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Abstract
Oxidative degradation of chloramphenicol (CAP) using a hybrid approach (US/HA+/n-Fe2O3/SPC) involving sodium per-
carbonate (SPC; “solid  H2O2” carrier),  Fe2O3 nanoparticles (n-Fe2O3;  H2O2 decomposition catalyst), hydroxylamine in its 
protonated form  (HA+; Fe (III) to Fe (II) reducer), and ultrasonic cavitation (to increase the generation of hydroxyl radicals) 
has been studied for the first time. The average size of n-Fe2O3 synthesized by the sonochemical method, as calculated 
according to the Debye–Scherrer equation, was ~ 18 nm. The maximum degradation degree of CAP (83.1%) and first-order 
oxidative degradation rate constant of CAP as 1.253 ×  10–3  s−1 were achieved using the modified sono-Fenton process 
under the optimized conditions as the initial concentration of CAP – 50 mg/L, the molar ratio of CAP:HA+:n-Fe2O3:SPC of 
1:100:100:100, pH as 3, the temperature as 318 K, the specific ultrasonic power as 53.3 W/L, and the treatment duration of 
7200 s. In general, the efficiency and intensity of CAP degradation increased with a decrease in the pH value, an increase in 
the molar ratio of CAP:HA+:n-Fe2O3:SPC, a decrease in the initial concentration of CAP, an increase in temperature, and 
showed a minor change with the specific power of US. The synergistic coefficient for the combination of the US and the 
heterogeneous Fenton process was 17.9. The active participation of hydroxyl radicals in the oxidative degradation of CAP 
using the modified sono-Fenton process was confirmed by scavenging experiments performed using tert-butyl alcohol. The 
proposed process can be a promising direction in the remediation of pharmaceutical effluents with significant potential for 
commercial exploitation.

Keywords Modified sono-Fenton process · Oxidative degradation · Antibiotic chloramphenicol · Fe2O3 nanoparticles · 
Sodium percarbonate · Hydroxylamine

Introduction

Chloramphenicol (CAP) is a bacteriostatic and bacteri-
cidal antibiotic commonly applied for oral and parenteral 
use against conjunctivitis, meningitis, plague, cholera, and 
typhoid fever (Rohana et al. 2023; Li et al. 2018). Accumula-
tion of this antibiotic in the human body can lead to atrophy 

of the optic nerve, disturbances in the circulatory system, 
kidney and liver damage, etc., whereas accumulation in ani-
mals leads to the development of aplastic anemia (Nguyen 
et al. 2022). In addition, CAP has potential genotoxic carci-
nogenicity (Luo et al. 2018), and it also inhibits the growth 
and development of algae (Xiong et al. 2019). The main 
sources of contamination of aquatic environments with CAP 
are hospital wastewater, pharmaceutical production units, 
and aquaculture (Nguyen et al. 2022). Presence of CAP in 
water bodies leads to changes in natural water ecosystems 
and causes resistance to microbes.

Adsorption (Nguyen et  al. 2022), biodegradation 
(Karungamye 2020), and advanced oxidation processes 
(AOPs) (Kurt et al. 2017) have been used to remove CAP 
from water. The most common adsorbents applied are acti-
vated carbon (Li et al. 2018; Lach 2019), biochar (Yang 
et al. 2020), porous carbon (Dai et al. 2018), metal–organic 
frameworks (Li et al. 2020), composites (Xu et al. 2020b), 
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and clays and other silica-based adsorbents (Sun et  al. 
2017). It is important to note that the sorption capacity of 
various adsorbents for CAP is generally lower although 
dependent on the specific adsorbent. For example, the 
adsorption capacity for CAP adsorption using activated 
carbon (Picabiol) was equal to 215 mg/g (Lach 2019), 
33 mg/g for biochar pyrolyzed at 700 °C (Yang et al. 2020), 
494 mg/g for  Fe3C/Fe/C magnetic hierarchical porous car-
bon (Dai et al. 2018), 24 mg/g for ZIF-8 (Li et al. 2020), 
3000 mg/g for carbon powder-supported nanoscale zero-
valent iron (Xu et al. 2020a), and finally 10 mg/g for ionic 
liquid-modified illite (Sun et al. 2017). Another disadvan-
tage of most commonly applied sorbents is the difficulties 
associated with the reuse and disposal of used sorbents. 
Biological methods, which are another commonly applied 
methods, use microorganisms (operated under aerobic or 
anaerobic conditions), or plants (phytoremediation) to 
degrade antibiotics (Oberoi et al. 2019). Low antibiotic 
removal efficiency and long purification time are two key 
disadvantages of biodegradation. The biological wastewater 
treatment systems are only moderately effective (extent of 
removal as 48–77% depending on the operating conditions) 
in the removal of antibiotics (Oberoi et al. 2019).

AOPs offer promise for treatment of persistent organic 
pollutants, for example, aromatic compounds, dyes, and 
antibiotics (Kurt et al. 2017; Znak et al. 2018a; Sukhatskiy 
et al. 2020, 2022), where the pollutants are oxidized to bio-
degradable intermediates, and subsequently mineralized to 
 CO2,  H2O, or/and  N2. The efficiency of AOPs depends on 
the generation of free radicals, in particular non-selective 
hydroxyl radicals (Wang and Xu 2012; Znak et al. 2018b; 
Znak and Sukhatskiy 2016; Yavorskiy et al. 2016). AOPs 
typically involve the use of strong oxidants (hydrogen per-
oxide, ozone, persulfates, periodates, etc.) and/or catalysts 
 (Fe2+,  Mn2+,  MnO2,  TiO2, etc.) (Cheng et al. 2021; Wu et al. 
2015; Zhang et al. 2020; Cao et al. 2020; Sukhatskiy et al. 
2023), usually in combination with high-energy radiation 
– ultraviolet or US radiation (Cabotaje et al. 2019; Meng 
et al. 2021; Yavorskyi et al. 2017; Neyens and Baeyens 2003) 
that can lead to intensification of generation of oxidants and 
hence the rates of pollutant degradation. Antibiotics is an 
important class of pharmaceutical compounds that have 
not been studied so well using AOPs and hence the present 
work has focused on one such antibiotic as CAP. Literature 
analysis revealed that Fenton-based process (Cheng et al. 
2021) and Fenton-like processes (Wu et al. 2015; Meng et al. 
2021), either an individual approaches or in combination 
with irradiation sources, have been used to degrade CAP. 
Cheng et al. (2021) reported that graphene oxide/Fe(III)/
H2O2 combination in dark and visible light conditions can 
efficiently decompose CAP over the pH values from 2.0 to 
4.7. The reported efficiency of CAP degradation at 60 min 
and initial pH of 3 in dark- and vis-graphene oxide/Fe(III)/

H2O2 system was equal to 93.1 and 100%, respectively. In 
another study, it was reported that pyrite-catalyzed degra-
dation of CAP can occur at low concentrations of hydro-
gen peroxide, attributed to the fact that pyrite performs the 
function of a “bond” between  H2O2 and  Fe3+, generating 
hydroxyl radicals and inhibiting quenching reactions (Wu 
et al. 2015). It was established that the removal efficiency of 
CAP using the pyrite–H2O2 system at pH of 3, the tempera-
ture of 298 K, the initial concentration of CAP of 50 mg/L, 
and dosages of  H2O2, and pyrite of 1.0 mM and 100 mg/L 
respectively was more than 95% after 10 min. Meng et al. 
(2021) studied the combination of US with Fenton-like 
process and reported that pH had a much greater effect on 
CAP degradation than  H2O2 concentration. The efficiency of 
CAP degradation using the US-enhanced Fenton-like sponge 
iron system at pH of 3, the initial concentration of CAP of 
120 mg/L, 2 mmol/L  H2O2, and a sponge iron concentration 
of 2 g/L reached over 93% after 30 min.

The recent interest into heterogeneous Fenton process, 
often referred to as Fenton-like approach, has grown due 
to the disadvantages of the homogeneous Fenton process in 
terms of instability of aqueous solutions of hydrogen perox-
ide and iron (II) salts, their significant consumption leading 
to higher costs, as well as the accumulation of precipitate of 
iron (III) compounds (Sukhatskiy et al. 2021). In the hetero-
geneous Fenton, the catalyst is in a solid state, for example 
in the form of natural (Thomas et al. 2021) or artificially 
synthesized mineral—hematite, magnetite, goethite, schw-
ertmannite, spinels, clays, etc., nanoparticles of zero-valent 
iron (nZVI) immobilized on support materials (zeolites, gra-
phene oxide, silicon dioxide, etc.), bimetallic nanocomposites 
and metal–organic frameworks. Compared to the homoge-
neous process, the advantages of a heterogeneous approach 
include a low leaching degree of iron (II) ions from catalysts, 
the possibility of easy separation and repeated use of the 
catalyst, and the wider range of working pH values. There 
has been interest into developing more efficient catalysts or 
combinations for intensifying the oxidant production and 
hence the rates of treatment. The use of adduct of  Na2CO3 
and  H2O2– micro granules of SPC  (Na2CO3·1.5H2O2) has 
been considered in the present work as a promising direc-
tion for improving the Fenton process. SPC is a carrier of 
“solid  H2O2” and, compared to  H2O2 in the liquid phase, it 
is thermally more stable (Pimentel et al. 2021), and the costs 
of its storage and transportation are three times lower (Liu 
et al. 2021). In addition, the decomposition products of SPC 
 (CO2,  H2O, and  Na2CO3) are not toxic, and present in natural 
water systems (Mohammadi et al. 2022). SPC can be acti-
vated with ultraviolet (Gao et al. 2020; Ma et al. 2022) and/or 
US irradiation (Lin et al. 2020), dielectric barrier discharge 
plasma (Tang et al. 2019a), ions of transition metals, in par-
ticular in the presence of chelating agents – citric, oxalic, 
glutamic acids, cysteine (Tang et al. 2019b; Fu et al. 2016, 
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2022; Huang et al. 2022a,b; Gao et al. 2021; Farooq et al. 
2023; Li et al. 2019), heterogeneous catalysts – sulfides of 
transition metals (Li et al. 2022), iron nanoparticles immobi-
lized on supported materials (zeolite, graphene oxide) (Dan-
ish et al. 2016; Farooq et al. 2017b) or nanoparticles of iron 
compounds (for example,  Fe3O4) (Dai et al. 2019), bimetallic 
nanocomposites (Danish et al. 2017; Farooq et al. 2017a; Xu 
et al. 2020b) and ferrocene (Lin et al. 2017).

One of the other main drawback of  Fenton process is the 
accumulation of iron (III) compounds in the reaction system. 
To reduce accumulation of Fe (III), reducing agents with a 
low rate of formation of reactive species, such as hydroxy-
lamine (HA), has been applied in the current work for the 
first time. HA is a reducing agent that interacts with hydroxyl 
radicals at a very low rate and can reduce Fe (III) to Fe (II). 
Hydroxylamine has two pKa values 5.96 and 13.74 (Chen 
et al. 2015). The protonated form of HA  (HA+) is dominant 
at pH < 5, and the unprotonated form (HA) is dominant at 
pH range of 7 to 12. NO−

3
 and  N2O are the dominant products 

of the decomposition of HA in the Fenton process (Chen 
et al. 2011, Chen et al. 2015). The results of other studies 
indicated that  N2,  N2O, NO−

3
 , and NO−

2
 were the products of 

the reduction of Fe (III) by HA (Bengtsson et al. 2002; Wang 
et al. 2021). It should be noted that the rate of generation of 
∙OH radicals in the modified Fenton process based on the 
addition of HA reductant is significantly higher (Chen et al. 
2015; Merouani et al. 2022) than without the use of HA. In 
the sono-Fenton process, US radiation further intensifies the 
regeneration of Fe (II) ions and leads to the formation of a 
larger number of hydroxyl radicals, which are products of 
water sonolysis (Ammar 2016). Considering all the above 
governing mechanisms, a modified sono-Fenton process 
(US/HA+/n-Fe2O3/SPC) has been proposed and applied for 
the oxidative degradation of the antibiotic CAP for the first 
time. n-Fe2O3 synthesized by the sonochemical method was 
applied as a catalyst for the decomposition of  H2O2. The 
source of  H2O2 is SPC, and the reducing agent of Fe (III) to 
Fe (II) is HA in the form of  NH2OH·HCl  (HA+). Overall, 
the main purpose of the work was to demonstrate effective 
oxidative degradation of CAP using a modified sono-Fenton 
process (US/HA+/n-Fe2O3/SPC) and also evaluate the syner-
gism between US cavitation and a modified Fenton process 
 (HA+/n-Fe2O3/SPC).

Materials and methods

Reagents

CAP (molecular formula:  C11H12Cl2N2O5), SPC (molecular 
formula:  Na2CO3·1.5H2O2), hydroxylamine hydrochloride 
 (HA+; molecular formula:  NH2OH·HCl), iron sulfate hep-
tahydrate (molecular formula:  FeSO4·7H2O), an aqueous 

solution of ammonia (25% w/v  NH3·H2O), and chloride 
acid (0.1 M HCl) were obtained from Merck (Germany). 
Tert-butyl alcohol (TBA; molecular formula:  C4H10O) was 
purchased from Central Drug House (P) Ltd., India.

Sonochemical synthesis of n‑Fe2O3

The use of US for the synthesis of n-Fe2O3 makes it pos-
sible to obtain a more monodisperse system, compared to 
other methods such as MW irradiation, chemical vapor 
deposition, sol–gel process, pulsed laser evaporation, reac-
tive sputtering, forced hydrolysis and precipitation, hydro-
thermal technique and spray pyrolysis (Hassanjani-Roshan 
et al. 2011). In addition, in sonochemical synthesis, it is 
easy to control the particle size by changing the operating 
conditions for example, US intensity (Hassanjani-Roshan 
et al. 2011; Morales-Morales 2017). An aqueous solution 
of ferrous sulfate heptahydrate  (FeSO4·7H2O) was used as a 
precursor for the sonochemical synthesis of n-Fe2O3. First, 
2.2 g of  FeSO4·7H2O was dissolved in 100 mL of distilled 
water. 20 mL of an aqueous ammonia solution (concentra-
tion of 2 M) was added dropwise to the obtained solution 
under the action of the US field for 10 min. The device for 
US cavitation (fixed frequency of US, 20 kHz) is a magneto-
striction-type US generator (Bandelin Sonopuls HD 2200.2, 
Germany) operated with a power of 60 W. The calorimet-
ric power was 32 W, and the power density was 0.27 W/
mL. The obtained precipitate was separated by centrifuga-
tion (duration, 5 min; frequency, 10,000 rpm), washed with 
distilled water and ethanol, dried in air for 24 h at room 
temperature, and calcined in air for 3 h at a temperature 
of 773 K. The temperature of 773 K affects the final iron 
oxide characteristics and composition. At this calcination 
temperature, only hematite (α-Fe2O3) was obtained, which 
was the main purpose of the  synthesis. At the calcination 
temperature of 573 K, the formation of magnetite, hematite, 
and maghemite was possible (Fauzi and Ratnawulan 2021).

IR, EDX spectroscopic analysis, XRD, and SEM 
analysis

The qualitative and quantitative composition and the struc-
ture of the catalyst synthesized using the sonochemical 
method were confirmed by the methods of IR spectroscopy, 
EDX spectroscopy (energy-dispersive X-ray spectroscopy), 
and XRD analysis (X-ray diffraction analysis), respectively. 
Scanning electron microscopy (SEM) was also used to 
evaluate the particle size of the synthesized product. The 
different equipment applied for the analysis are as follows:

1) IR spectroscopy – spectrum Two FT-IR Spectrometer 
(PerkinElmer, USA), equipped with a universal attach-
ment of attenuated total reflectance;
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2) EDX spectroscopy – X-ray fluorescence analyzer ElvaX 
Pro (Elvatech, Ukraine);

3) XRD analysis – X-ray diffractometer AERIS Research 
(Malvern Panalytical, Great Britain);

4) SEM – SEM-microscope Tescan Vega 3 LMU (TES-
CAN Brno, The Czech Republic), equipped with SE 
(topographic contrast of the surface) and BSE detectors 
(contrast by the number of electrons in the phases).

Experimental setup for oxidative degradation 
of CAP

The laboratory setup for studying the oxidative degradation 
of CAP under isothermal conditions was a glass reactor 
with a volume of 300 mL (reactor filling coefficient, 67%) 
equipped with a magnetostrictive-type US emitter “Ultra-
sonic Disintegrator” UD-20 (Poland), a magnetic stirrer, 
and CORIO C-BT5 thermostat (JULABO GmbH), which 
was equipped with a removable thermostat bath, in which 
the reactor was placed. The frequency of US vibrations for 
the ultrasonic disintegrator is 22 kHz whereas the specific 
power of the US reactor was varied in the range from 53.3 
to 83.3 W/L.

ADWA AD1200 ATC pH meter (Hungary) with a set of 
electrodes (combined glass electrode AD1131B and replace-
able platinum redox electrode AD3230B) was used to meas-
ure the pH and thermos-compensator AD7662 was used to 
measure the redox potential.

Methodology for oxidative degradation of CAP

One hundred milliliters of an aqueous solution of the anti-
biotic CAP with a concentration of 100 mg/L was prepared 
using distilled water. One hundred milliliters of an aqueous 
solution of SPC was then added to 100 mL of an antibiotic 
solution under constant stirring. Thus, the concentration of 
CAP in the solution (net volume of 200 mL), which was 
obtained as a result of mixing two aqueous solutions (CAP 
and SPC), was equal to 50 mg/L (1.548 ×  10–4 M).  HA+ and 
n-Fe2O3 were successively added to the reaction medium. 
The molar ratio of CAP:HA+:n-Fe2O3:SPC was varied in the 
range from 1:50:50:50 to 1:100:100:100. The required pH 
value (in the range from 3.00 to 7.00) was obtained by add-
ing required volume of an aqueous solution of HCl (strength 
of 0.1 M). In order to confirm the participation of hydroxyl 
radicals in the degradation of CAP using the modified sono-
Fenton process, TBA was used as a specific scavenger of 
hydroxyl radicals.

Analytical procedure

At certain time intervals, 5 mL of the reaction medium was 
taken and n-Fe2O3 was separated from the liquid phase by 

centrifugation (centrifuge MPW-310, Poland) at rotation fre-
quency of 5000 rpm applied for 5 min. The obtained samples 
of the liquid phase were analyzed for the content of CAP 
using a UV–Vis spectrophotometer UV-3100PC (China), 
equipped with quartz cuvettes (thickness of 1 cm) at a wave-
length of 278 nm. The concentration of CAP was calculated 
on the basis of previously constructed calibration curves. 
After analysis using UV–Vis spectroscopy, the liquid phase 
was returned to the glass reactor to ensure a constant vol-
ume. The separated catalyst (n-Fe2O3) was also returned to 
the reactor. Even though utmost care was taken for efficient 
separation, it was observed that about 10% of the catalyst 
was lost during the separation as measured based on the final 
residual quantity. The efficiency of oxidative degradation of 
CAP was evaluated in terms of the degradation degree (x, %)

where C0, initial concentration of CAP in the reaction 
medium;  and C, concentration of CAP at any time τ, M.

To check the reproducibility of the results, each experi-
ment was repeated three times and the average values used in 
the discussion and data illustration. In addition, the obtained 
variation has also been depicted in the form of error bars.

Results and discussion

Characteristics of the catalyst synthesized using 
the sonochemical method

During the sonochemical synthesis of n-Fe2O3 from aqueous 
solutions of ferrous sulfate heptahydrate and ammonia, the 
following reactions occur (Hassanjani-Roshan et al. 2011; 
Morales-Morales 2017):

According to Eq. (2),  Fe2+ ions present in the sulfate are 
transformed into iron (II) hydroxide (Fe(OH)2), which inter-
acts with oxygen dissolved in an aqueous solution to form 
iron (III) hydroxide (Fe(OH)3) according to Eq. (3). Fe(OH)3 
is successively transformed into FeOOH and α-Fe2O3 
according to Eqs. (4)–(5), respectively.

The IR spectrum of the powder of n-Fe2O3 synthesized 
using the sonochemical method is shown in Fig. 1a. Peaks 

(1)x =
C0 − C

C0

× 100,

(2)FeSO4 + 2NH3 ⋅ H2O → Fe(OH)2 +
(

NH4

)

2
SO4,

(3)4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3

(4)Fe(OH)3 → FeOOH + H2O,

(5)2FeOOH → � − Fe2O3 + H2O.
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at 1631 and 3372  cm−1 correspond to valence vibrations 
of hydroxyl groups on the surface of nanoparticles. Char-
acteristic bands on the IR spectrum of the product at 516 
and 431  cm−1 indicate Fe–O valence vibrations and α-Fe2O3 
shear deformation vibrations (Morales-Morales 2017).

Peaks in the EDX spectrum of the product (Fig. 1b) con-
firmed the presence of iron and oxygen with weight per-
centages as 66.4 and 33.6%, respectively. There were no 
other unidentified peaks in the EDX spectrum, indicating 
the purity of the sample.

The XRD pattern of the powder sample (Fig. 1c) elu-
cidated that the product is rhombohedral α-Fe2O3 (hema-
tite) (R-3c, JCPDS card, No. 01–1053, a = 0.5028  nm, 
c = 1.3730 nm) (Hassanjani-Roshan et al. 2011) without any 
other phases. From the peak at 2θ = 33.17°, and using the 
Debye–Scherrer equation (Lassoued et al. 2017), the average 
size of the α-Fe2O3 crystallite was calculated as ~ 18 nm.

SEM image of n-Fe2O3 powder synthesized by the 
sonochemical method is shown in Fig. 1d. It was seen that 
α-Fe2O3 nanoparticles are slightly agglomerated, which is 
characteristic of powdery materials, and have a spherical 
shape with a diameter over the range of 15—50 nm, which 
was consistent with the XRD measurement results.

In the sono-Fenton process, the application of US radia-
tion induces sonolysis of water molecules (Eq. (6)) result-
ing in the formation of hydroxyl radicals, which can be fur-
ther enhanced by the catalyst characteristics. For example, 

conversion of  Fe3+ from hematite into  Fe2+ based on the 
reaction with water by Eq. (7) (Dindarsafa et al. 2017) also 
yields additional ∙OH radicals in the aqueous solution as per 
following equations:

The presence of solid particles of catalysts (for example, 
hematite particles) in the solution also provides additional 
nuclei for the development of cavitation phenomena (Melero 
et al. 2008). Disaggregation of hematite nanoparticles under 
US radiation will lead to an increase in their surface area, 
which will promote better accessibility to active centers and 
hence still better production of oxidizing species.

Effect of pH on the oxidative degradation of CAP

With an increase in the pH of the reaction medium from 3.00 
to 5.00 applied for the modified sono-Fenton process (Fig. 2a), 
the degree of oxidative degradation of CAP decreased by 
48.2% (from 62.0 to 13.8%) during 3600 s. An increase in the 
treatment duration from 3600 to 7200 s led to an increase in 
the degradation degree by 8.7%, i.e., from 62.0 to 70.7% (at pH 
of 3) although a very marginal change by 0.4% from 13.8 to 
14.2% was seen at pH of 5. At pH of 7, the degree of oxidative 

(6)H2O →
∙
OH + H

∙
,

(7)Fe
3+ + H2O → Fe

2+ + ∙
OH + H

+
.

Fig. 1  Analysis of n-Fe2O3 
powder synthesized by the 
sonochemical method. a IR 
spectrum, b EDX spectrum, 
c XRD pattern, and d SEM 
images
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degradation of CAP for treatment durations of 3600 and 7200 s 
was again similar at 7.8 and 8.3%, respectively. For direct oxi-
dation of CAP by SPC at the minimum tested concentration 
of SPC of 7.74 mM (at the molar ratio of CAP:SPC = 1:50), 
the initial concentration of CAP of 1.548 ×  10–4 M, the tem-
perature of the reaction medium of 298 K, and pH of 3, deg-
radation of CAP over a period of 7200 s was 3.8%. Inhibition 
of CAP degradation using the US/Fenton-like treatment (US/
sponge iron/H2O2) with increasing pH is caused by a decrease 
in the redox potential and activity of ∙OH radicals (Meng et al. 
2021). The efficiency of CAP degradation using just sonica-
tion without the sponge iron and hydrogen peroxide at pH of 
3, the initial concentration of CAP of 120 mg/L, US power 
of 200 W, and US frequency of 20 kHz was only 4.6% after 
60 min. At the solution pH higher than 3, the hydrolysis of 
 Fe3+ ions in the solution caused a sharp decrease in the genera-
tion rate of hydroxyl radicals (Hsueh et al. 2005). As a result, 
the increase in the solution pH was accompanied by a decrease 
in the efficiency of degradation of azo dyes using Fenton and 
Fenton-like reactions. Instead, in low pH condition, iron ion 
was more eluting (Tokumura et al. 2006) leading to an increase 
in the rate of generation of hydroxyl radicals. At pH > 4.0, pre-
cipitation of  Fe3+ ions occurs based on the formation of  Fe2+ 
complexes as per Eq. (8) and the  Fe3+ oxyhydroxides as per 
Eqs. (9) – (11) (Xu and Li 2010), which have a low activa-
tion efficiency of SPC. As a result, fewer hydroxyl radicals are 

formed and, accordingly, the efficiency of CAP degradation 
decreases at higher operating pH.

The TOC percentage decreased by 42.8% over 7200 s as 
time of treatment using modified sono-Fenton process (US/
HA+/n-Fe2O3/SPC) at the initial concentration of CAP of 
1.548 ×  10–4 M, the molar ratio of CAP:HA+:n-Fe2O3:SPC 
of 1:100:100:100, the temperature of the reaction medium 
of 298 K, pH of 3.00, and specific power of US of 53.3 W/L.

The results shown in Fig. 2b indicate that CAP degra-
dation using the US/HA+/n-Fe2O3/SPC process follows a 
pseudo-first-order reaction mechanism. The maximum value 
of the degradation rate constant of CAP using the modified 
sono-Fenton process (7.492 ×  10–4  s−1) was reached at pH of 
3 (Fig. 2b). With an increase in pH from 3 to 5, the degrada-
tion rate constant of CAP (Table 1) decreased by 4.2 times 
(from 7.492 ×  10–4 to 1.800 ×  10–4  s−1). A further increase in 

(8)Fe2+ + H2O → FeOH+ + H+,

(9)Fe3+ + H2O → FeOH2+ + H+,

(10)Fe3+ + 2H2O → Fe(OH)+
2
+ 2H+,

(11)2Fe3+ + 2H2O → Fe2(OH)
4+
2

+ 2H+.

Fig. 2  The effect of pH on a the 
oxidative degradation of CAP, 
b pseudo-first-order kinetic 
plots of CAP degradation, and c 
changes in the redox poten-
tial of the reaction medium 
at pH = 3.00 when using the 
modified sono-Fenton process 
(experimental conditions: 
 C0(CAP) = 1.548 ×  10–4 M, the 
molar ratio of CAP:HA+:n-
Fe2O3:SPC = 1:100:100:100, 
V = 200 mL, T = 298 К, the 
specific power of US cavitation 
– 53.3 W/L)
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pH to 7.00 led to a decrease in the degradation rate constant 
by 33.5% – from 1.800 ×  10–4 to 1.197 ×  10–4  s−1. Zhang 
et al. (2020) also reported that the degradation rate constant 
of CAP using the US-enhanced nZVI/persulfate treatment 
decreased from 1.728 ×  10–4 to 1.200 ×  10–4  s−1 with increas-
ing pH from 3.06 to 11.09. It was thus clearly elucidated 
that the efficiency and intensity of oxidation are greatest in 
an acidic medium, which was also confirmed based on the 
measurements of the redox potential during the implemen-
tation of the modified sono-Fenton process with maximum 
value seen at pH of 3.00  as 417 mV obtained after 7200 s 
of treatment (Fig. 2c).

Effect of molar ratio of CAP:HA+:n‑Fe2O3:SPC 
on the oxidative degradation of CAP

With an increase in the quantity of reagents  (HA+, n-Fe2O3, 
SPC), which form a redox system, by two times, the degrada-
tion degree of CAP increased by 5.7% (from 56.3 to 62.0%) 
within 3600  s. The applied increase in the reagents was 
equivalent to an increase in the molar ratio of CAP:HA+:n-
Fe2O3:SPC from 1:50:50:50 to 1:100:100:100 (Fig. 3a). An 
increase in the treatment duration to 7200 s led to an increase 
in the oxidative degradation degree of CAP at the molar 
ratio: 1:50:50:50—by 5.6% (from 56.3 to 61.9%) whereas at 
1:100:100:100, observed increase was by 8.7% (from 62.0 
to 70.7%). For the molar ratio of CAP:HA+:n-Fe2O3:SPC 
of 1:50:50:50, the ratio in mg/L was 50:538:1238:1215, 
and the concentration of  H2O2 was equal to 7.7 mM. For 
the molar ratio of CAP:HA+:n-Fe2O3:SPC of 1:75:75:75, 
the ratio in mg/L was 50:807:1858:1823, and the concentra-
tion of  H2O2 was equal to 11.6 mM. For the molar ratio of 
CAP:HA+:n-Fe2O3:SPC of 1:100:100:100, the ratio in mg/L 

was 50:1076:2477:2430, and the concentration of  H2O2 was 
equal to 15.5 mM Wu et al. (2015). also reported that with an 
increase in  H2O2 and pyrite dosages, the oxidative degrada-
tion degree of CAP increased. As the dose of oxidant  (H2O2) 
increases, more hydroxyl radicals can be formed (Wu et al. 
2015; Meng et al. 2021), which increases the efficiency of 
CAP degradation. Increasing the catalyst dosage expands 
the contact surface in the heterogeneous process (Wu et al. 
2015), which accelerates the decomposition of SPC resulting 
in higher oxidation capacity. An increase in the amount of 
hydroxylamine in the protonated form  (HA+) also contributes 
to a more intensive reduction of Fe (III) compounds to Fe (II) 
according to Eqs. (14)–(17) contributing to higher oxidation 
rates [58, 59].  N2,  N2O, NO−

3
 , and NO−

2
 were the final products 

of reduction of Fe (III) by hydroxylamine as demonstrated in 
Eqs. (17)–(23) (Merouani et al. 2022).

(12)H2O → H
∙ + ∙

OH,

(13)H2O2 → 2
∙
OH,

(14)Fe(III) + NH3OH
+
↔ Fe

(

NH2OH
)3+

+ H+,

(15)Fe
(

NH2OH
)3+

+ H+
↔ Fe(II) + NH2O

∙ + 2H+,

(16)Fe(III) + NH2O
∙
→ Fe(II) + NHO + H+,

(17)5Fe(III) + 2H2O + NH2O
∙
→ 5Fe(II) + NO−

3
+ 6H+,

(18)∙OH + NH3OH
+
→ NH2O

∙ + H2O + H+,

Table 1  Dependence of the oxidative degradation rate constant of CAP on the pH of the reaction medium

The pH of the reaction medium 3.00 5.00 7.00
Oxidative degradation rate constant of CAP,  s−1 (7.492 ± 0.216) ×  10–4 (1.800 ± 0.315) ×  10–4 (1.197 ± 0.021) ×  10–4

Fig. 3  The effect of 
CAP:HA+:n-Fe2O3:SPC 
molar ratio on a the oxidative 
degradation of CAP, and b 
pseudo-first-order kinetic plots 
of CAP degradation using the 
modified sono-Fenton process 
(experimental conditions: 
 C0(CAP) = 1.548 ×  10–4 M, 
V = 200 mL, pH = 3.00, T = 298 
К, the specific power of US 
cavitation – 53.3 W/L)
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It should be noted that the oxidative degradation rate con-
stant of CAP with increasing the molar ratio of CAP:HA+:n-
Fe2O3:SPC from 1:50:50:50 to 1:100:100:100 increased by 
1.3 times from 5.550 ×  10–4 to 7.492 ×  10–4   s−1 (Fig. 3b, 
Table 2). In a similar trend reported in literature, the pseudo-
first-order kinetic rate constant for the decomposition of 
CAP using the pyrite–H2O2 system at pH = 3, the tempera-
ture of 298 K, the initial concentration of CAP of 50 mg/L, 
dosages of  H2O2 and pyrite of 1.0 mM and 50 mg/L, respec-
tively, was equal to 1.550 ×  10–4  s−1 (Wu et al. 2015). The 
higher value of the kinetic rate constant reported in the cur-
rent work clearly demonstrates the higher efficacy of the 
oxidation capacity applied for CAP degradation.

Effect of specific power of US on the oxidative 
degradation of CAP

An increase in the specific power of US cavitation process-
ing had not much effect on the degradation of CAP. Using 
the hybrid advanced oxidation process of US/HA+/n-Fe2O3/
SPC for 7200 s, the degradation degree of CAP was 70.7% 
at a specific power of 53.3 W/L; 71.7% at a specific power 
of 68.0 W/L and 72.2% at a specific power of 83.3 W/L. An 
increase in the US power from 60 to 180 W was reported 
cause a similar very marginal change in the decoloriza-
tion degree of methylene blue (MB) (by 0.6% from 73.5 to 
74.1%) using the “Sonoperoxate” process—US/H2O2/KIO4 
(Sukhatskiy et al. 2022). In general, a higher US power 
leads to violent turbulence and, accordingly, to increased 
homogenization and intensification of mass transfer in the 

(19)NHO + NH3OH
+
→ N2 + 2H2O + H+,

(20)NH2O
∙ + ∙OH → NHO + H2O,

(21)2NH2O
∙
→ N2 + 2H2O,

(22)2NHO → N2O + H2O,

(23)NO−
3
+ NH2OH + OH−

→ NO− + NO−
2
+ 2H2O.

solution (Zhang et al. 2020). In addition, at higher US inten-
sity, more cavitation bubbles are expected, and as a result of 
their collapse, more free radicals (Meng et al. 2021), primar-
ily hydroxyl ones, are formed, which can contribute to the 
increase in the degradation degree of pollutants. Very small 
changes in the degradation degree of CAP with increasing 
specific power of US cavitation, which were in good agree-
ment with small changes in the degradation rate constant 
(Table 3), can be attributed to the dominant contribution 
of the oxidants used in the process. It is important to note 
that a low US frequency (22 kHz) used in the current work 
results in longer acoustic cycles, which is accompanied by a 
longer duration of cavitation bubbles collapse and, accord-
ingly, causes self-quenching of the free radicals inside the 
cavitation bubbles (Zhang et al. 2020). Therefore, at the low 
US frequency, the oxidants used in this case are dominating 
over the degradation process rather than the hydroxyl radi-
cals produced by the cavitation bubbles. At the same time, 
ultrasonic vibrations contribute to an increase in mass trans-
fer. In general, changing the US frequency affects the single 
bubble yield and the number of active bubbles. Although not 
studied in the current work, credence to effect of frequency 
can be given on the basis of literature illustration. During the 
sonochemical degradation of naphthol blue black in water 
at 585 kHz, it was reported that the bubble has more time 
to expand, resulting in a higher expansion ratio and so a 
higher compression ratio of the bubble (Ferkous et al. 2015). 
Accordingly, the bubble collapse efficiency was greater 
resulting in a higher collapse temperature, which intensifies 
the dissociation of water vapor and oxygen molecules with 
the higher formation of free radicals and atoms, which will 
lead to an increase in the efficiency of pollutant degradation. 
With an increase in the US frequency to 1140 kHz, a lot of 
bubbles with a smaller diameter were formed, which are 
characterized by a shorter collapse time and a lower collapse 
temperature (Ferkous et al. 2015), which led to a lower dis-
sociation of water vapor and oxygen molecules and, accord-
ingly, a decrease in the rate of formation of free radicals and 
atoms. Therefore, the degree of sonochemical degradation of 
naphthol blue black decreased indicating the optimum selec-
tion of frequency is also important. Based on the current 

Table 2  Dependence of the oxidative degradation rate constant of CAP on the CAP:HA+:n-Fe2O3:SPC molar ratio

The CAP:HA+:n-Fe2O3:SPC molar ratio 1:50:50:50 1:75:75:75 1:100:100:100
Oxidative degradation rate constant of CAP,  s−1 (5.550 ± 0.136) ×  10–4 (6.412 ± 0.124) ×  10–4 (7.492 ± 0.216) ×  10–4

Table 3  Dependence of the oxidative degradation rate constant of CAP on the specific power of US cavitation

Specific power of US cavitation, W/L 53.3 68.0 83.3
Oxidative degradation rate constant of CAP,  s−1 (7.492 ± 0.216) ×  10–4 (7.682 ± 0.379) ×  10–4 (7.878 ± 0.441) ×  10–4
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results of insignificant effect of the change in the specific 
power of US on the oxidative degradation degree of CAP 
and the degradation rate constant, it was suggested to carry 
out cavitation processing of the reaction medium at a spe-
cific power of 53.3 W/L, which was the minimum possible 
based on the processor applied in the work and can help to 
minimize energy consumption.

Effect of CAP initial concentration on its oxidative 
degradation

An increase in the initial concentration of CAP in the water 
medium led to a decrease in its oxidative degradation degree. 
Quantitatively, for the treatment duration of 3600 s, the degra-
dation degree of CAP was equal to: 75.9% at the  C0(CAP) of 
25 mg/L (0.774 ×  10–4 M); 62.0% at the  C0(CAP) of 50 mg/L 
(1.548 ×  10–4  M) and 55.7% at the  C0(CAP) of 75  mg/L 
(2.322 ×  10–4 M). The degradation degree of CAP for the treat-
ment duration of 7200 s increased to 81.5, 70.7, and 66.2% 
(Fig. 4), respectively. At a constant dose of the oxidant (SPC), 
the yield of active species remains the same, and hence, with 
an increase in the initial concentration of CAP in the solution, 
lower degradation is seen as more free radicals, in particular 
hydroxyl ones, are needed for the effective degradation of 
CAP. In addition, intermediates formed during CAP oxidation 

competed with CAP molecules for the limited hydroxyl radicals. 
Therefore, the oxidative degradation degree of CAP decreased 
with an increase in its initial concentration. Similar results were 
obtained by Zhang et al. (2020). With an increase in the initial 
concentration of CAP from 2 to 10 mg/L, the obtained degrada-
tion within 90 min using US-enhanced nZVI/persulfate treat-
ment decreased from 99.0 to 82.2%. However, it is interesting 
to note in the current work that the number of moles of CAP 
degraded at the initial concentration of CAP 75 mg/L for 7200 s 
was greater (1.537 ×  10–4 M) than at the initial concentration of 
CAP 50 mg/L (1.094 ×  10–4 M), and 25 mg/L (0.631 ×  10–4 M).

In the current work, it was also elucidated that the oxidative 
degradation rate constant of CAP decreased by 2.5 times (from 
7.492 ×  10–4 to 3.010 ×  10–4  s−1) with an increase in its initial 
concentration from 50 to 75 mg/L (Table 4). Therefore, it was 
clearly elucidated that with an increase in the initial CAP con-
centration in its aqueous solution, the efficiency and intensity 
of its removal decreases, which needs to be carefully looked 
at while optimizing the treatment process. For higher initial 
pollutant concentrations, it would be advisable to use higher 
degree of oxidants so as to achieve desired treatment efficacy.

Effect of the temperature on the oxidative 
degradation of CAP

Due to an increase in the temperature by 10 K (from 298 to 
308 K), the oxidative degradation degree of CAP using the modi-
fied sono-Fenton process within 3600 s increased by 13.1% from 
62.0 to 75.1% (Fig. 5a). A further increase in the temperature to 
318 K led to an increase in the degradation degree of CAP by 
another 6.9% from 75.1 to 82.0%. As a result of increasing the 
treatment duration from 3600 to 7200 s, the degradation degree 
of CAP increased by 8.7% (from 62.0 to 70.7%) at the reaction 
medium temperature of 298 K; by 4.1% (from 75.1 to 79.2%) 
at the reaction medium temperature of 308 K and by only 1.1% 
(from 82.0 to 83.1%) at the reaction medium temperature of 
318 K (Fig. 5a). An initial increase in the temperature acceler-
ates the decomposition of SPC and the dissolution of hydrogen 
peroxide,  (Lin et al. 2017; Zhang et al. 2018). In a similar study, 
it was also reported that as the temperature increased from 288 to 
323 K, the degradation degree of sulfamethazine using the CuS/
SPC/tetraacetylethylenediamine process within 30 min increased 
from 69.7 to 100% (Li et al. 2022).

With an increase in the medium temperature from 298 to 
308 K, the oxidative degradation rate constant of CAP using 
the modified sono-Fenton process increased by 1.2 times—
from 7.492 ×  10–4 to 9.062 ×  10–4  s−1 (Fig. 5b, Table 5). A 

Fig. 4  The effect of CAP initial concentration (in mg/L) on 
its oxidative degradation using the modified sono-Fenton pro-
cess (experimental conditions:  C0(SPC) =  C0(HA+) = 15.5  mM, 
 C0(n-Fe2O3) = 2.5 g/L, V = 200 mL, pH = 3.00, T = 298 К, the specific 
power of US cavitation – 53.3 W/L)

Table 4  Dependence of the oxidative degradation rate constant of CAP on its initial concentration

The initial concentration of CAP, mg/L 25 50 75
Oxidative degradation rate constant of CAP,  s−1 (7.551 ± 0.372) ×  10–4 (7.492 ± 0.216) ×  10–4 (3.010 ± 0.040) ×  10–4
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further increase in the temperature from 308 to 318 K led to an 
increase in the rate constant by 1.4 times—from 9.062 ×  10–4 
to 1.253 ×  10–3  s−1. Zhang et al. (2018) also reported that with 
an increase in temperature from 283 to 323 K, the degrada-
tion rate constant of the azo dye Reactive Red 195 using the 
UV/Fe(III)-oxalate complex/SPC process increased from 
3.717 ×  10–4 to 6.833 ×  10–4  s−1.

Based on the Arrhenius plots of rate constant for oxidative deg-
radation of CAP using the modified sono-Fenton process (Fig. 5c), 
the activation energy (Ea) was calculated according to Eq. (24).

where R, universal gas constant, J/(mol × K); tg α, the tangent 
of the angle of inclination of the straight line ln k = f(1/T) 
to the abscissa axis. Ea for the sulfamethazine degradation 
using the CuS/SPC/tetraacetylethylenediamine process was 
also reported in similar range of 31.26 kJ/mol (Li et al. 
2022). Chen et al. (2000) reported that Ea of around 21 kJ/
mol is typical for the degradation reactions of most organic 
pollutants involving hydroxyl radicals. This indicates that 
hydroxyl radicals were involved in the oxidative degradation 

(24)
Ea = −Rtg� = −8.314 × (−2429.095) ≈ 20195 J∕mol,

of CAP using the modified sono-Fenton process (US/HA+/n-
Fe2O3/SPC) as elucidated in the current work.

Synergistic effect for the combined process

It was established that the degradation of CAP using US pro-
cessing, the modified Fenton process  (HA+/n-Fe2O3/SPC), and 
the combined process of the modified sono-Fenton process 
(US/HA+/n-Fe2O3/SPC) obtained in 7200 s were equal to 
2.9, 37.9, and 70.7%, respectively. Similarly, the degradation 
rate constant of CAP using US processing, the modified Fen-
ton process, and the combined process (Fig. 6) were equal to 
3.739 ×  10–5, 4.550 ×  10–6, and 7.492 ×  10–4  s−1, respectively. 
A significant increase in the extent of degradation and rate 
constant of CAP degradation for the modified sono-Fenton 
process was due to the synergistic effect of the combination 
of US and the modified Fenton process, which resulted in the 
enhanced generation of hydroxyl radicals (Dindarsafa et al. 
2017). The synergistic coefficient (f) for the combination of the 
US and the heterogeneous Fenton process at the temperature 
of 298 K was calculated based on the values of the degradation 

Fig. 5  The effect of the 
temperature on a the oxida-
tive degradation of CAP, b 
pseudo-first-order kinetic 
plots of CAP degradation, 
and c Arrhenius plots of rate 
constant (k) for oxidative 
degradation of CAP using the 
modified sono-Fenton process 
(experimental conditions: 
 C0(CAP) = 1.548 ×  10–4 M, the 
molar ratio of CAP:HA+:n-
Fe2O3:SPC = 1:100:100:100, 
V = 200 mL, pH = 3.00, the 
specific power of US cavita-
tion– 53.3 W/L)

Table 5  Dependence of the oxidative degradation rate constant of CAP on the temperature of the reaction medium

The temperature of the reaction medium, K 298 308 318
Oxidative degradation rate constant of CAP,  s−1 (7.492 ± 0.216) ×  10–4 (9.062 ± 0.290) ×  10–4 (1.253 ± 0.051) ×  10–3
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rate constants of CAP for individual processes according to 
Eq. (25).

In a recent study, it was reported that at the molar ratio of 
MB:H2O2:KIO4of1:100:25, the synergistic coefficient of the 
“Sonoperoxate” process was 3.25 (Sukhatskiy et al. 2022). 
Therefore, the proposed AOP (US/HA+/n-Fe2O3/SPC) is 
significantly more intensive and efficient, compared to the 
individual processes used for its development as well as other 
oxidation systems reported in the literature.

Elucidating the role of hydroxyl radicals

TBA is a strong hydroxyl radical scavenger, which is broadly 
and routinely used in AOPs (Merouani et al. 2022). A signifi-
cant decrease in the oxidative degradation degree of CAP due 
to the introduction of an aqueous solution of TBA into the 
reaction medium (Fig. 7) was revealed with actual decrease 
in the degradation as 36.7% (from 70.7 to 34.0%) at a con-
centration of TBA of 25 mM; 41.7% (from 70.7 to 29.0%) at 
a concentration of TBA of 50 mM; and by 54.6% (from 70.7 
to 16.1%) at a concentration of TBA of 100 mM. An increase 
in the concentration of an aqueous solution of TBA also led to 
a decrease in the oxidative degradation rate constant of CAP 
(Table 6). The above observed trend confirms the extensive 
participation of ∙OH radicals in the oxidative degradation of 
CAP using the modified sono-Fenton process.

Comparing the efficacy of different applied pro-
cesses, it can be said that the oxidative degradation of 

(25)f =
kUS∕NH2OH⋅HCl∕Fe2O2(nanoparticles)∕Na2CO3⋅1.5H2O2

kUS + kNH2OH⋅HCl∕Fe2O3(nanoparticles)∕Na2CO3⋅1.5H2O2

=
7.492 × 10−4

3.739 × 10−5 + 4.550 × 10−6
= 17.9.

CAP using different processes increased in the following 
order: US < direct oxidation by SPC < US/n-Fe2O3 < US/
SPC < n-Fe2O3/SPC <  HA+/n-Fe2O3/SPC (actual values as 
2.9% < 5.1% < 8.7% < 17.4% < 29.5% < 37.9%) under best 
treatment conditions of specific power of US as 53.3 W/L, 
the concentration of SPC as 15.48 mM (at the molar ratio 
of CAP:SPC of 1:100), the n-Fe2O3 loading as ~ 2.5 g/L, 
the concentration of  HA+ as ~ 1.1 g/L (at the molar ratio of 
CAP:HA+ of 1:100), the temperature of the reaction medium 
as 298 K, the treatment duration as 7200 s, and pH as 3.00. 
The efficiency of degradation of CAP using US treatment 
or direct oxidation by SPC was low attributed to the low 
yield of hydroxyl radicals during the sonolysis of water or 
the chemical resistance of CAP to direct oxidation by SPC. 
The efficiency of US-assisted removal of CAP by n-Fe2O3 
was slightly higher compared to the efficiency of only US 
treatment. US activated SPC, causing synergism, which 
was manifested in an increase in the generation of hydroxyl 
radicals resulted in an increase in the degradation of CAP to 
17.4%. n-Fe2O3/SPC is a modification of the Fenton process, 
in which n-Fe2O3 was applied as a catalyst for the decompo-
sition of  H2O2 to form hydroxyl radicals, and the source of 
 H2O2 was SPC.  HA+ acted as a Fe (III) to Fe (II) reducer, 
ensuring the stability of the  Fe3+/Fe2+ redox cycle and, 
accordingly, an increase in the number of hydroxyl radicals 
and the degradation degree of CAP. Considering the above, 
the presence of a hydrogen peroxide decomposition catalyst 

Fig. 6  Pseudo-first-order kinetic plots of CAP degradation using dif-
ferent processes

Fig. 7  The effect of the concentration of an aqueous solu-
tion of TBA (in mM) on the oxidative degradation of CAP 
using the modified sono-Fenton process (experimental condi-
tions:  C0(CAP) = 1.548 ×  10–4  M, the molar ratio of CAP:HA+:n-
Fe2O3:SPC = 1:100:100:100, V = 200  mL, pH = 3.00, T = 298 К, the 
specific power of US cavitation – 53.3 W/L)
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(n-Fe2O3) and Fe (III) to Fe (II) reducer  (HA+) were the key 
factors for the enhanced generation of hydroxyl radicals that 
attacked CAP molecules resulting in higher degradation.

Figure 8 shows the UV–Vis spectra of the CAP oxi-
dative degradation using the modified sono-Fenton 
process. For the CAP oxidative degradation using the 
modified sono-Fenton process, the maximum absorp-
tion peak lowered and red-shifted (Wu et al. 2018) from 
278 nm to about 281 nm, confirming the CAP degrada-
tion. According to literature (Wu et al. 2015; Meng et al. 
2021), a dehydroxylation reaction of CAP occurs to form 
2, 2-dichloro-n-(1-(4-nitrobenzoyl)vinyl)acetamide. The 
C–N and C–C cleavage also occurs due to the ∙OH attack 
during the oxidative degradation of CAP resulting in the 
formation of nitrobenzaldehyde and dichloroacetamide. 
The intermediates are finally mineralized to inorganic ions 
(such as NO−

3
 and Cl− ) and small molecular compounds 

(such as  H2O and  CO2).

Conclusions

Use of the modified sono-Fenton process (US/HA+/n-Fe2O3/
SPC) for the oxidative degradation of the antibiotic CAP 
was effectively demonstrated in the current work for the 

first time. The hybrid process resulted in significant syner-
gism based on the contribution of SPC as a carrier of “solid 
 H2O2,” n-Fe2O3 as a catalyst for the decomposition of  H2O2, 
 HA+ as a reducer of Fe (III) to Fe(II), and US cavitation 
that enhance the production of ∙OH radicals. The analyti-
cal methods of IR spectroscopy, EDX spectroscopy, and 
XRD analysis confirmed that the elemental composition 
and structure of the synthesized catalyst corresponded to 
the chemical formula α-Fe2O3 (hematite), and the average 
size of the α-Fe2O3 crystallite, which was calculated using 
the Debye–Scherrer equation, was ~ 18 nm, which was also 
confirmed by the analysis of SEM images. Application of 
the hybrid process of modified sono-Fenton resulted in the 
maximum degradation of CAP as 83.1% under the optimized 
conditions along with the maximum oxidative degradation 
rate constant of CAP as 1.253 ×  10–3  s−1 and synergistic 
coefficient of 17.9. The current work has clearly shown the 
efficacy of modified sono-Fenton process for most effective 
degradation of CAP and the optimum set of operating condi-
tions for achieving maximum benefits.
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Table 6  Dependence of the oxidative degradation rate constant of CAP on the concentration of an aqueous solution of TBA

Concentration of an aqueous solution of TBA, 
mM

0 25 50 100

Oxidative degradation rate constant of CAP,  s−1 (7.492 ± 0.216) ×  10–4 (3.352 ± 0.180) ×  10–4 (2.312 ± 0.009) ×  10–4 (1.636 ± 0.005) ×  10–4

Fig. 8  UV–Vis spectra of CAP oxidative degradation using 
the modified sono-Fenton process (experimental conditions: 
 C0(CAP) = 1.548 ×  10–4  M, the molar ratio of CAP:HA+:n-
Fe2O3:SPC = 1:100:100:100, V = 200  mL, pH = 3.00, T = 298 К, the 
specific power of US cavitation – 53.3 W/L)
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