ELSEVIEF

Contents lists available at ScienceDirect

Journal of Molecular Liquids

journal homepage: www.elsevier.com/locate/molliq

Oxytetracycline removal and E. Coli inactivation by decomposition of
hydrogen peroxide in a continuous fixed bed reactor using

heterogeneous catalyst

Tetiana Tatarchukab* Nazarii Danyliuka, lvanna Lapchuka, Wojciech Macykb, Alexander Shyichukag,
Roman Kutsykd, Volodymyr Kotsyubynskye, Volodymyra Boichuk e

aEducational and Scientific Center of Material Science and Nanotechnology, Vasyl Stefanyk Precarpathian National University, lvano-Frankivsk 76018, Ukraine
bFaculty of Chemistry, Jagiellonian University, ul. Gronostajowa, 2, 30-387 Krakéw, Poland

cFaculty of Chemical Technology and Engineering, Bydgoszcz University of Science and Technology, Bydgoszcz, Poland

dMicrobiology Department, Ivano-Frankivsk National Medical University, lvano-Frankivsk 76018, Ukraine

eDepartment of Material Science and New Technology, Vasyl Stefanyk Precarpathian National University, 76018 Ivano-Frankivsk, Ukraine

ARTICLE INFO

Article history:

Received 6 August 2022

Revised 25 August 2022

Accepted 31 August 2022
Available online 5 September 2022

Keywords:

Fenton oxidation
Hematite
Hydrogen peroxide
Fixed-bed reactor
Water disinfection
Oxytetracycline

1. Introduction

ABSTRACT

Fenton oxidation with heterogeneous hematite catalyst in a fixed bed reactor was investigated for water
disinfection. The granulated hematite catalyst was prepared and tested to decompose H202, inactivate
bacteria E. coli and degrade oxytetracycline. X-ray diffraction patterns confirmed the stability of the cat-
alyst phase after sintering and after the decomposition of H202. M&ssbauer spectra of the raw and used
catalysts demonstrate the stable values of isomer shift. This fact confirms the chemical stability of the
hematite catalyst. The degree of the H202 decomposition was found to increase with increasing residence
time in the catalytic reactor. The prepared hematite catalyst was tested for the removal of oxytetracycline
in a continuous flow mode. The efficiency of oxytetracycline removal increases with the increasing con-
centration of H:Oz. The effect of the inlet concentration of H:O> on the inactivation of E. coli was also
studied. It was found that the outlet bacterial count gradually decreases with the increase of the inlet
H.0O: concentration. The larger the inlet bacterial loading, the larger the H.O: concentration is required
to attain an acceptable bacteria count at the reactor outlet. At neutral pH, the surface of the catalyst is
positively charged (pHPAC=8.09) and E.coli bacteria are electrostatically attracted to the hematite surface.
This contributes to their accelerated inactivation by hydroxyl radicals formed on the catalyst surface.
Thus, the fixed-bed flow-through reactor filled with hematite is promising for the degradation of organic

pollutants and water disinfection.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.07).

Escherichia coli is a common Gram-negative bacterium found in
the aquatic environment. E. coli usually occurs in the digestive tract

Water purification and disinfection are one of the key chal- of animals and humans and is not harmful to healthy organisms.

lenges of humanity. About 1.8 billion people use contaminated
water that is unfit for human consumption [1,2]. The main sources
of bacterial and organic pollution are municipal, hospital, and
industrial wastewaters. The number of cases of bacterial infections
reaches two million per year. The pathogenicity of bacteria largely
depends on the structure of their outer shell cellular wall [3]. So-
called Gram-positive bacteria have a straight thick cell wall, while
Gram-negative bacteria have a multilayer cell wall [4]. It is the
Gram-negative bacteria that often cause infectious diseases.
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However, even non-pathogenic strains of E. coli may cause an
infectious disease with a weak immune system [5]. The most com-
mon water disinfectants are chlorine gas and ozone, but both have
disadvantages. Molecular chlorine reacts with organic matter to
form toxic by-products. Ozone, on the other hand, requires com-
plex equipment, is unstable, and is expensive. For this reason,
hydrogen peroxide is considered a promising reagent for disinfect-
ing water.

Hydrogen peroxide is a usual oxidizing agent in advanced oxi-
dation processes (e.g., Fenton processes) for the treatment of
industrial wastewaters [6-11]. The well-known Fenton oxidation
is highly efficient and easy to use [12]. However, homogeneous
Fenton oxidation has disadvantages related to the required acidic
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pH and the formation of iron hydroxide by-products. Instead,
heterogeneous Fenton oxidation with iron-containing solid cata-
lysts looks better due to the easy separation and reuse of the cata-
lyst [13,14]. As in the case ofthe homogeneous Fenton catalyst, the
interaction of hydrogen peroxide with iron ions at the catalyst sur-
face leads to the formation of hydroxyl radicals capable of destroy-
ing various organic pollutants and microorganisms [14,15]. The
heterogeneous Fenton catalysts do not require low pH conditions,
reducing operating costs and environmental issues [12]. During
heterogeneous Fenton oxidation, only small amounts of iron ions
are leached from the catalyst surface [16].

Among iron oxides, hematite Fe2Os attracts attention due to its
abundance, low cost, and stable catalytic activity [17-19]. The cat-
alytic performance of the hematite catalysts depends mainly on
several factors, such as concentration of surface active centers,
the size of the available pores, the chemical and thermal stability
of the structure [20,21]. The mechanism of H202 catalytic decom-
position on the hematite surface is still under study [22-26]. The
main reaction of the catalytic cycle is the generation of hydroxyl
radicals by oxidation of ferrous ions present on the hematite
surface:

=Fe2+ + H202 —=Fe3+ + HO* + HO— (1)
Ferrous ions are formed via the reduction of ferric ions by H202:
=Fe3+ + H202 —=Fe2+ + HOO* + H+ 2)

The reaction (2) is much slower and therefore limits the overall
reaction rate [23]. The formed hydroxyl radicals HO* are highly
reactive species that effectively destroy organic molecules while
hydroperoxyl radicals HOO* are less effective oxidants. Hydroxyl
radicals can also react directly with hydrogen peroxide:

HO* + H202 —HOO* + H. 0 (3)

It is worth noting that literature reports use the Fenton oxida-
tion mainly in batch mode. However, batch reactors have some dis-
advantages, like difficulties in separating the catalyst from the
aqueous medium [27]. On the other hand, the flow-through reac-
tors with heterogeneous Fenton catalysts can effectively decom-
pose organic pollutants and inactivate pathogenic
microorganisms [28-31]. Punathil et al. [32] used an iron catalyst
supported with activated carbon in a fixed bed reactor to degrade
methylene blue. Munoz et al. [33] used magnetite Fe304 as a cata-
lyst to remove cylindrospermopsin cyanotoxin from pharmaceuti-
cal wastewater. Xu et al. [34] studied the magnetic composite
catalyst containing sepiolite and FesOs as a fixed-bed catalyst to
degrade bisphenol A. Vu et al. [35] studied mesoporous composite
Fe203 SiO2 as a fixed-bed catalyst to remove tartrazine. Zolfaghari
et al. [36] studied the continuous flow reactor filled with the
heterogeneous bio-Fenton catalyst FesOs/TiO: on the graphite
oxide surface to remove the malachite green dye. Literature reports
do not indicate the significant leaching of iron ions from the cata-
lyst surface. However, the long use of a batch reactor for the oxida-
tion of organic pollutants can lead to the accumulation of organic
acids, poisoning of the catalyst, and its corrosion.

The hematite has been reported to have innate antibacterial
properties [16,37-41]. Several studies confirm the antibacterial
effect of hematite in disinfection processes [42,43]. Fe203 has been
reported to be effective against Gram-positive bacteria [44].
Numerous studies are aimed to use hematite for disinfecting
water. For example, Bhushan et al. [45] synthesized an a-Fe203/
Co304 nanocomposite and described its antimicrobial properties
against E. coli, B. subtilis, S. aureus, and S. Typhi. The bactericidal
activity of the obtained material was explained by the synergistic
action of both oxides. Rufus et al. [42] synthesized an antibacterial
hematite sample using a “green” method with the use of Anac-

ardium occidentale extract. Escherichia coli and Staphylococcus aur-
eus were inactivated successfully. The biocide test was performed
using the agar-well diffusion method. A similar method was used
to assess the antibacterial properties of a-Fe203 oxide [43]. Inhibi-
tion zones of 16 and 14 mm were observed for S. aureus and E. coli,
respectively.

Oxytetracycline is an industrial antibiotic used to combat a
wide range of pathogenic microbes in intensive livestock, poultry
and fish farming [46]. OTC is harmful when released into the envi-
ronment as it favors the proliferation of antibiotic-resistant genes
[47,48]. OTC molecule contains four rings with a number of func-
tional groups [49]. The conventional wastewater treatment meth-
ods cannot effectively remove OTC due to its intrinsic resistance to
bacterial degradation. For this reason, a lot of research is aimed at
developing efficient and environmentally friendly technologies for
OTC removal at source. The most studied methods are adsorption,
ozonation and photocatalytic oxidation [50,51]. Advanced oxida-
tion with hydrogen peroxide or persulfate also shows promise
due to the use of inexpensive oxidants and a minimal amount of
by-products formed [52,53]. Iron-containing compounds have
been found to effectively catalyze oxidation of OTC by hydrogen
peroxide [54,55]. The oxidizing action of hydrogen peroxide is
maximal in the optimal concentration range, above which the side
reaction of hydrogen peroxide with hydroxyl radicals intensifies
[50]. The main pathways of OTC oxidation are hydroxylation, oxi-
dation of alcohol and phenolic hydroxyl groups, demethylation,
decarbonylation and dehydration [50,56]. It is worth noting that
most of the research was conducted in batch mode, which is not
convenient for large-scale applications.

The aim of this work is to evaluate a fixed-bed flow reactor
filled with hematite as a heterogeneous Fenton catalyst. Model
water pollutants were the antibiotic oxytetracycline and Escheri-
chia coli bacteria. The effect of hydrogen peroxide concentration
on the removal of oxytetracycline and the inactivation of Escheri-
chia coli was assessed.

2. Materials and methods
2.1. Chemicals and microorganisms

Reagent grade iron oxide Fe203 and hydrogen peroxide (31.5 %)
were obtained from SferaSim (Ukraine). Oxytetracycline (OTC) was
obtained from Klebrig Co. Itd. (China). The model bacteria were
Gram-negative, non-spore-forming bacteria Escherichia coli (ATCC
35218).

2.2. Catalyst preparation and characterization

The hematite powder was pressed into pellets of 1 cm in diam-
eter (at pressure 2 kN) and sintered at 900 °C for 6 h. The sintered
pellets were crushed and sieved to obtain granules of irregular
forms with sizes from 0.2 to 2 mm. The obtained Fe:0Os granules
were stable in hydrogen peroxide solutions and did not show spon-
taneous leaching of iron ions. The following labeling was used
throughout the study: the as-obtained sample was labeled as
“raw-Fe203”; the sintered granulated sample was labeled as
“sintered-Fe203”, and the catalyst granules recovered after the cat-
alytic reaction was labeled as “used-Fe20s3".

The phase compositions of the catalyst samples were deter-
mined using a Shimadzu XRD-7000 diffractometer (O- 20 scheme)
equipped with a Cu-Ka radiation tube (k = 1.5418 A) operating at
35 kV and 40 mA. The full pattern Rietveld refinement was per-
formed using FullProf software.

The mean size of the Fe2Os particles has been estimated from
the Scherrer equation:D = 0.892/bcos 0, where k is the X-ray



wavelength; R is the line broadening in radians, and Ois the Bragg

angle. R was calculated according to the Gaussian pro-

file:b2 = B2xp - bLt, where Bep is line broadening at half the max-
imum intensity (FWHM) and Rinst is the instrumental broadening
(determined from the lanthanum hexaboride LaB6 standard). The
FWHM of the 210-Kal reflex for the LaB6 standard defines Binst for
the diffraction system and was equal to 0.046°.

57Fe Mdossbauer spectra were obtained using the MS1104Em
spectrometer with the constant acceleration and moving absorber
(57Co source with an activity of about 10 mCi). Spectra were
recorded at room temperature in the transmission geometry. 57Fe
thin absorber demonstrates a linewidth of 0.29 mm/s. The isomer
shift was calibrated according to a-Fe at room temperature. The
velocity resolution was about 0.008 mm/s per channel. The result-
ing signal-to-noise ratios were greater than 31. The hyperfine
parameters were obtained from the Mdssbauer spectra using Uni-
vemMS 7.01 software. The spectra analysis was made under the
assumption of the same width of all spectrum lines.

The morphology and elemental composition of the samples
were examined using a REMMA-102-02 scanning electron micro-
scope equipped with a tungsten cathode with an accessory for
energy dispersion analysis. The accelerating voltage was approxi-
mately 20 kV.

The point of zero charge (pHPZC) of hematite granules was mea-
sured by the pH drift method. Solutions of sodium chloride (0.1 M)
with different pH values were prepared. The pH value was adjusted
by adding a solution of hydrochloric acid (pH < 7) and sodium
hydroxide (pH greater than 7). Then 0.3 g of hematite sample
was added to 10 mL of each solution. The solutions were stirred
for 4 h at room temperature and left for 24 h. The final pH values
were plotted as pHfinal vs pHinitial. The pHPZC value of the catalyst
surface was determined as the point of intersection of the experi-
mental curve with the line pHinitial = pHfinal.

2.3. Testing the catalytic activity of hematite in batch and flow modes

In the batch mode, the catalytic decomposition of hydrogen
peroxide was tested at 20 °C using a 100 mL beaker under contin-
uous stirring at 1000 rpm. The initial H202 concentration was
100 mM. The dosage of the Fe203 catalyst was 2 g/L. The reaction
mixture was sampled using a syringe filter and residual concentra-
tions of H202 were measured at 240 nm using a ULAB 102-UV spec-
trophotometer. Continuous measurements of the oxidation-
reduction potential (ORP) were carried out using a combined plat-
inum/silver chloride electrode with a PH800 laboratory benchtop
pH meter (Apera Instruments).

The continuous flow tests were performed in the tubular reac-
tors filled with the sintered-Fe203 catalyst granules. The flow-
through reactors were polymeric tubes capped with mineral wool
filters and stoppers. Three reactors were tested having different
lengths and internal diameters (Table 1). The different internal vol-
umes of the reactors resulted in different times of contact with the

Table 1

Reactor dimensions and details of catalytic experiments.
parameter reactor A reactor B reactor C
internal diameter of the tube, mm 35 12 12
column length, mm 200 290 650
empty reactor volume, mL 19 328 735
mass of catalyst (Fe2(s), g 05 57 144
size of catalyst particles, mm 02..20 0.2..20 02..20
bulk catalyst density, g/cm3 5.1 51 5.1
fluid flow rate, mL/min 45 45 45
residence time (RT), min 0.5 4.7 10.5
H.O: concentration, mM 2...5 2..5 2...5

catalyst. The residence time (RT) was calculated by the following
formula [57]: RT = \J
reactor (mL), Vc is the volume of the hematite catalyst (mL), j is
the flow rate (mL/min).

¢, where Vr is the volume of the fixed-bed

2.4. Oxytetracycline degradation tests

Hydrogen peroxide solution and oxytetracycline solution were
simultaneously fed to the reactor by peristaltic pumps with the
total flow rate of 4.5 mL/min. The experimental runs were carried
out at room temperature (20 °C). The oxidative degradation of
oxytetracycline was studied using different inlet concentrations
of hydrogen peroxide (10-20 mM) and OTC (2-6 mg/L). The outlet
concentration of OTC was determined by spectrophotometry using
ULAB 102-UV spectrophotometer with quartz cuvettes of 20 mm
optical path. UV spectrum of OTC contains two peaks appropriate
for its quantitative determination (Fig. 1a). The peak at 278 nm
overlaps the spectrum of H202 which is also present in the solution
(Fig. 1b). However, the OTC peak at 356 nm is free from this inter-
ference. Samples of the reaction mixture were analyzed in tripli-
cate and the results were averaged.

| The effects of OTC and H202 concentrations on degradation effi-
ciency were described by the response surface method (RSM). The
modeling was carried out using the software Design-Expert (ver.
8.0.6.. The used levels of the independent variables form a 3 x 5
matrix (Table 2).

2.5. Bacterial inactivation tests

Bacteria Escherichia coli were plated on an agar medium under
sterile conditions and grown at 37 °C for 24 h. The grown colonies
were used to prepare a bacterial suspension, which was normal-
ized according to the turbidity standard. Serial dilutions ofthe bac-
terial suspension were made by adding 0.1 mL of the bacterial
suspension to 0.9 mL of saline. The resulting solution was added
to 1 Lofdistilled water to obtain the desired concentration ranging
from 103 to 105 CFU/L. The concentrations of hydrogen peroxide
solution, used for bacterial inactivation, were 10, 25, 50, 100,
150, and 200 mM. Hydrogen peroxide solution and bacterial dis-
persion were simultaneously fed to the reactor by peristaltic
pumps with the total flow rate of4.5 mL/min. All experiments have
been performed at room temperature (20 °C). Bacteria remaining
in the reactor effluent were collected using a membrane filter.
The filter was placed on Endo medium and kept at 37 °C for
24 h. The Endo medium contains lactose which is fermented by
Escherichia coli. The formed red colonies with a characteristic
metallic sheen have been counted. The control bacterial suspen-
sion was the one that did not flow through the reactor. Log inacti-
vation was calculated using the equation (4):

Log inactivation = log(Nin=Nout), 4)

where Nin and Nout are the bacterial concentrations (CFU/L) at
the inlet and the outlet of the catalytic reactor, respectively. The

inactivation percentage (%) was calculated using the equation (5):
% inactivation = [1- Nout=Nin] x 100% (5)

3. Results and discussion

3.1. Characterization of the catalyst

3.1.1. XRD

X-ray diffractometry was used to assess the phase composition
and stability of the catalyst samples. Fig. 2a shows the XRD pat-
terns of the raw-Fe:20s, sintered-Fe20s, and used-Fe2Os. All Bragg



Fig. 1. (a) UV-vis spectra of OTC solutions with indicated concentrations; (b) UV spectra of H:&: solutions with indicated concentrations.

Table 2

The levels of the independent variables used in the RSM modeling.
independent variable levels
[OTC], mo/L 2,3, 4;5; 6
[HCz], mM 10; 15; 20

peaks of the XRD patterns correspond to the only rhombohedral
structure of a-Fe203 (PDF# 87-1164). The presented data show
that the hematite phase remained stable after sintering and after
the catalytic decomposition of H. O:.

The full width at half maximum (FWHM) of diffraction peaks
was found to decrease after sintering (Fig. 2b). However, FWHM
again increased after the use of hematite catalyst in the decompo-
sition of H202 (Fig. 2b). The changes in FWHM mean that the aver-
age crystallite size is changed. The average crystallite sizes of the
raw-Fe203, sintered-Fe203, and used-Fe203 samples were calcu-
lated according to the Scherrer equation. The crystallite size values
were found to be 41, 47, and 35 nm, respectively. The increase in
crystallite size after sintering can be explained by considering that
the raw hematite sample contains surface OH groups formed from
adsorbed water molecules. During sintering, the surface OH groups
are lost and crystallite boundaries become more ordered. The
opposite changes occur during the catalytic decomposition of
H: O.. The formed hydroxyl radicals lead to the hydroxylation of
the hematite surface. As a result of the partial amorphization, the

average crystallite size of the used-Fe. O: is decreased. The sinter-
ing treatment does not change the lattice parameters a and ¢ (the a
value is equal to 5.03 A, while the ¢ value is equal to 13.74 A). The
lattice parameters a and c did not change after the catalytic decom-
position of H: O:.

3.1.2. Mdsshauer spectroscopy

Fig. 3 shows the room-temperature Mdssbauer spectra of the
hematite samples obtained in transmission mode. All the spectra
were optimally adjusted by using only one sextet component.
Table 3 summarizes the results of the spectra fitting. The slightly
decreased quadruple splitting after sintering corresponds to
increased crystal symmetry. This parameter is not changed for
the used hematite catalyst (used-Fe.Os sample). The evolution of
the hyperfine field and line width values agree with the decreasing
particle sizes inferred from the XRD data. At the same time, the
stable values of isomer shift confirm the chemical stability of the
studied hematite catalyst.

3.1.3. SEM

The morphology of a catalyst surface plays an important role in
catalytic reactions. The surface of the hematite Fe:Os: catalyst was
analyzed by scanning electron microscopy. Fig. 4 shows the surface
of hematite samples before and after sintering at 900 °C. It can be
seen that the raw hematite particles are not uniform in shape and
form large agglomerates. After sintering, a significant difference in

Fig. 2. (a) XRD patterns of the studied hematite samples; (b) the comparison of the (104) peaks for the hematite samples using Rietveld refinement.



Fig. 3. Mdssbauer spectra obtained at room temperature for the studied hematite
samples.

morphology is observed. The fluffy surface of the raw-Fe20s; sam-
ple became smooth in the sintered-Fe203 sample. This observation
is in full agreement with the above explanation of the thermal
dehydration of the hematite surface. The sintered-Fe203 particles
assumed a spherical, slightly elongated shape. The morphology of
the hematite catalyst after the catalytic reaction was also investi-
gated. No visible changes in morphology were observed after the
catalytic Fenton oxidation (Fig. 4). Both the shape and size of the
hematite particles remain stable.

3.1.4. EDS

The method of energy-dispersive X-ray spectroscopy revealed
the elemental composition of the hematite catalyst. Fig. 5 shows
the EDS spectra of the raw-Fe20s, sintered-Fe20s, and used-Fez O
samples. In all three cases, the experimentally determined con-
tents of O and Fe atoms are close to the ones theoretically pre-
dicted. No additional peaks of other elements were detected,
which indicates the purity of the hematite phase.

3.2. Catalytic decomposition of hydrogen peroxide

3.2.1. Catalytic activity in batch mode

Comparative tests of the raw-Fe20s and sintered-Fe.Os cata-
lysts were carried out in batch mode. Fig. 6a shows the kinetic
curves of H20. decomposition in the presence of the raw-Fe2Os
and sintered-Fe:Os catalysts. The decomposition of H20. without
a catalyst is very slow (Fig. 6a). Both the raw-Fe20s and sintered-
Fe20: samples accelerate the decomposition of H202, with the for-
mer one having higher catalytic activity. The degree of decomposi-
tion of H202 after 240 min with the raw-Fe203 catalyst is 16.8 %

Table 3
Hyperfine interaction parameters obtained from the Mdssbauer spectra fitting (IS -
isomeric shift; Qs - quadrupole splitting; H - hyperfine field; G - line width).

sample Is, mm/s Qs, mm/s H kOe G, mm/s
raw-Fe203 0.3675 -0.212 514.3 0.280
sintered-Fe: Qs 0.3662 -0.206 515.3 0.312
used-Fe: O 0.3662 -0.206 515.0 0.302

while that with the sintered-Fe203 catalyst is 3.8 % (Fig. 6a). The
kinetic lines in Fig. 6a are well-fitted by the first order kinetic
model (Fig. 6b). The corresponding values of reaction rate con-
stants are presented in Fig. 6b.

Fig. 6¢c shows that the oxidation-reduction potential (ORP) of
H20: solutions decreases gradually over the reaction time. This
trend can be explained by the decomposition of H.O: and the cor-
responding decrease in the formation of reactive oxygen species
(ROS). Iron oxides Fe203 and Fe304 are well known as effective cat-
alysts for the decomposition of hydrogen peroxide [58]. With the
participation of the catalyst surface, hydrogen peroxide H:0:
decomposes, generating free radicals [59]. The ORP data (Fig. 6¢c)
confirm that the raw-Fe:0Os is a more active catalyst than the
sintered-Fe20s. However, the advantage of sintered hematite is
its stable granular form, required for use in a flow-through reactor.

3.2.2. Catalytic activity in the flow mode

The fixed bed reactor experiments were carried out using the
granulated sintered-Fe:Os catalyst. The studied parameters
included the contact time and concentrations of inlet solutions.
The contact time resulted from the reactor geometry (Table 1).
The different void volumes of reactors resulted in different resi-
dence times while the flow rate was constant. Fig. 7a, 7b, and 7c
show UV spectra of the solutions passed through the flow reactors
A, B, and C. Fig. 7d, 7e, and 7f show the calculated values of the
degree of H202 decomposition. The data clearly show that the effi-
ciency of H202 decomposition increases with the increasing con-
tact time. Reactor A provides a degree of H2O. decomposition as
low as 18.5 % (Fig. 7d). The reactors B and C provide quite higher
degrees of H20. decomposition equal to 80.8 % (Fig. 7e) and 93 %
(Fig. 7f), respectively. These differences result from much longer
times of contact with the catalyst surface (Table 1). Both reactors
B and C require some time (approximately 30 min) to attain a
stable degree of H20. decomposition (Fig. 7e and 7f). Probably,
the catalyst surface requires some time to be fully hydroxylated.
Fig. 7d, 7e, and 7f show also the effect of H2O2 concentration on
the decomposition efficiency. As the concentration of H:0:
increases, the degree of H202 decomposition naturally decreases.

The stability of the sintered-Fe203 catalyst was tested in reactor
C fed with a2 mM solution of hydrogen peroxide. During 270 h, the
efficiency of H20. decomposition decreased from 82.5 %to 75.8 %

(Fig. 8).
3.3. Oxidative degradation of oxytetracycline

OTC is widely used tetracycline antibiotic, which found its
broad application in aquaculture [49]. Recently oxytetracycline
was found in the rivers and soils [60]. The presence of oxytetracy-
cline in the environment has negative consequences, due to its
ability to directly affect microorganisms and promote antibiotic
resistance. Therefore, the removal of OTC from environment is of
great practical significance. Reactor C was used to study the oxida-
tive degradation of oxytetracycline (OTC). Again, the primary reac-
tion is the decomposition of H202 catalyzed by the Fe203 surface.
The formed hydroxyl radicals HO* are powerful oxidants and react
rapidly with OTC. It is worth noting that hydrogen peroxide with-
out catalyst does not cause any significant degradation of OTC
(Fig. 9a). In addition, the unchanged spectra of OTC in Fig. 9b-f indi-
cate that OTC without H20. was not degraded after contact with
the hematite catalyst surface. On the other hand, spectra of the
reaction mixture of OTC with H.0: were substantially changed
(Fig. 9b-f). The observed decay in the UV bands characteristic of
the OTC (Fig. 9) indicates that the molecular skeleton of OTC is
destroyed. Obviously, the hematite surface catalyzes cleavage of
H:0: according to the Fenton reaction. The formed hydroxyl radi-
cals react with OTC resulting in hydroxylation, oxidation, decar-



Fig. 4. SEM micrographs of the studied hematite catalyst samples at the magnifications x 4000 and x 10000.

Fig. 5. Energy dispersive spectra and elemental composition of the studied Fe.Qs catalyst samples.

80 120 160 200 240

Time (min)

Fig. 6. H:O. decomposition in the presence of the raw-Fe:Q; and sintered-Fe: QG catalysts: (a) changes in H:O: concentration versus reaction time; (b) transformed kinetic
lines according to the first-order kinetic model; (c) changes of oxidation-reduction potential. The experimental conditions: initial concentration of H.0: was 100 mM; the

volume of H O solution was 80 mL; catalyst dose was 160 mg.

bonylation and demethylation [50,61]. The most probable sites for place mainly by the abstraction of hydrogen atom from the sec-
hydroxylation (adding a hydroxyl group) are the phenyl ring and ondary alcohol groups resulting in the ketone group. Decarbonyla-
double bonds in the cyclohexene rings [61]. The oxidation takes tion results in formation of cyclopentene ring and two-step



Fig. 7. (a,b,c) UV-spectra of the effluent solutions at inflow H.O: concentration of 2 mM; (d.e,f) Impact of H.O. concentration on the efficiency of H:O. decomposition in the

flow reactors.

Time (h)

Fig. 8. Stability test of sintered-Fe203 catalyst.

demethylation of dimethylamine group results in primary amine
group [50,61]. Fig. 10 shows that the degradation extent remains
quite stable over time. This fact confirms the stable operating
mode of the studied hematite catalyst.

The decomposition of OTC was investigated depending on the
concentrations of the reactants at the reactor inlet. These relation-
ships were quantified using the response surface methodology
(RSM). RSM modeling provides mathematical equations that
describe relationships between the parameters of interest (so-
called response variables) and the experimental parameters (ex-
planatory variables). In the present study, the response variable is
the degree of oxytetracycline removal while the explanatory vari-
ables are initial H2O and OTC concentrations at the reactor inlet.
The whole design consisted of 15 experiments (Table 2). Four math-

ematical models were tested to describe the extentofoxytetracycline
degradation. The comparison results are summarized in the Support-
ing Information. The two-factor interaction model (2FI) was found to
adequately describe the extent of oxytetracycline degradation:

OTCuegradated, % = 62.89 + 3.56 *ChD2 — 8.96 *Cotc + 1.26 *Ch202 *Cotc
®

The statistical characteristics of the two-factor interaction
model (6) are presented in the Supporting Information. Fig. 11la
shows the corresponding response surface diagram. The predicted
oxytetracycline removal efficiency fits well with the experimental
values (Fig. 11b).

Fig. 11a depicts the effects of the concentrations of both reac-
tants at the reactor inlet on the degradation efficiency. As the con-
centration of hydrogen peroxide increases, the degree of
oxytetracycline removal naturally increases (Fig. 11a). The obvious
cause is the increase in the amount of generated hydroxyl radicals.
In contrast, an increase in oxytetracycline concentration has the
opposite effect. The higher the concentration of oxytetracycline,
the Jlower the percentage of oxytetracycline degradation
(Fig. 11a). Both of these effects are quantified by the coefficients
at the concentrations of H.O2 and OTC in Eq. (6). The third coeffi-
cient indicates a moderate positive synergy between H:20: and
OTC. The higher the concentrations of H.O. and oxytetracycline,
the higher the degree of OTC degradation. The spectra in Fig. 9 sug-
gest that significant amounts of H2 02 remain in the outgoing solu-
tions. This fact suggests that the degree of oxytetracycline
degradation may be further increased when using larger catalyst
mass or longer residence time.

3.4. Inactivation ofbacteria E. Coli using the catalytic decomposition of
H202

Reactive oxygen species (ROS) are well known to destroy bacte-
rial cell walls [62-64]. This approach can be used for water disin-
fection [65,66]. Hematite catalyst can decompose hydrogen



Fig. 9. (a) UV-vis spectra of the OTC and H.O: mixtures without the hematite catalyst ([H.0:] =20 mM); (b)-(f) UV-vis spectra of the reaction mixtures at the outlet of the
reactor Ctogether with the OTC spectrum. The inlet concentrations of OTC and H.O: are indicated. Flow rate =4.5 mL/min; temperature =20 °C.

Fig. 10. The extent of OTC degradation versus time at different concentrations of H.O. and OTC at the reactor Cinlet: (a) 10 MM H:C;; (b) 15 MM H: Oz ; (¢) 20 mM HOz. Flow
rate =4.5 mL/min; temperature =20 °C.

Fig. 11. (a) Response surface plot showing the degree of oxytetracycline removal depending on the concentrations of hydrogen peroxide and oxytetracycline at the reactor C
inlet. (b) The predicted degree of oxytetracycline removal versus the experimental values.



peroxide H20O: with concentrations up to 6 mol/L, causing the for-
mation of radicals. The formed aggressive hydroxyl and hydroper-
oxyl radicals are good disinfectants [13]. In the present study, the
heterogeneous hematite catalyst was tested for water disinfection
using rather low concentrations of hydrogen peroxide. The aim
was to maintain low outlet concentrations of H202 to minimize
the possible danger for humans. Fig. 12 shows examples of the
quantification of bacteria by colony counting.

Fig. 13a and 13b show the quantitative results of bacterial inac-
tivation. The model suspensions contained live E. coli cells of 103,
104, and 105 CFU/L at the reactor inlet. The concentration of hydro-
gen peroxide from 10 to 200 mM was used. In the absence ofa cat-
alyst, the bacteria were not inactivated completely by hydrogen
peroxide alone, as confirmed by control experiments. As the
H2 02 concentration increases, the bacteria count at the outlet grad-
ually decreases (Fig. 13a). The larger the inlet bacterial loading, the
larger H202 concentration is required to attain an acceptable bac-

terial count in the purified water (approximately 101-10°CFU/L).
It is quite obvious that the inactivation of a higher amount of bac-
teria requires a larger amount of reactive oxygen species to be gen-
erated [67]. For the complete inactivation of bacteria at 103 CFU/L,
the inlet H202 concentration should be 150-200 mM. At larger
inlet bacterial loadings, the bacteria counts were decreased by
log values of about 2.4 (Fig. 13a). Fig. 13b shows the percentage
of bacterial inactivation. With a low initial bacterial count of 103
CFU/L, 99 % inactivation efficiency is achieved with 25 mM H:0:.
W ith a high bacterial count of 105 CFU/L, 99 % inactivation requires
100 mM hydrogen peroxide. The presented data show that the
used flow reactor C with Fe:Os catalyst provides an effective way
for water disinfection.

Inactivation of bacteria by ROS in flow mode requires the max-
imization of the contact area between the catalyst and the bacteria
in solution [68,69]. This approach was used for the inactivation of
bacteria and SARS-CoV-2 viruses by the hematite-catalyzed

Fig. 12. Images of membrane filters with cultured bacterial colonies.

C (H202, mM

¢ (H202), mM

pH (initial)

Fig. 13. The bacteria inactivation with the use of reactor C: (a) the bacterial count at the reactor Coutlet depending on the bacterial count and H202 concentration at the inlet
(flow rate =4.5 mL/min; temperature =20 °C); (b) the disinfection efficiency expressed in % (c) the determination of the point of zero charge (pHPA) of the sintered hematite

granules.



Fig. 14. Mechanism of E coli inactivation by ROS generated by the decomposition of hydrogen peroxide on the hematite catalyst in a fixed-bed reactor.

decomposition of H202 [70]. Apart from oxidizing properties of
hydroxyl radicals, the direct contact action of the hematite surface
also provides some bacterial inactivation [68]. Usually, bacteria cell
membranes carry a charge that causes an electrostatic attraction to
solid surfaces [71]. Cell walls of Gram-positive bacteria (e.g., S. aur-
eus, Streptococcus mutans) have a positive surface charge due to tei-
choic acid (a phosphate-containing polymer) [72]. Gram-negative
bacteria (e.g., P. aeruginosa, E. coli) have a negative surface charge
due to the dissociated carboxyl and phosphate groups of cell wall
lipopolysaccharides. If the solid surface and the bacterial mem-
brane have opposite charges, electrostatic attraction keeps the bac-
teria on the surface. If the charges have the same sign, electrostatic
repulsion will prevent bacterial retention. In the present case, the
charge of E. coli shells is negative while the charge of the hematite
catalyst surface depends on the solution pH. The point of zero
charge of the tested hematite catalyst was determined experimen-
tally (Fig. 13c). The point of zero charge was found to be 8.09. In
other words, the catalyst surface is positively charged at a pH
below 8.09. In neutral solutions, E. coli is electrostatically attracted
to the hematite catalyst surface. This Coulombic attraction con-
tributes to accelerating the inactivation of bacteria by reactive oxy-
gen species formed on the hematite surface. Fig. 14 shows the
general mechanism of E. coli inactivation via hydrogen peroxide
decomposition in the fixed-bed reactor. ROS formed on the hema-
tite catalyst surface destroys bacterial cell walls and provides the
effective inactivation of E. coli.

4. Conclusions

This work describes a method of water disinfection by the
decomposition of H20: in a fixed bed reactor using heterogeneous
Fenton oxidation. Among advanced oxidation processes, Fenton
oxidation has the advantage of being simple in use. Hydrogen per-
oxide is an inexpensive oxidizing agent that is convenient to store
and handle. The proposed flow reactor was filled with Fe2Os gran-
ules providing the necessary catalytic activity. The heterogeneous
Fenton catalyst was prepared and tested to decompose H202, inac-
tivate bacteria E. coli, and degrade oxytetracycline. In contrast to
the homogeneous Fenton catalyst, the proposed fixed-bed reactor
has the advantage that it maintains a stable catalytic performance

over time. Catalyst stability was tested by XRD, Mdssbauer spec-
troscopy, SEM, and EDS. The X-ray diffraction patterns confirmed
that the peaks correspond to the rhombohedral structure of a-
Fe203, which indicates the stability of the catalyst phase after the
catalytic process. The average crystallite size of the hematite before
and after annealing was 41 nm and 47 nm, respectively. After the
hetero-Fenton catalytic reaction, the average crystallite size was
reduced to 35 nm. SEM revealed no changes in morphology after
the catalytic hetero-Fenton reaction. EDS data confirmed the pres-
ence of only O and Fe elements in the stoichiometric ratio. The
fixed-bed catalytic reactor has been proved to be suitable for the
oxidative degradation of oxytetracycline. The OTC degradation per-
centage has been reached up to 75 % using 20 mM H:0: solution.
The relationship ofthe OTC degradation with the initial concentra-
tions of reactants was described using Response Surface Methodol-
ogy. The bacteria inactivation was studied depending on the inlet
concentration of hydrogen peroxide and the initial concentration
of viable cells. It was found that the outlet bacterial count gradu-
ally decreases with the increase of the inlet H2O: concentration
from 10 to 200 mM. The larger the inlet bacterial loading, the lar-
ger the H202 concentration is required to attain an acceptable bac-
teria count at the reactor outlet (approx. 101-10°CFU/L). The
complete inactivation of bacteria at 103 CFU/L needs the inlet
H20: concentration of 200 mM. The general inference is that the
decomposition of hydrogen peroxide on a hematite catalyst may
be used for the degradation of organic pollutants and water
disinfection.
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