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Abstract

This research aimed to prepare a recoverable sonophotocatalyst, in which microfibrillated
carboxymethyl cellulose (MFC) acted as the Zn-Cu-Mg-mixed metal hydroxide/graphitic
carbon nitride (MMH/g-C3N4) carrier. The characteristics of bare and composite
sonophotocatalysts were analyzed by the XRD, FT-IR, BET, DRS, PL and FE-SEM equipped
with the EDX mapping. The performance of prepared composites (MMH/g-C3N4s@MFC) with
various weight ratios of the MMH/g-C3sN4 was studied for the sonophotocatalytic degradation
of sulfadiazine (SDZ) as the model emerging contaminant. 93% of SDZ was degraded using
the most effective catalyst (MMH/g-CsNs@MFC3) with 15% weight ratio of the MMH/g-
C3sNa4 under the desired operating conditions including solution pH of 6.5, SDZ concentration
of 0.15 mM and ultrasonic power of 300 W. The MMH addition to the g-CsNa structure
increased the separation of charge carriers generated via the visible light or ultrasound
irradiations. Moreover, the MMH/g-CsNs was dispersed uniformly on the MFC and
consequently, more active sites were available to form reactive oxygen species (ROS),
compared to powder form. Hydroxyl radicals ("OH) were determined as the main ROS in the
SDZ degradation by performing a series of scavenging experiments. Less than 10% decrease
in the degradation efficiency of SDZ was observed during five subsequent experiments, which
indicated the proper retention of the MMH/g-C3Ns particles in the MFC. The adequate
mineralization of SDZ (83% decrease in chemical oxygen demand (COD)) was obtained after
200 min of treatment. Eventually, ten degradation intermediates were identified by the GC-MS

analysis and a plausible degradation mechanism for the contaminant was proposed.

Keywords: Antibiotic degradation; Composite; Graphitic carbon nitride; Microfibrillated

carboxymethyl cellulose; Mixed metal hydroxide; Sonophotocatalysis.



1. Introduction

The increasing consumption of antibiotics, anticonvulsants, antipyretics, hormones and
cytostatics increases annually and, consequently, their presence in natural water sources and
industrial wastewaters has turned into the global challenge [1]. The removal of pharmaceuticals
via conventional processes such as biological, physical and chemical methods is restricted due to
their high persistence and low level in the wastewaters [2]. For instance, sulfadiazine (SDZ) as a
non-biodegradable and stable sulfonamide antibiotic used for treatment of toxoplasmosis in animals
and humans can be detected in effluents of domestic, agricultural and industrial sectors [3]. If these
waters are used for the irrigation, such pollutants will enter the food chain through interaction with
the soil resulting in serious consequences. Hence, the SDZ degradation in the wastewaters by

efficient novel techniques is important from the practical and environmental points of view [3].

Photocatalysis and sonocatalysis, as advanced oxidation processes (AOPSs), can be applied
with proper catalysts for degradation of many hazardous pollutants owing to the high ability of
these methods in mineralization of refractory chemicals [4, 5]. Furthermore, various AOPs can
be combined for their synergistic effects in the pollutants degradation [6]. For instance, the
sonophotocatalytic process as an AOP can be applied for the degradation of various pollutants
in wastewaters [4, 6]. The mechanism of the sonolysis is based on the cavitation phenomenon
forming microbubbles in a liquid, which grow by absorbing energy from the ultrasonic field to
a transient size and then collapse to form localized microreactors with high temperatures and
pressures; as a result, HoO molecules are dissociated in the aqueous solution to form *OH
radicals [7, 8]. A semiconductor can be stimulated through the appropriate light or ultrasonic
irradiations to form electron and hole (e/h™) pairs in its conduction and valance bands,

respectively, which also subsequently form reactive oxygen species (ROS) [6, 9].

Graphitic carbon nitride (g-CsNa) as the metal-free conjugated polymer with semiconductor

property has been applied recently as the photocatalyst owing to its suitable traits including
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narrow band gap (2.7 eV), adequate stability, low-price, proper potentials of band edges and
non-toxicity [10]. However, its practical usage is restricted owing to its low efficiency of light
absorption and surface area, as well as quick recombination of charge carriers which proceeds
faster than the desired surface redox reactions [10]. Fabrication of heterojunctions through
combining g-C3Ns with mixed metal oxides and hydroxides yields modified catalysts with
desired optical properties, high surface area and stability [11-13]. It should be noticed that the
hydroxyls in the metal hydroxides can increase the electron transfer, charge separation and
thereby enhance the charge carrier lifetime [14-16]. Especially, Zn, Cu and Mg containing
metal hydroxides have been reported as highly efficient, stable and low-cost semiconductors,
which can be coupled with the g-CsNa to reduce the recombination rate of charge carriers [11,
17, 18]. However, such composites have some obstacles for their applications like retention of

particles in the reactor vessel, high-cost, hard recycling, low reusability and aggregation [19].

Retaining of photocatalyst powder in suitable materials like microfibrillated carboxymethyl
cellulose (MFC) has been actively investigated. The inexpensive, recyclable and biodegradable
MFC is a natural fibrous network with high surface area and strength for the photocatalyst
integration compared to the conventional wooden fibers [19, 20]. Hence, MFC can be applied
to form composites with desired properties and structures. Moreover, the amount and
aggregation property of a photocatalyst in the MFC affect the photocatalytic activity of the

composite in the exposure of the ultrasound and visible light irradiations [19].

In this study, the MFC is investigated as a carrier for Zn-Cu-Mg-mixed metal hydroxide-
g-CsN4 (MMH/g-C3N4) to produce water resistant fibrous composites (MMH/g-CsN4s@MFC)
of varying MMH/g-C3N4 loading. The composite characteristics were investigated by X-ray
diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, N2 adsorption-desorption
analyzed by the Brunauer-Emmett-Teller (BET) technique, diffuse reflectance spectroscopy
(DRS), photoluminescence (PL) spectroscopy and field emission scanning electron microscopy
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(FE-SEM) equipped with energy dispersive X-ray (EDX) mapping. The catalytic activity of
the prepared composites with different MMH/g-C3N4 loadings was monitored by measuring
the degradation efficiency of SDZ solutions under visible light and ultrasound irradiation.
Effects of the main operational parameters and free radical enhancers and scavengers on the
pollutant degradation were also investigated. Eventually, catalyst reusability, intermediates of
the pollutant degradation, and mineralization efficiency were investigated under the optimized

conditions, and degradation pathways were proposed.

2. Materials and methods
2.1. Reagents and chemicals

Copper(l1) chloride (CuClz: 99%), zinc chloride (ZnCl,: >98%), melamine (CsHeNs: 99%),
magnesium chloride hexahydrate (MgCl.-6H20: 99%), sodium sulfate (Na:SOas: 98.5%),
sodium hydroxide (NaOH: 99%), nitric acid (HNOs: 65%), hydrogen peroxide (H202: 35%),
potassium persulfate (K2S20s: > 99%), n-butanol (C4H100 > 99.7%), hydrochloric acid (HCI:
37%), sulfuric acid (H.SOa4: 98%), sodium carbonate (Na.COs: 98%), ethylenediamine
tetraacetic acid (EDTA, C10H16N20g: 99%), 1,4-benzoquinone (CeH402: 99%) were provided
from Merck (Germany). SDZ was purchased from Sobhan Company (Iran). All mentioned
chemicals were applied as received with no purification and the SDZ solutions were made by

Millipore water.

2.2. Preparation of g-CsN4, MMH and MMH/g-C3Na

Graphitic carbon nitride was prepared based on an extensively used method [21]. Briefly,
melamine powder (5 g) was calcined in an alumina crucible with a cover (520 °C for 2 h), and
the temperature was increased to 540 °C for further 2 h. The obtained product with a yellow

color was grinded for further application.



In order to synthesize MMH/g-C3N4 composite, 0.1 g of g-C3N4was sonicated in a solution
(500 mL) containing MgCl.-6H>0 (0.125 M), CuCl, (0.125 M) and ZnCl (0.250 M) for 2 h.
Then, a stoichiometric amount of NaOH (1L, 0.05 M, 2.0 mL/min) was added; the solution pH
had to be lower than 10 during this procedure to prevent the transformation to metal oxides.
The resulted precipitate was filtered, washed and dried (60 °C, 48 h). MMH was prepared by

an identical procedure in the absence of g-CsNa.

2.3. Preparation of MMH/g-C3sNs@MFC film

Carboxymethyl cellulose (2% w/v) was dissolved in a solution of glycerin (0.5% v/v) and
distillated water by mixing until the solution became clear. MMH/g-CsNa at various weight
ratios of 5, 10 and 15% to the MFC was added to the solution and the obtained suspension was
sonicated for 15 min. Next, the homogeneous suspension was poured on a glass plate and air
dried (24 h), afterwards the formed film was picked up from the glass and soaked in Alx(SOa4)3
(1% wiv) for cross-linking (1 h). lonic crosslinking is an efficient method that couples ionizable
polymers with divalent and/or trivalent cations. Carboxymethyl cellulose can form strong
hydrogels in the presence of trivalent cations such as AIP* or Fe3*. These cations interact with
the carboxylate groups in the carboxymethyl cellulose backbone to form ionic crosslinks (Fig.
S1). Alx(SO4)3 has been widely used as a cross-linking agent in the preparation of biomaterials
exhibiting excellent performance and low toxicity [22]. The resulted film was washed with
distillated water to eliminate remaining ions, and then dried and cut in uniform strips
(2.5cm x 2.5 cm). Three composites with various weight ratios of MMH/g-CzNa (5, 10 and
15%) were prepared and studied in the sonophotocatalyst tests, abbreviated as the MMH/g-

C:Ns@MFC1, MMH/g-C3Ns@MFC> and MMH/g-C3sN4s@MFCs, respectively.



2.4. Characterization

The prepared samples were identified and characterized by the XRD using a Panalytical
X'pert diffractometer (Cu Ka radiation: 0.15406 nm; 45 kV, 40 mA, the Netherlands). FE-SEM
(Tescan, Mira 111, Czech Republic) with the EDX mapping was used to study the atomic
distribution and morphology of the samples. FT-IR spectra of the samples were measured with
a Bruker Tensor 27 analyzer (Germany). A Sinco S-4100 UV-Vis spectrophotometer (South
Korea) was used to measure UV-Vis DRS spectra for determining and comparing the band
gaps . Nitrogen adsorption—desorption isotherms were measured at 77 K using a Belsorp
instrument (Mini 1, Japan). PL spectroscopy was carried out by a Perkin Elmer LS45

spectrometer (USA).

2.5. Sonophotocatalytic activity assessment

The SDZ solution was ultrasonicated using an ultrasound bath (40 kHz, 300 W, Sonica, EP
S3, Italy) in the exposure to LED lamp with visible light irradiation (15 W). First, a distinct
dosage of the prepared catalyst was poured into the SDZ solution (150 mL) and stirred for 30
min under dark condition. Next, the solution was placed in an ultrasound bath (100 min).
During the treatment process, the solution was extracted (3 mL) at 20-min intervals. The SDZ
absorbance was measured by a spectrophotometer (SU-6100, Philler scientific, USA). In each
measurement, the absorbance of the solution was used to calculate the SDZ degradation
efficiency (DE (%)) at a given time of the treatment process [23]. In order to identify the
intermediates formed within the SDZ decomposition, an Agilent 6890 gas chromatograph (GC)
equipped with an Agilent 5973 mass spectrometer (MS) was utilized based on our previous
work of the sample preparation and the subsequent GC-MS method [24].
Chemical oxygen demand (COD) was determined to evaluate the SDZ mineralization after the

sonophotocatalysis process using Palintest instrument (United Kingdom) according



to American Public Health Association (APHA) standard method [25]. lonic by-products such
as SOZ~, N0z and NH;} ions generated in the SDZ degradation were also measured by an ion

chromatography system (930 Compact IC Flex, Metrohm, Switzerland).

3. Results and discussion
3.1. Characterization of g-C3Ns, MMH, MMH/g-C3sN4 and MMH/g-C3sNs@MFCs

The XRD analyses were carried out to characterize the g-CzNs, MMH and MMH/g-C3N4
samples (Fig. 1 (a)). Two representative (100) and (002) diffraction peaks at 26 = 13.3° and
27.3° confirmed the proper production of g-CsNs (JCPDS 87-1526). Moreover, Fig. 1 (a)
illustrates the XRD pattern of the MMH, in which the characteristic diffraction peaks of the
orthorhombic Cu(OH). (JCPDS card No 80-656), the hexagonal brucite Mg(OH). (JCPDS
card No. 7-239) and the orthorhombic Zn(OH). (JCPDS card No 20-1435) can be recognized.
Eventually, based on what is clear from the XRD patterns of the MMH/g-C3N4 composite, all
of the peaks identified in both the pristine g-CsN4 and MMH diffractograms can be observed

in the XRD pattern of the composite and no impurities were detected.

To study the functional groups of the as-prepared samples (g-C3sNs, MMH, MMH/g-C3N4
and MMH/g-C3sN4s@MFCs), the FT-IR analyses were performed and the results are presented
in Fig. 1 (b). The peaks observed at about 3350, 2950 and 1720 cm™ are related to the O-H, C-
H and C=0 stretching vibrations [26]. The peak at the wavenumber of 1614 cm™ is associated
with the aromatic ring quadrant stretch modes [27]. In addition, the bands at 1530 and 1126
cm* correspond to the stretching vibrations of C=N and C-N bonds, respectively [28, 29]. The
peak at 1424 cm is mainly owing to the bending vibration of CH2 bonds [30]. The band in the
500-1000 cm™* range is from the M-OH and M-O stretching vibrations (M: mentioned metals)

[31, 32].



Isotherms of the N, adsorption-desorption were used to determine the surface area of the
g-C3Ns, MMH and MMH/g-CsN4 samples by the BET technique (Fig. 1 (c)). All the samples
exhibited Type 1V isotherms with a broad H2 type hysteresis loop for relative pressures higher
than 0.4. According to the IUPAC classification, these kinds of isotherms demonstrates the
mesoporous structure with narrow pore size distribution and slit-shaped pores [33]. In
comparison with the bare g-CsN4 (specific surface area = 42 m?/g and pore volume = 0.17
m/g), MMH (specific surface area = 64 m?/g and pore volume = 0.22 m®/g) and MMH/g-C3N4
(specific surface area = 54 m?/g and pore volume = 0.21 m®/g) presented better textural

characteristics.

The optical properties of the g-CsN4, MMH and MMH/g-CsN4 composite were determined
using the UV-Vis DRS spectroscopy (Fig. 1 (d)). To measure the band gaps of the as-prepared
catalysts, the linear part of (ahv)? versus (hv) plot was extrapolated where a and hv are the
absorption coefficient and the photon energy (eV), respectively [34]. Based on Fig. 1 (d), the
band gaps of g-CsNs4, MMH and MMH/g-C3N4 composite were 2.7, 3.2 and 2.8 eV,
respectively. The results of the SDZ decomposition (Section 3.2) display the significant role of
the MMH in the prepared composites, which led to the improved catalytic activity compared
to the bare g-CsNs through a prevention of the electron-hole recombination during the

sonophotocatalytic process, as will be discussed elaborately in the mentioned part [35].

The PL spectroscopy was applied to evaluate the charge carrier behavior in the g-CsN4 and
MMH/g-C3N4 and to demonstrate the effect of MMH on the g-CsNa catalytic activity. As
shown in Fig. 1 (e), an emission peak at 455 nm appears for the g-CsN4 owing to the band-
band transition of the photogenerated charge carrier. The pristine g-CsN4 demonstrated higher
emission intensity in the PL, and loading of the MMH resulted in a reduced PL emission
intensity. This decrease can be related to the improved electron-hole separation because of the
junction formed between the MMH and g-C3N4. These results demonstrate the function of
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MMH in the charge separation and transfer at the interface for the enhanced catalytic

performance [36].

Fig. 2 displays the morphologies and microstructures of the g-CsN4, MMH, MMH/g-C3Ng,
and MMH/g-CsNs@MFCs samples. The bare g-CsN4 powder showed the typical aggregated
flake-like morphology (Fig. 2 (a-c)) whereas the bare MMH powder had a regular cubic-shape
appearance with 150-700 nm edge lengths (Fig. 2 (d-f)). The FE-SEM images of the MMH/g-
C3sN4 composite present the cubic-shaped MMH microparticles attached to the g-CsN4 (Fig. 2
(9-1)). Fig. 2 (j and k) demonstrate representative SEM images of the bare MFC. The
carboxymethyl cellulose fibers showed smooth surfaces and were approximately 15 pm in
diameter. Clearly, the structure of MFC has adequate space for the immobilization of MMH/g-
C3Ng particles. The SEM images of MMH/g-CsN:@MFCs in Fig. 2 (I-0) indicate that the
surface morphology of the MFC was altered obviously by modifying with the MMH/g-C3Na.
As can be seen in Fig. 2I, the surface of the modified fiber became rougher than the pristine
MFC. The SEM images of MMH/g-CsN4@MFC3 with various magnifications demonstrate that

the MMH/g-CsNj4 particles were uniformly dispersed on the MFC surface without aggregation.

To study the elemental distributions in the various samples, the EDX elemental mapping
analysis was carried out for the bare MFC and MMH/g-CsNs@MFC composites (Fig. 3). The
EDX map of the bare MFC and the related quantitative results are shown in Fig. 3 (al-a3) and
Table S1, respectively, which confirmed the presence of C (48%) and O (52%) elements in the
bare MFC without any impurities as expected. However, the EDX maps of the MMH/g-
C3sNs@MFCs with different MMH/g-C3sN4 amounts show also the presence of Zn, Mg and Cu
elements in addition to the C, N and O with various contents of the mentioned metals in the
different samples. The observed difference in the distribution of the metals owes to the different
MMH/g-C3Na4 contents used for the composites preparation. The MMH/g-CsNs@MFC; with
5% weight ratio of MMH/g-CsN4 showed the lowest contents for the Zn, Mg and Cu whereas
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the MMH/g-CsNs@MFCs with 15% weight ratio of the MMH/g-C3N4 demonstrated the
highest contents for them (Table S1). These results also confirmed the successful preparation

of the final composites as the sonophotocatalysts.

3.2. Comparison of the efficiency of different methods for the SDZ removal

Function of each constituent of the final composite as well as the role of visible light and
sonication in the SDZ removal were investigated by performing some preliminary tests. Based
on the obtained results (Fig. 4 (a)), low pollutant removal was observed using visible light
(5%), sonolysis (9%) and ultrasound/visible (12%) irradiations in the absence of any catalysts
within 100 min reaction time. For the sonophotocatalysis, the catalyst suspension was stirred
for 30 min under the dark condition to reach the adsorption-desorption equilibrium. Less than
6% SDZ removal was observed after 30 min stirring in the presence of different catalysts. In
contrast, the combined visible light and ultrasound irradiations in the presence of MMH and g-
C3N4 led to higher SDZ degradation (41% and 63%, respectively) compared to the sole
sonophotolysis (12%). The SDZ degradation efficiency was remarkably enhanced using the
MMH/g-C3N4 composite as the sonophotocatalyst (88%). The catalytic characteristics of g-
C3N4 derive from the narrow band gap (2.7 eV) and high photosensitivity [10, 37].
Furthermore, the improved sonophotocatalytic activity of g-CsN4 modified with the MMH is
attributed to the lower electron—hole recombination rate of the sono- or photogenerated charge
carriers and consequent increment in their lifetime [14, 36]. Based on the results of the PL
analysis, the MMH addition to the g-CsNs structure declined the recombination of e and h*
pairs. In addition, the superior sonophotocatalytic performance of the MMH/g-C3sN4 composite
can be ascribed to its larger specific surface area, which provides more active sites to improve
the reaction rate. Interestingly, the embedment of the MMH/g-CzNa4 into the MFC formed

proper composite catalysts which could remove 51%, 82% and 93% of SDZ when exposed to
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the visible light and ultrasound irradiations in the case of MMH/g-CsN4s@MFC1, MMH/g-

CsNs@MFC; and MMH/g-C3N4s@MFCs, respectively (Fig. 4 (c)).

When the MMH/g-C3sN4 was incorporated into the MFC fibrous network, the aggregated
particles were uniformly dispersed on MFC resulting in extra active sites to produce more
reactive oxygen species and consequently increased the SDZ degradation efficiency [19].
Moreover, the ultrasound waves caused more cavitation bubbles in the presence of the solid
catalysts due to the lower solid-liquid tensile strength, which led to a higher water dissociation
and sonoluminescence [38]. The sonoluminescence is the emission of light through the free
radical recombination in the cavitation microbubbles; and this light can also excite the
semiconductor [38, 39]. The turbulence generated by the sonication promoted the transfer of
mass from the solution to the catalyst surface [38]. On the other hand, the penetration of visible
light and ultrasound waves were improved in the immobilized system compared to the
suspension due to the scattering from the solid particles in the latter [40, 41]. Eventually, it
should be mentioned that the use of MMH/g-C3N4s@MFC is more convenient from the practical
point of view because there is no need for separation of the suspension particles from the

solution owing to the stabilization of the MMH/g-CsN3 particles into the MFC surface.

In the following, the SDZ degradation rate by the above-mentioned methods was evaluated

kinetically. The results depicted in Fig. 4 (a and c) were fitted to the pseudo-first order kinetic
model (In % = kqppt) and the rate constants (kapp) for the degradation reactions were estimated
in Fig. 4 (b and d). As can be seen, the maximum Kapp is achieved by the application of the
MMH/g-C3Ns@MFCs sonophotocatalyst for the SDZ removal. This indicates the significant
role of the MFC in retaining the composite and the low electron-hole recombination rate

achieved by coupling g-CzN4 with the MMH. As displayed in Fig. 4, the kapp values for the sole

application of the g-C3sN4 and MMH in the sonophotocatalytic process were 71x10 and 38x10°
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* min%, respectively, while the MMH/g-CsNs@MFCs had the Kapp of 174x10* min™ under the
same operational conditions. The synergy effect from combining the different catalysts for the
sonophotocatalytic process can be calculated from the estimated apparent reaction rate

constants (Eqg. 1) as 37%:

kapppmu,/g-cang@mrc ~Kappg_con, TRappmmn)
Synergy (%) — /8-C3Ng 8—C3Ng (1)

Kappymmu/g-c3N,@MFC

3.3. Effect of experimental conditions on the degradation of SDZ

The effects of the initial SDZ concentration, pH and ultrasonic power were investigated to
determine the optimized experimental conditions for the sonophotocatalysis of the target
antibiotic using the MMH/g-C3Ns@MFC3 composite, which was found as the most effective
sonophotocatalyst. Fig. 5 (a) shows the effect of the pollutant concentration on the degradation
efficiency of SDZ; the DE% declined from 93 to 30% as the initial concentration of SDZ was
increased from 15 to 35 mM. Higher amounts of ‘OH were needed when a higher SDZ
concentration was present in the solution and, thereby, the same amounts of ROS generated at
the identical operational conditions led to lower DE% with the increased initial pollutant

concentration [42].

For the initial pH of the solution, as can be seen from Fig 5 (b), by changing the pH from
2.5 to 10.5 the degradation efficiency did not change considerably (less than 22%). This
observation was due to the variations of composite surface and SDZ charges with the pH. The
point of zero-charge (pHrzc) of MMH/g-C3sN4s@MFC3 was determined as 6.6, based on the salt
addition method [43]. The surface charge of the catalyst was negative at pHs > pHpzc.
Furthermore, according to the pKa of SDZ (6.5), the charge of SDZ was negative at pHs > 6.5
too [44]. Hence, at pH ~ 6.5, both the composite and SDZ are neutral and there was no repulsion

between them, which led to the higher adsorption of SDZ on the catalyst surface to be oxidized
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by the "OH radicals. The relatively lower SDZ degradation in the acidic and alkaline mediums
was attributed to the repulsive interactions between the SDZ and the catalyst surface. Hence,
the pH 6.5 as the natural pH of SDZ was selected for the subsequent experiments. Increasing
the ultrasonic power from 150 to 300 W led to a higher SDZ degradation (Fig 5 (c)) owing to
increased generation of cavitational microbubbles, which finally collapsed and generated more
ROS due to the enhanced catalyst excitation by the sonication and sonoluminescence [45].
Moreover, mass transfer was promoted by the increased solution turbulence at higher dissipated
energy entered to the medium. Finally, more unoccupied active sites existed on the catalyst

surface compared to the absence of sonication [45, 46].

3.4. Enhancers and scavengers of reactive free radicals

To intensify the catalytic decomposition of the antibiotic pollutant, peroxydisulfate (PDS),
peroxomonosulfate (PMS) and hydrogen peroxide (H202) as enhancers for generation of
reactive oxygen species were added to the SDZ solution. In these tests, MMH/g-C3sN:@MFC3
was applied for the degradation of SDZ (0.30 mM). All the enhancers generate additional
reactive species such as sulfate and hydroxyl radicals which have remarkable oxidizing
potential for the SDZ degradation [47]. DE% of 47% was observed in the absence of any
enhancers. The presence of PDS, PMS and H.O> enhancers led to the enhanced
sonophotocatalytic degradation to 60%, 78% and 90%, respectively. Cu(ll) ions on the
MMH/g-C3Ns@MFCs surface can activate PMS to produce SO:~ (Eq. (2)) [48] and convert
PDS and H202 to 03 through Egs. (3 and 4), respectively [49]. Furthermore, increasing the
performance of the sonophotocatalysis by adding PDS and H.O; can also be attributed to the
improved formation of "OH and SO, radicals under ultrasound and visible light irradiation

(Egs. (5 and 6)) [46, 48].

Cu(ll) + HSO: - Cu(l) + SO +H* (2)
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Cu(ll) + S,0§~ +2H,0 - Cu(l) + 2HSO, + 05~ + 2H* (3)

Cu(ll) + H,0, » Cu(l)+ 05~ + 2H* (4)
_ hvor))) .
S,02~ =% 250; (5)
hv or))) R

There are usually organic and inorganic compounds with radical scavenging effects in
aqueous solutions. Hence, this effect on the SDZ sonophotocatalysis should be studied to
evaluate the efficiency of the decomposition process in the solutions and the effects of various
reactive radicals on the target pollutant [50]. Fig. 6 (b) demonstrates that the presence of t-
butanol, EDTA and benzoquinone (BQ) resulted in unfavorable effects on the SDZ conversion.
The t-butanol, BQ and EDTA are considered as scavengers for “OH radicals, superoxide radical
anions (O2) and holes (h™), respectively [51-53]. Among these scavengers, t-butanol caused
the highest prohibition for the sonophotocatalytic degradation of SDZ via direct elimination of
"OH radicals. Hence, the SDZ degradation is mostly attributed to the *OH generation through
the MMH/g-CsNs@MFCs under visible light. Comparatively, the O, had the lowest
contribution to the pollutant degradation. Therefore, the following order was obtained for the
SDZ degradation: "OH > h*> O™ It could be concluded that the holes also participated in the
SDZ decomposition; the MMH in the final composite catalyst trapped the generated electrons
in the conduction band and thus, the h™ concentration in the valence band of g-CsNs was
enhanced for the improved SDZ degradation [54]; these results for the EDTA and BQ

scavengers are in agreement with results reported by Ao et al. [55].

NaCl, Na,SO4 and Na>COz presented a particular degree of prohibiting effect on the

degradation of the antibiotic pollutant (Fig. 6 (c)). The sonophotocatalytic decomposition of
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SDZ decreased in the order of NaCl > Na;SO4> Na,COs due to the following reactions, which

scavenged "OH radicals and generated less active species [32, 50]:

For chloride ions: Cl™+ "OH - Cl"+ OH™ (7

Cl* +Cl= > Cly~ (8)
For carbonate ions: C0;*” + "OH - C03;'~ + H,0 (9)
For sulfate ions : S0, + °"OH - S0,"” + OH~ (10)

Moreover, these scavengers could occupy the active sites of the MMH/g-CsN:@MFC3 and
as a consequence inhibit the excitation of the catalyst for the ROS generation for the efficient

sonophotocatalysis [56].

3.5. MMH/g-C3N4s@MFC3 reusability

The reusability potential of the MMH/g-CsN4s@MFC3 sonophotocatalyst was investigated
in order to determine the practical applicability of the catalyst. For this aim, the prepared
composite was used in ten subsequent tests and the DE% was monitored. After each
experiment, the film was washed with deionized water to remove any pollutant residue and
dried. No mass loss or fracture in the catalyst structure was observed after the subsequent usage.
The composite could easily be removed from the treated water and fully recycled. As shown
in Fig. 7, around 5% decrease in the degradation efficiency of SDZ occurred by the end of the
tenth experiment which demonstrates the proper stability of the composite sonophotocatalyst
in repeated experiments. The results verified the proper capability of the MMH/g-CsNs@MFCs

as a recyclable composite sonophotocatalyst.
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3.6. Intermediates, mineralization and conversion of the SDZ

To recognize the intermediates formed within the sonophotocatalytic degradation of SDZ,
the GC-MS analysis was implemented and the structures of the ten intermediates that could be
identified are given in Table S2. Based on the identified by-products, two pathways can be
considered for the SDZ conversion which started from the C—C, N—S and N—C bond cleavages
(Fig. 8). In the first degradation pathway, the SDZ is destructed to the 2-nitropyrimidin and
next, to the 1H-pyrimidin-2-one. In the subsequent step, the 1H-pyrimidin-2-one is transformed
to aliphatic compounds like (3S)-3,4-diamino-4-oxobutanoic acid and  N-
carbamoylpropanamide. In the second degradation pathway, the SDZ is firstly degraded to 4-
nitrophenol and then to benzene-1,4-diol and cyclohexa-2,5-diene-1,4-dione. Next, cyclohexa-
2,5-diene-1,4-dione is decomposed to the aliphatic carboxylic acids like 2-methylpentanedioic
acid and 3-hydroxypropanoic acid. In both pathways, the as-formed short chain compounds are

eventually mineralized to H>O and COx.

The chemical oxygen demand (COD) and ion chromatography (IC) analyses were carried
out in the optimum operational conditions to study the efficiency of the SDZ
sonophotocatalysis with the MMH/g-CsNs@MFCs composite. The COD results demonstrated

56% and 83% decrease in COD concentration after 100 and 200 min sonophotocatalysis,

respectively. According to the IC analysis, the initial concentrations of SOf,‘ (0.1 mg L),
NH; (0.5 mg L™?) and NO; (0.6 mg L™) ions increased to 2.6, 3.1 and 8.3 mg L™* during 100

min. This indicated the production of NH; cations andSO; and NO; anions as ionic by-

products of the SDZ degradation. The COD decrease during the decomposition of SDZ as well
as the generation of ionic species confirmed the proper progress of mineralization of SDZ as

the antibiotic target pollutant [57].
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4. Conclusions

MMHY/g-C3N4 particles were incorporated into the MFC to form an effective composite
catalyst. The MMH/g-C3sNs@MFCs exhibited the highest sonophotocatalytic performance for
the degradation of SDZ antibiotic-contaminated solutions due to the appropriate dispersion and
retention of MMH/g-CsNj4 particles on the MFC surface. Moreover, MMH prevented the rapid
recombination of sonophotocatalytically produced holes and electrons. The ultrasonication
increased the solution turbulence and consequently mass transfer to the catalyst surface. All
the studied processes followed the pseudo-first order kinetics and the synergistic effect of the
sonophotocatalysis with the MMH/g-CsNs@MFCz was calculated as 37%. The addition of
radical enhancers improved the generation of the free oxidizing radicals and the SDZ
sonophotocatalysis; vice versa trend was observed by the addition of radical scavengers, which
confirmed the significant role of the reactive oxygen species, particularly hydroxyl radicals.
Besides, negligible decline in the sonophotocatalytic activity of the MMH/g-CsNs@MFC3
composite was seen after ten consecutive experiments. The adequate mineralization was also
observed by monitoring the COD removal efficiency after 100 and 200 min of the SDZ
treatment (56% and 83%, respectively), which was consistent with the IC analysis. The
mechanism for the SDZ degradation was suggested based on the ten identified degradation
intermediates. Conclusively, the as-prepared MMH/g-CsNs@MFCs composite catalyst is
expected to be used for the effective treatment of antibiotic-polluted aqueous media under the

ultrasound and visible light irradiations.
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Figures captions

Fig. 1. (a) XRD patterns (the black, blue, brown and green colors in the XRD patterns indicate

the lattice planes of g-CsNa4, orthorhombic Cu(OH)2, hexagonal brucite Mg(OH). and
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orthorhombic Zn(OH),, respectively.), (b) FT-IR spectra, (c) N2 adsorption—desorption

isotherms, (d) (ahv)>~hv plots, and (e) PL spectra of the samples.

Fig. 2. SEM images of (a-c) g-CsNs, (d—f) MMH, (g—i) MMH/g-C3Ng4, (j and k) pure MFC and

(I-0) MMH/g-C3N4@MFC3s samples.

Fig. 3. EDX dot mapping micrographs of MFC (al-a3), MMH/g-CsNs@MFC; (b1-b6),

MMH/g-C3sNs@MFC; (c1-c6), and MMH/g-CsNs@MFCs (d1-d6).

Fig. 4.(a) Comparative evaluation of performance of different processes in the SDZ
degradation; (b) the related kinetic analysis based on the pseudo-first-order model (A:
photolysis, B: sonolysis, C: sonophotolysis, D, E and F: sonophotocatalysis using MMH, g-
C3N4 and MMH/g-C3N4, respectively); (c) Comparative evaluation of sonophotocatalytic
performance of MFC-based films and (d) related kinetic analysis based on the pseudo-first-
order model (A: bare MFC, B: MMH/g-C3N4@MFC1, C: MMH/g-C3N4@MFC2 and D:
MMH/g-C3N4@MFC3);  Experimental  conditions:  [SDZ]0=0.15mM, catalyst
dosage = 0.5 g L—1, the dimensions of the catalysts strips = 2.5 cm x 2.5 cm, pH = 6.5 (natural

pH), and ultrasonic power = 300 W.

Fig. 5. Effect of operational variables on the degradation efficiency of SDZ; (a) effect of SDZ
concentration (the dimensions of the MMH/g-CsN4@MFC3 strip =2.5 cm % 2.5 cm, pH = 6.5,
and ultrasonic power = 300 W); (b) effect of pH (the dimensions of the MMH/g-C3sNs@MFC3
strip =2.5 cm % 2.5 ¢cm, [SDZ]o = 0.15 mM, and ultrasonic power = 300 W), and (d) effect of
ultrasonic power (the dimensions of the MMH/g-CsN4s@MFCs strip =2.5 cm % 2.5 cm, [SDZ]o

=0.15 mM, and pH = 6.5).

Fig. 6. DE% of SDZ through sonophotocatalysis in the presence of (a) various oxidants (the
dimensions of the MMH/g-CsN4@MFCs strip =2.5 cm x 2.5 cm, [SDZ]o = 0.30 mM, pH = 6.5,

ultrasonic power = 300 W and [oxidant] = 5 mM), (b) organic scavengers, and (c) inorganic
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scavengers, (the dimensions of the MMH/g-CsNs@MFCs strip =2.5 cm x 2.5 cm, [SDZ]o =

0.15 mM, pH = 6.5, ultrasonic power = 300 W and [scavenger] = 5 mM).

Fig. 7. Proposed routes for sonophotocatalytic degradation of SDZ using MMH/g-

C3sN4s@MFC3 catalyst.

Fig. 8. Degradation efficiency for ten consecutive sonophotocatalytic degradation experiments;
Experimental conditions: the dimensions of the MMH/g-C3Ns@MFC3 strip =2.5 cm X 2.5 cm,

[SDZ]o = 0.15 mM, pH = 6.5 and ultrasonic power = 300 W.
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Highlights
e Synthesis of Zn-Cu-Mg mixed metal hydroxide/g-CzN4 photocatalyst
e Integration of the photocatalyst with microfibrillated carboxymethyl cellulose
e Sonophotocatalytic degradation of sulfadiazine using the fabricated composite
e Reusability of the prepared composite after ten sonophotocatalytic cycles

e A possible pathway for sonophotocatalytic degradation of sulfadiazine
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Table S1. Chemical composition of the samples as measured by EDX analysis.

Sample C (W9%) O (W9%) Cu(w%) Mg W%) Zn (w%)
Pure MFC 48 52 - - -
MMH/g-CsNs@MFCy 42 51 1 2 4
MMH/g-CsNs@MFC> 39 47 2 4 8
MMH/g-CsN«@MFCs 35 45 3 7 10
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Table S2. ldentified intermediate compounds produced during degradation of SDZ.

No. Compound name Structure Retention time (min) ~ Main fragments
OH
39 (23%), 65
1 4-Nitrophenol 14.721 (100%), 109 (59%),
139 (54%)
NO,
O
) Cyclohexa-2,5-diene-1,4- 11.852 26 (18%), 54 (71), 82
dione ' (29%), 108 (100%)
O
OH
. 39 (21%), 55 (38), 81
3 Benzene-1,4-diol © 12.064 (41%), 110 (100%)
OH
NO,
)\ 43(25%), 84(39%),
4 2-Nitropyrimidin N7 N 22.624 94 (62%), 125
v (100%)
L
o 28 (26%), 41 (35%),
- 2. X
5 1H-pyrimidin-2-one NI N 19.816 68 (63%), 96 (100%6)
L
(0]
" | JN 28(34%), 52(19%),
6 4(1H)-Pyrimidinone ' 19.354 68 (43%), 96 (100%)
H
7 2-Methylpentanedioic OH 17715 41 (31%), 56 (45%),

acid

OH
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10

3-Hydroxypropanoic acid

N-carbamoylpropanamide

(3S)-3,4-diamino-4-
oxobutanoic acid

10.369

18.627

19.027

31 (27%), 42 (51), 60
(100%), 72 (43%)

29 (37%), 44
(100%), 57 (31%),
73 (25%)

43 (51%), 70 (43%),
88 (100%)
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