to intercalating
sulfate ions (SO4

2−) due to the expansion of the interlayer.
During this stage, H2Omolecules andmetal oxides might be co-
intercalated in company with SO4

2− ions. In the third step,
various gases (e.g., SO2 and O2) can be produced from the
reduction of SO4

2− ions, and self-oxidation of water, which is
evidently by gaseous bubbles at anode electrode during the
electrochemical method. The release of gaseous species could
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XPS survey and high resolution of (b) C 1s, (c) O 1s, (d) Fe 2p, and (e) Ti 2p in RAG 3 composite.
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greatly extend graphite layers, which are able to break van der
Waals bonding in graphite structure to form exfoliated
graphite/graphene akes. In the nal step, during the electro-
chemical exfoliation and activation process, the surface of
exfoliated graphite/graphene would be oxidized to create func-
tionalized groups, which are directly associated with oxygen-
containing groups (e.g. hydroxyl groups) on its surfaces.35,36

Consequently, metal oxides (e.g., TiO2, Al2O3, SiO2, and Fe2O3)
would be anchored on the surface of the exfoliated graphite/
graphene akes through oxygen-bridge (e.g. C–O–Ti/Al/Fe/Si).
Combined with graphene material, the composite formed by
these oxides can be a catalyst for the decomposition reactions of
pollutants in water.
3.2. Degradation of SMX by RAGs

3.2.1. Impact factors on SMX degradation efficiency. The
effect of nanocatalysts, pH, sonication time, catalyst dosage,
and temperature on the degradation of SMX with the support of
ultrasound is exhibited in Fig. 4. It is obvious that the highest
degradation capacity (lowest concentration ratio Ct/C0) of SMX
(Fig. 4a) can be observed by using RAG 3 (with Ct/C0 = 0.2480
aer 180 min). Meanwhile, the SMX degradation by RAG 2, RAG
4, RAG 5, and RAG 6 was only slightly improved in comparison
with red mud due to low graphene akes content (RAG 2). This
leads to a lower adsorption capacity of SMX onto the surface of
these nanocomposites, which then causes a lower degradation
efficiency. Although graphene akes exhibited no catalytic
ability,37 the removal efficiency of SMX using GO was dramati-
cally higher than the gure of RAG 3 because the removal ability
of SMX by graphene akes is attributed to its high adsorption
capacity. Therefore, RAG 3 was used as a catalyst for the next
experimental investigations. In comparison with EEG, the Ct/C0

ratio of RAG 3 was higher, however, EEG only exhibited the
adsorption capability without catalytic activity.38,39
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 4b indicates that higher degradation of SMX can be ob-
tained at pH 3–5 with the highest efficiency of 74% and 77% aer
180 min of sonication. Meanwhile, the degradation of SMX at pH
7–11 were declined dramatically with efficiency of <15%. It is
obvious that SMX exists in protonated form (SMX+) at pH # 3.0,
non-protonated form (SMX) at 3.0 < pH < 6.5, and deprotonated
form at pH$ 6.5 (Fig. 4c).40,41 Besides, at pH < 6.02, the surface of
RAG 3 occupies a positive charge (RAG 3+) while it is a negative
charge at pH > 6.02 (RAG 3−) and neutral (RAG 3) at pH = 6.02
(Fig. 4d). Thus, the effects that exist between the molecules of
SMX and the surface of RAG 3 are summarized in Table 1. It is
clear that at pH# 3.0 and pH > 6.5, the repulsion effect presented
between SMX+ and RAG 3+; SMX− and RAG 3−, whereas no effect
can be found at 3.0 < pH < 6.5, thus the adsorption ability of SMX
molecules onto the surface of catalyst was the best at 3.0 < pH <
6.5 reasoning the higher degradation efficiency of SMX.

Moreover, the catalyst dose also strongly affected the
degradation efficiency of SMX (Fig. 4e). It can be seen that the
removal efficiency of SMX increased with higher catalyst
dosage. There was about 50.01% of SMX removed aer 180 min
by using 0.1 g L−1 of RAG 3, which then increased signicantly
to 91.17% with 0.5 g L−1 of catalyst. However, it decreased
slightly to 86.78% with 0.6 g L−1 of RAG 3. Besides, Fig. 6f
illustrates the impact of temperature on SMX degradation effi-
ciency. As can be observed, higher efficiency can be obtained
at higher temperatures (57.04%, 66.05%, and 77.20% at 30 °C,
40 °C, and 50 °C, respectively), demonstrating that the degra-
dation reactions were endothermic. It can be conrmed by
calculating the thermodynamic parameters.

3.2.2. Kinetics of the degradation process and reaction
mechanism. The mineralization rate of the degradation reac-
tions of SMX were calculated and summarized in Table 2. One
can see that the pseudo-rst-order kinetic model was more
suitable to describe the kinetic of the SMX degradation process
RSC Adv., 2025, 15, 29367–29376 | 29371
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Fig. 4 Effect of sonocatalysts (a), sonication time (b), zwitterion form (c),42 point of zero charge (d), catalyst mass (e), and temperature (f) on the
degradation of SMX under ultrasound.

Table 1 Effect of pH on the existing forms of SMX and catalyst surface

pH #3.0 3–6.02 = 6.02 6.02–6.5 >6.5
SMX form SMX+ SMX SMX SMX SMX−

RAG 3 form RAG 3+ RAG 3+ RAG 3 RAG 3− RAG 3−

Effect Repulsion No effect No effect No effect Repulsion

Table 2 Pseudo-first-order kinetic models for degradation reactions
of SMX

Temperature Linear equation R2 k (min−1)

30 °C y = 0.5091 + 0.00196x 0.8371 0.00196
40 °C y = 0.6439 + 0.00214x 0.9051 0.00214
50 °C y = 1.0342 + 0.00252x 0.9946 0.00252

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

3/
20

26
 8

:0
2:

07
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
by RAG 3 at 40 °C (R2 = 0.9051) and 50 °C (R2 = 0.9946) than at
30 °C (R2 = 0.8371). Additionally, the mineralization rate
constant k increased with rising the reaction temperature from
30 °C to 50 °C (0.00196, 0.00214, and 0.00252 min−1, respec-
tively), proving the process is favorable at higher temperatures.
In comparison with other researches,43,44 the gures were rela-
tively high (0.001 min−1 by UV/H2O2, and 0.0022 min−1 by UV/
Na2S2O8, 0.04089 ± 0.00754 min−1 with UV/O3/Fe(II)). Although
the values were lower than the number of UV/O3/Fe(II), however,
the utilization of red mud as raw material for synthesis of
catalyst is one more dominant benet.
29372 | RSC Adv., 2025, 15, 29367–29376
To evaluate the kinetics of the degradation process, activa-
tion energy (Ea) is also a vital parameter. The Ea value was
calculated based on the Arrhenius equation (Fig. S2) and
summarized in Table 3. The activation energy of this reaction
(Ea = 10.188 kJ mol−1) was approximately the lowest one of
diffusion of reactants (Ea = 10–30 kJ mol−1),45 indicating the
reaction easily occurs. Besides, the enthalpy values (DH°) of the
reaction were positive at all investigated temperatures, exhib-
iting the endothermic process, while the entropy values (DS°)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Arrhenius parameters and thermodynamic parameters of the
SMX degradation process

Arrhenius

Equation R2 Ea (J mol−1) A

y = −2.204 − 1225.43x 0.9642 10 188.23 9.06

Thermodynamic parameters

Temperature (K) ln A DH° (J mol−1) DS° (J mol−1) DG° (J mol−1)

303 −2.204 7669.08 −271.68 89 989.54
313 7585.94 −271.95 92 707.74
323 7502.80 −272.22 95 428.61

Fig. 6 Recycling experiments of degradation of SMX.
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were negative, proving the process was becoming less disor-
dered or the process required energy supply. Also, it will not
occur spontaneously due to positive free Gibb energy values
(DG°).46

To conrm the formation of cOH and cOOH radicals which
initated for the reactions of SMX during degradation process,
the ethanol and ascorbic acid were used as scavenger of these
radicals.47 The result in Fig. 5a exhibited that without scavenger,
the Ct/C0 ratio was about 0.24, however, when ethanol or
ascorbic acid was added, the degradation of SMX decreased
moderately or Ct/C0 increased signigicantly proving the impor-
tant role of cOH and cOOH radicals in the degradation process
of SMX with the support of ultrasound. Therefore, the result
proves that the cOOH and cOH are the two vital active species in
the degradation process of SMX.

Based on the scavenger experiment and analysis result, the
proposed degradation mechanism of SMX using RAG 3 catalyst
under ultrasound is illustrated in Fig. 5b. Under the effect of
ultrasound, the bubbles are formed and grow the size following
the compression–expansion cycles of ultrasound wave until the
bubbles reach the maximum size and implode or collapse
violently. The very high pressure and temperature are generated
which excites H2O and O2 to form cOH and cO2

− radicals and
Fig. 5 Influence of various scavengers on the degradation of SMX (a),
ultrasound.

© 2025 The Author(s). Published by the Royal Society of Chemistry
initiates the degradation of SMX. A part of cO2
− radicals then

reacts with H2O to create cOH radicals whereas the remaining
combines with H+ for in situ introducing H2O2 (eqn (7)–(10)).
Aer that, cOH and cOOH radicals are formed as the result of
the reactions between H2O2 and Fe2+ or Fe3+ (eqn (11) and
(12)).39,48,49 The generated cOH and cOOH radicals initiated the
degradation reactions of SMX (eqn (7) and (8)).

H2O + ultrasound / cH + cOH (7)

O2 + ultrasound / cO2
− (8)

cO2
− + H2O / 2cOH (9)

cO2
− + 2H+ / H2O2 (10)

H2O2 + Fe2+ / Fe3+ + cOH + OH− (11)

H2O2 + Fe3+ / Fe2+ + cOOH + H+ (12)

cOH + SMX / degraded products (13)

cOOH + SMX / degraded products (14)
proposed mechanism for SMX degradation SMX using RAG 3 under

RSC Adv., 2025, 15, 29367–29376 | 29373
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3.2.3. Cycling behavior of RAG 3. The good stability and
reusability of catalyst material is very vital for actual application.
To test these by degrading SMX repeatedly for four times under
same conditions including initial concentration of SMX
(13 mg L−1), volume of SMX solution (100 mL), catalyst mass
(0.03 g), and ultrasound time (180 min). The result was illus-
trated in Fig. 6. Although the degradation efficiency of SMX by
ultrasound-supported RAG 3 decreased slightly, which may
cause by the mass loss of RAG 3 and the adsorption of SMX on
the RAG 3's surface during process, the RAG 3 efficiency still
remained high performance aer four continuos cycles. The
degradation efficiency of SMX by RAG 3 declined slightly from
75.20% (Ct/C0 = 0.25) to 67.81% (Ct/C0= 0.32) demostrating the
high stability and good recycle of RAG 3.

3.2.4. The comparative studies for the degradation of SMX
with other materials. The ability of RAG 3 for SMX degradation
was also evaluated by comparing it with other catalysts, as
exhibited in Table 4. It is clear that the synthesis methods for
other materials are relatively complex, requiring multiple steps
and additional chemicals. In contrast, the degradation of SMX
using ultrasound in the presence of RAG 3 is effective and
comparable to that achieved with othermaterials. Moreover, the
optimal pH for this process was improved to pH 5, demon-
strating that RAG 3 is a more effective catalyst than the others.

4. Conclusions

This paper demonstrates a facile simultaneous electrochemical
activation and exfoliation of a graphite rod in red mud slurry to
anchor metal oxides on the graphene sheets. The obtained
material was well characterized by SEM, TEM, XRD, Raman, FT-
IR, BET, and XPS measurements. Moreover, the RAG product
has very potential as a low-cost and effective catalyst for
removing SMX antibiotic pollutants in water by sonode-
gradation with the highest removal efficiency of 91.2% at an
SMX concentration of 10 mg L−1 and pH solution of 5.2.
Besides, the SMX degradation reactions were endothermic with
the highest rate constant of 0.00252 min−1, low activation
energy of 10.18 kJ mol−1, unspontaneous reaction, and required
energy supply. Regarding to high alkaline condition of red mud
in their composition as an activating reagent, the present work
provides a novel and efficient route for reducing the solid waste
residue of bauxite production and a feasible, inexpensive, and
simple production of highly effective sonocatalyst for the
removal of organic compounds in wastewater.
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