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Featured Application

The developed laboratory-scale flow reactor uses H2O2 to generate hydroxyl radicals and
inactivate bacteria. This approach is suitable for the construction of decentralized water
treatment systems.

Abstract

As a result of the catalytic decomposition of H2O2, hydroxyl radicals are produced. Hy-
droxyl radicals are strong oxidants and effectively inactivate bacteria, ensuring water
disinfection without toxic chlorinated organic by-products. The kinetics of bacterial inacti-
vation were studied in a laboratory-scale flow catalytic reactor. A granular cobalt ferrite
catalyst was thoroughly characterized using XRD and XRF techniques, SEM with EDS,
and Raman spectroscopy. At lower H2O2 concentrations, H2O2 decomposition follows
first-order reaction kinetics. At higher H2O2 concentrations, the obtained kinetics lines
suggest that the reaction order increases. The kinetics of bacterial inactivation in the devel-
oped flow reactor depends largely on the initial number of bacteria. The initial bacterial
concentrations in laboratory tests were within the range typical of real river water. A
regression model was developed that relates the degree of bacterial inactivation to the
initial number of bacteria, the initial H2O2 concentration, and the contact time of water
with the catalyst.

Keywords: cobalt ferrite; Fenton-like catalyst; water disinfection

1. Introduction
The quality of tap water is important for the functioning of households and industry.

When the source of a water supply is a river, water quality is determined by both natural
factors (geological conditions, forest cover, and climate in the river basin) and anthropogenic
factors (pollutions from agriculture, households, industry, hospitals, etc., in the form of
sewage and surface runoff) [1]. Common water pollutants include pathogenic bacteria and
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viruses, mainly originating from domestic sewage and agricultural activities [1]. A sudden,
uncontrolled increase in the number of pathogens may occur as a result of water treatment
plant failure, the overflow of the sewage system due to heavy rainfall, and other crisis
situations [2]. The microbiological purity of water is usually determined by the content of
Escherichia coli (E. coli) and fecal coliform bacteria.

Disinfection is an important step in the preparation of drinking water and wastewater
treatment. A commonly used and economical method of disinfection is chlorination, which
effectively inactivates bacteria and other pathogens. However, molecular chlorine reacts
with dissolved organic matter to form chlorinated by-products that are hazardous to human
health [3,4]. Typical examples of toxic halogenated by-products are trihalomethanes and
haloacetic acids [5]. An alternative to chlorination may be ozonation or UV radiation.
These techniques are very effective for primary disinfection, but long-lasting chlorine
remains superior for secondary disinfection of water distribution systems [4]. The main
disadvantage of ozonation and UV radiation is their high energy consumption [6].

Hydroxyl radicals are also very effective disinfectants. Due to their high oxidizing
potential, hydroxyl radicals easily damage cell membranes and DNA, leading to the death
of bacteria [7]. Compared to chlorine, hydroxyl radicals are more environmentally friendly
because they destroy bacteria without leaving toxic by-products. Catalytically generated
hydroxyl radicals have been successfully tested on real samples from municipal wastewater
treatment plants [8,9]. The Fenton process has been proven to provide effective disinfection,
especially when used after coagulation/flocculation of wastewater [9].

Compared to the homogeneous Fenton catalyst, heterogeneous catalysts (Fenton-like
catalysts) have the advantage that they can be used for a long time. Fenton-like catalysts
effectively produce hydroxyl radicals from hydrogen peroxide [8,10]. Typical Fenton-like
catalysts are oxides of transition metals [11]. Among metal oxide catalysts, compounds with
a spinel crystal structure are of particular interest due to their adjustable properties [12].
Changing the elemental composition and annealing can cause a transition from the normal
spinel structure to the inverse spinel structure. As a result, oxygen vacancies and other
structural defects are created that act as catalytic sites [13]. Recently, hydrogen peroxide
has been tested for bacterial inactivation in continuous-flow mode using hematite [14]
and cobalt ferrite [15] catalysts. The effect of H2O2 and inorganic anion concentrations
was investigated.

This paper examines in detail the kinetics of H2O2 decomposition and bacterial inacti-
vation. Disinfection tests were conducted using bacterial counts similar to those found in
natural river water.

2. Materials and Methods
2.1. Reagents

Cobalt(II) chloride hexahydrate (>99%, ACS grade) and iron(III) chloride hexahydrate
(>99%, ACS grade) were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Hydrogen
peroxide (30% w/v, AR grade), ammonium metavanadate (≥99.0%, ACS grade), H2SO4,
and NaHCO3 were obtained from Sfera Sim (Lviv, Ukraine).

2.2. Synthesis and Characterization of the Catalyst

Cobalt ferrite was synthesized by alkaline co-precipitation using carboxymethylcellu-
lose to prevent nanoparticle agglomeration and facilitate pore formation [11]. The desired
amounts of iron(III) chloride and cobalt(II) chloride were dissolved in a 1 wt% solution
of sodium carboxymethylcellulose, heated to 80–90 ◦C, and stirred for 30 min. Then, 5 M
NaOH solution was added dropwise to a pH of 14, and the resulting suspension was further
stirred for 30 min. The formed CoFe2O4 precipitate was separated using a neodymium



Appl. Sci. 2025, 15, 8195 3 of 16

magnet, thoroughly washed, and dried. The obtained powder material was pressed into
pellets of 10 mm × 3 mm and sintered at 1150 ◦C for 6 h. The sintered pellets were then
crushed into irregularly shaped grains and sieved. The fraction with a size from 0.8 to
1 mm was used.

The X-ray powder diffraction (XRD) pattern of the cobalt ferrite catalyst was recorded
at room temperature using a Shimadzu XRD–7000 X-ray diffractometer (Shimadzu Cor-
poration, Kyoto, Japan) with monochromatic CuKα radiation (λ = 1.5418 Å). The powder
samples were scanned from 5◦ to 65◦ with a step angle of 0.02◦ and 2 s per step. XRD
analysis was performed using the full-profile Rietveld refinement method implemented
in the FullProf software package (ver. January 2018). Peak deconvolution was carried out
employing the pseudo-Voigt function.

X-ray fluorescence (XRF) measurements were performed using an EXPERT 3L XRF
spectrometer (INAM, Kyiv, Ukraine) with helium flushing. SEM images were recorded us-
ing a REMMA-102_02 scanning electron microscope (JCS SELMI, Sumy, Ukraine) operated
at an accelerating voltage of 20 kV. An energy-dispersive spectrum (EDS) was recorded at
the location where the SEM image was taken.

Raman spectra were recorded using a Bruker Raman Microscope (Billerica, MA, USA)
with a 1 mW laser emitting light at a wavelength of 785 nm, a magnification of ×20, an
aperture of 50 µm, and 800 scans with a resolution of 1.5 cm−1.

2.3. H2O2 Decomposition in Continuous-Flow Mode

The flow reactor is a cylindrical stainless-steel tube with a length of 100 cm and an
internal diameter of 12 mm (Figure 1), containing 180 g of cobalt ferrite granules (see
Section 2.2). The measured empty volume was 72 mL. The bacterial solution and H2O2

solution were pumped using a two-line peristaltic pump with a total flow from 2.5 to
150 mL/min.

Figure 1. Scheme of the continuous-flow reactor setup.

The concentration of residual H2O2 after the reactor was determined using the color
reaction with metavanadate in an acidic medium [11,16]. First, 1 mL of the test solution was
mixed with 1.5 mL of 5 M H2SO4 solution and 1.5 mL of 0.1 M NH4VO3, made up to 5 mL
with distilled water, and mixed thoroughly. The absorbance at 470 nm was measured within
10 min using a ULAB 102-UV spectrophotometer (Himlaborreactiv, Cherkasy, Ukraine).

2.4. Determination of the Properties of Natural River Water

Natural water samples were taken from the Bystrytsia Nadvirnianska river [17] in
February 2025. The source of the Bystrytsia Nadvirnianska river, marked with a blue dot
in Figure 2a, is located in the Gorgany massif (Eastern Carpathians). Sampling points are
marked with red markers in Figure 2a. River water samples were collected in sterile flasks
with a capacity of 0.5 L. Samples for bacterial testing were cultured within 2 h of collection.
Chemical parameters were tested within 2 days.
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Figure 2. (a) River water sampling map. (b) Compact Dry EC bacterial test performed on 1 mL of
water collected at sampling point no. 5. Dark-blue and -purple spots represent E. coli and coliform
colonies, respectively. (c) Endo agar bacterial test performed on 100 mL of water collected at sampling
point no. 6.

The pH and TDS values of the river water were determined using an Apera Instru-
ments PH800 pH meter (Columbus, OH, USA) and a Milwaukee Mi 170 conductometer
(Szeged, Hungary). The color of the water samples was determined by measuring ab-
sorbance at 411 nm and comparing it with the standard Pt-Co scale [18]. The concentration
of Fe3+ ions was determined by measuring absorbance at 486 nm after color reaction with
thiocyanate anions [19]. Water hardness was determined by measuring absorbance at
606 nm after reaction with Arsenazo III [20].

2.5. Bacterial Count and Disinfection Testing

Bacterial counts were determined using Compact Dry EC chromogenic plates (Shi-
madzu Diagnostics, Tokyo, Japan) and Endo agar tests (Farmaktiv, Kyiv, Ukraine), which
were incubated at 37 ± 1 ◦C for 24 h. Example test plates are shown in Figure 2b,c. Compact
Dry EC plates demonstrate dark-blue and -purple spots corresponding to E. coli and col-
iform colonies, respectively (Figure 2b). Endo agar tests produce dark-red spots indicating
the presence of E. coli only (Figure 2c).

The disinfection study was performed using the E.coli strain ATCC 35218 (Pol-Aura,
Morąg, Poland). The stock bacterial suspension was diluted to the desired bacterial number
and introduced into the flow reactor using a peristaltic pump. The tested solutions were
filtered through nitrocellulose membrane filters (SpectroLab, Kyiv, Ukraine) with a pore
diameter of 0.9 µm. The volume of filtered solution was 10 mL or 100 mL in the case of a
high or low bacterial concentration, respectively. Inoculated filters were placed on Endo
agar and incubated at 37 ± 1 ◦C for 24 h. Then the grown colonies with a dark-red color
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and metallic sheen were counted. The kinetics of bacterial inactivation were modeled using
the Python programming language, v. 3.12.

3. Results and Discussion
3.1. Catalyst Characterization

Figure 3 shows SEM images of cobalt ferrite catalyst granules at different magnifi-
cations. The granules have irregular shapes and sizes from 0.8 to 1 mm (Figure 3a). The
surface of some granules is mechanically damaged (Figure 3a,b). Probably, longer sintering
is necessary to provide stronger granules. Increased magnifications (Figure 3c–e) reveal
that granules are composed of smaller particles. The smallest particles have sizes ranging
from 2 to 0.5 µm (Figure 3f).

Figure 3. SEM images of catalyst granules at different magnifications (a–f).

Figure 4a shows the EDS spectrum of the catalyst surface. The recorded peaks belong
to cobalt, iron, and oxygen atoms. No peaks of other atoms are visible, indicating that the
tested material is a mixed Co-Fe oxide. Figure 4b shows the XRF spectrum of the tested
catalyst. This spectrum contains only peaks of cobalt and iron. The XRF method is more
sensitive than EDS and allows for the detection of trace elements, especially those with
high atomic mass. Therefore, the absence of other peaks in the XRF spectrum confirms the
high purity of the synthesized catalyst material.

Both the XRF and EDS techniques also allow the quantitative determination of ele-
mental composition. The intensity of EDS peaks allowed the determination of the mass
content of Fe2O3 and CoO, which is 63.4% and 36.6%, respectively. Therefore, the resulting
formula of mixed cobalt–iron oxide is Co1.18Fe1.92O4.06. In turn, the intensity of XRF peaks
allowed the determination of the mass ratio of Co to Fe, which is 24.4 to 43.4. Therefore,
the resulting formula is Co1.05Fe1.96O4. Both obtained formulas are consistent with each
other and correspond well to the general formula of cobalt ferrite, CoFe2O4.
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Figure 4. (a) EDS and (b) XRF spectra of the cobalt ferrite catalyst material. The color meanings are
as follows: green—background, orange—transition metals, pink—non-metals.

Figure 5a shows the X-ray diffraction pattern of the synthesized catalyst. The narrow
reflections indicate the highly crystalline nature of the sample. The obtained diffraction
pattern agrees well with the JCPDS #74-2403 pattern, confirming the formation of a single-
phase cobalt ferrite without impurity phases. The most intense diffraction peak corresponds
to the (311) plane. The other reflections are also characteristic of the standard cubic spinel
structure and belong to the (111), (220), (400), (511), and (440) planes (Figure 5).

Figure 5. (a) X-ray diffraction pattern and (b) Raman spectrum of the tested catalyst.

The average crystallite size (coherent scattering area, DS) was calculated using the
Scherrer formula:

DS = 0.89 λ/β cos θ, (1)

where λ is the X-ray wavelength (here, λ = 1.5406 Å), θ is the Bragg angle, and β is the
full width at half maximum (FWHM) for the most intense (311) reflection in the XRD
pattern [21].

Rietveld refinement and Scherrer calculations showed that the average crystallite size
is about 80 nm. This value is higher than the typical values recorded for as-synthesized
cobalt ferrite samples [22]. The observed difference is because the tested catalyst was
sintered at a high temperature of 1100 ◦C. The lattice parameter was calculated to be 8.38 Å.
This value is consistent with the literature data regarding the lattice parameter of cobalt
ferrite [23,24].

The Raman spectrum (Figure 5b) is typical for ferrite spinels [25,26]. The characteristic
peaks were assigned to the corresponding vibrational modes of the metal–oxygen bonds in
the spinel lattice (Figure 5b). Therefore, the presented XRD pattern (Figure 5a) and Raman
spectrum (Figure 5b) confirm that the synthesized catalyst is a cobalt ferrite spinel.
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3.2. H2O2 Decomposition Kinetics

Figure 6 illustrates the kinetics of H2O2 decomposition in continuous-flow mode,
determined with varying initial H2O2 concentrations. The extent of H2O2 decomposition is
approximately 10–15% of the initial concentration (Figure 6a,b). The low degree of H2O2

decomposition is due to the relatively short contact time of the solution with the catalyst in
the fixed bed, which is about 30 min.

Figure 6. The kinetics of H2O2 decomposition in the flow reactor at different initial concentrations of
H2O2. (a,b) The changes in H2O2 concentration over time. (c) The changes in H2O2 concentration
plotted on a logarithmic scale.

Figure 6c shows the kinetics lines plotted on a logarithmic scale. In the case where the
initial H2O2 concentrations are in the range from 3 to 15 mM, the plots are linear. This fact
indicates that the H2O2 decomposition kinetics follow the kinetics of a first-order reaction.
In the case where the initial H2O2 concentration exceeds the threshold value of 23 mM,
the graphs become nonlinear (Figure 6c). This fact indicates that the decomposition of
H2O2 does not fit the kinetics of a first-order reaction. The graphs are concave downward,
suggesting that the reaction order is higher than one.

We observed a similar effect in our previous work [22] and explained it by side
reactions. The hydroxyl radicals formed react with hydrogen peroxide, leading to the
formation of hydroperoxide radicals (Equation (2)). The hydroperoxide radicals then react
with each other to form O2 and H2O2 (Equations (3) and (4)). The rate of the side reaction (2)
increases at higher initial H2O2 concentrations. Therefore, the kinetic plots on a logarithmic
scale deviate from linearity at higher initial H2O2 concentrations.

HO• + H2O2 → HOO• + H2O (2)

HOO• ↔ H+ + O2
•− (3)

HOO• + H+ + O2
•− → O2 + H2O2 (4)

3.3. Bacterial Inactivation
3.3.1. Testing Natural River Water for Bacterial Contamination

Figure 7 shows the physicochemical and microbiological characteristics of water in the
Bystrytsia river. The pH values tend to increase slightly downstream (Figure 7a) and range
from 8.20 to 8.65, which is generally acceptable for drinking water [27]. Increased water
pH values may have natural or anthropogenic causes, i.e., leaching of alkali salts from the
riverbed and surface runoff from agricultural areas. In turn, changes in the TDS parameter
are likely caused by anthropogenic factors (Figure 7a). The highest TDS values occur at points
5–7, i.e., within and below the urban area, indicating human influence. A slight increase in
TDS was also recorded near the smaller town of Yezupil (point 9 in Figures 2a and 7a). The
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WHO does not set any guidelines for TDS in drinking water [28]. Measured TDS values
range from 112 to 166 ppm (Figure 7a) and are lower than the level of 600 ppm considered
good for water taste.

Figure 7. Characteristics of natural water taken from the Bystrytsia river: (a) pH value and to-
tal dissolved salt, (b) water color and iron concentration, (c) total hardness, and (d) the number
of bacteria.

The color of the river water tends to increase, especially at points 5–9 (Figure 7b). The
observed increase in water color may be caused by the leaching of humic acids and iron
ions from the soil. An increase in iron concentrations was also observed (Figure 7b), which
confirms the above explanation. The iron content increases to almost 0.3 mg/L, which the
WHO considers a critical level [28]. The recorded iron concentrations are not dangerous,
but indicate the need for further monitoring.

Figure 7c shows the water hardness values corresponding to the total content of
calcium and magnesium ions. At points 1–6, the river water has a hardness of approximately
2.4 mM. Further along the river, the hardness decreases to 1.9–2 mM (Figure 7c). This effect
is caused by the inflow of another river (Bystrytsia Solotvynska) between sampling points
6 and 7 (Figure 2a). Comparison of Figure 7a,c suggests that the TDS changes are not due
to calcium and magnesium ions. The changes in TDS are probably caused by sodium ions
of anthropogenic origin.

Figure 7d shows the number of bacteria at the different sampling points indicated in
Figure 2a. The number of E. coli bacteria was determined using two different tests: the
classic Endo agar test and the Compact Dry test (Section 2.5). The two tests were found to
have different sensitivities, with the Endo agar test detecting approximately twice as many
bacteria as the Compact Dry test (Figure 7d). On the other hand, the Compact Dry test has
the advantage of providing information on both the E. coli count and the total coliform
count (Figure 2b).

Typically, microbiological contamination of rivers varies significantly depending on
the sampling location and time. For example, the E. coli count in a small river in Germany
ranges from 1 × 103 to 4.7 × 104 CFU/L [2]. High population density and a hot climate
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can cause very high bacterial loads. An example is the main river of Ecuador, where the
number of E. coli bacteria ranges from 5 × 104 to 2.5 × 105 CFU/L [1]. In the Bystrytsia
Nadvirnianska river, the bacterial count at sampling points 1–3 (above the city) ranges from
240 to 500 CFU/L (Figures 2a and 7d). The reason for such low bacterial contamination
is the fact that the river flows through rural areas. However, the river in urban areas has
a much higher bacterial load. The highest number of bacteria was recorded at point 5,
located in the city of Ivano-Frankivsk (Figures 2a and 7d). Further downstream, E. coli and
coliform levels decline, likely due to dilution. Another increase in the number of bacteria
was recorded at point 9 (Figure 7d), which is located in the smaller town of Yezupil, right
next to the river (Figure 2a).

Recorded spikes in bacterial counts suggest the presence of local sources of fecal
contamination (e.g., discharges of domestic or animal sewage). Fecal bacteria pose a
particularly high risk to human health, especially in areas used for recreational purposes.
Exfiltration of sewage from sewage systems into the ground and its subsequent leaching
into surface waters can lead to contamination of river water with fecal bacteria. The
presence of both treated and untreated sewage discharge points in the river basin is one
of the reasons for the uneven distribution of bacterial concentrations in river water. This
is confirmed by extensive studies carried out in the basin of the Danube River, which is
the second longest river in Europe [29]. Similar patterns were observed in the small river
Swist in Germany, where E. coli counts at sampling points located in a relatively small area
varied by a factor of 50 [2]. This is due to differences in land use, i.e., the presence of urban
agglomerations, agricultural areas, bathing areas, etc.

In this study, the increased number of bacteria at sampling point 9 (Figure 7d) may
be due to poor agricultural waste management practices or leaks in the sewage system
in the small town of Yezupil (Figure 2a) [30]. The sewage system in a small town is
based more on cesspools than on a central sewage system. Therefore, there may be point
sources of discharge of untreated sewage. Methods for detecting and distinguishing
sources (human and animal) of fecal bacteria in water are constantly being improved [30].
Exfiltration phenomena are modeled to predict water contamination [31], also using in situ
measurements [32].

It can be stated that the inhabitants of the Bystrytsia river basin are supplied with
good-quality water. The registered local increase in bacterial loads does not cause any
significant deterioration of water parameters.

3.3.2. Inactivation of Bacteria in a Flow Reactor

The assessment of river water for bacterial counts (Section 3.3.1) provided sufficient
information to plan experiments on bacterial inactivation in the flow reactor. The initial
bacterial load was in a realistic range of 1200 to 54,000 CFU/L (Figure 8a). Figure 8a shows
the changes in the number of bacteria at the initial stage of inactivation (7 min). Figure 8b,c
show the relative survival of bacteria (N/N0) over the full time range (28 min).

At a low initial bacterial load (1200–6900 CFU/L), a rapid and significant reduction
in bacterial counts is observed within the first minute of contact (Figure 8a). The relative
survival of bacteria also decreases rapidly within the first minute of inactivation (Figure 8b).
After 10 min, the bacteria are almost completely inactivated.

However, bacteria survive better at higher initial concentrations (Figure 8c). At high
initial bacterial loads (≥9000 CFU/L), bacterial inactivation becomes slow and incomplete
(Figure 8a). Even after 28 min, a significant portion of the bacterial cells remain viable,
especially at N0 > 40,000 CFU/L (Figure 8c). There is a clear concentration dependence: the
higher the initial bacterial count, the less effective the inactivation (Figure 8c).
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Figure 8. Bacterial inactivation kinetics at different initial bacterial concentrations (expressed
in CFU/L) in the presence of 10 mM hydrogen peroxide: (a) absolute survival (N) vs. contact
time; (b) normalized survival (N/N0) as a function of time for low initial bacterial concentrations;
(c) normalized survival (N/N0) as a function of time for high initial bacterial concentrations.

Figure 8b,c clearly show that the kinetics of bacterial inactivation are highly nonlinear.
Bacterial inactivation appears to occur in two stages: first, there is a rapid initial decline in
bacterial numbers, followed by a slower second stage. There are several possible causes
for the slow inactivation phase. The obvious cause is the increasing number of dead
bacteria, whose damaged cells lose their internal cytoplasmic components. The washed-
out molecules react with hydroxyl radicals, which reduces the number of active radicals
and slows down the rate of bacterial inactivation. Another reason for the slowdown in
bacterial inactivation is the fact that the bacterial population includes bacteria with varying
resistance to aggressive radicals. Some bacteria have better defense mechanisms and can
reproduce within about 30 min of the experiment, resulting in a lower inactivation rate.

An additional inhibiting effect may occur as a result of the formation of a biofilm
on the catalyst surface. Figure 9 illustrates how increasing the bacterial concentration
facilitates biofilm formation in the catalyst bed. At low bacterial concentrations (left
side of Figure 9), the catalyst surface remains clean and exposed to hydrogen peroxide,
allowing continuous formation of reactive oxygen species. The obvious effect is poor
bacterial survival. In contrast, at higher bacterial concentrations (right side of Figure 9),
bacterial cells colonize the catalyst surface and begin forming a protective biofilm matrix.
This biofilm is mainly composed of polysaccharides, proteins, and extracellular nucleic
acids [33,34]. These extracellular polymeric substances significantly increase the adhesion
of bacterial cells to the catalyst surface. The biofilm progressively envelops the catalyst
surface, preventing its contact with hydrogen peroxide, thus reducing the number of
radicals and facilitating bacterial survival. Similar protective mechanisms have been
observed in Escherichia coli and Pseudomonas aeruginosa, where shielding with extracellular
polymeric substances increases the survival of bacteria under conditions of oxidative
and chemical stress [33]. This survival strategy in various Gram-negative bacteria is
controlled by chemosensory signaling systems, allowing them to adapt to environmental
stresses [34,35]. Biofilm-based shielding may explain the observed stabilization of bacterial
viability at higher initial bacterial counts. A similar phenomenon of physical covering of
the catalyst surface with a dense biofilm is known as biofouling [36,37]. Therefore, the
formation of bacterial biofilms on the catalyst surface may represent a synergistic effect:
improving microbial persistence while simultaneously reducing ROS formation.

Figure 10 shows a contour map illustrating the dependence of the inactivation ef-
ficiency on the initial number of bacteria and the contact time with 10 mM H2O2. The
map shows three areas of catalyst performance: the effective area, marked in dark blue,
the transition area, marked in light blue, and the ineffective area, marked in orange. The
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effective area with a pronounced bactericidal effect corresponds to an initial bacterial load
below 13,800 CFU/L and a contact time of over 7 min. The survival rate is below 25%,
which is confirmed by the graphs in Figure 8c. The low concentrations of 1200–6900 CFU/L
require only 2–4 min to achieve almost complete inactivation (Figures 8b and 10).

Figure 9. Schematic representation of bacterial survival and biofilm formation in a catalytic reactor
with different initial bacterial loads.

Figure 10. Contour map of bacterial survival depending on the initial number of bacteria and contact
time. The thick black line indicates 50% survival.

Partial inactivation of bacteria is observed in the transition area (Figure 10). The typical
initial bacterial load here is 13,800–25,000 CFU/L. To achieve a survival level below 30%,
longer exposure (up to 10 min) is necessary. This indicates a time-dependent effect of H2O2

at a medium microbial load.
The ineffective area is observed at an initial bacterial load above 41,000 CFU/L

(Figure 10). At such a high concentration of bacteria, H2O2 is not able to completely
inactivate them. A high survival rate (>30%) is observed even after a long contact time
(28 min).

The contour map in Figure 10 clearly shows the strong dependence of H2O2 effective-
ness on the initial concentration of bacteria and the contact time. Optimal conditions for
disinfection are as follows: a low concentration of bacteria and a contact time longer than
5 min. At high initial bacterial loads (25,000–54,000 CFU/L), the disinfection effect of H2O2

is rather limited. To enhance the disinfection effect, a higher concentration of H2O2 or a
more effective catalyst can be used.

The modeling of bacterial survival under the influence of H2O2 was performed taking
into account two variables: contact time and initial bacterial concentration. The applied
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model is a second-order exponential decay integrated with a logarithmic dependence on
the initial bacterial concentration:

N(t, N0) = a·e−bt + c + d·ln(N0) (5)

where N(t, N0) is the predicted number of live bacteria (CFU/L) at contact time t (min) and
an initial number of bacteria N0 (CFU/L); a, b, c, and d are model parameters determined
by fitting the model equation to the experimental values. In the application of the numerical
values of the model parameters, the equation is as follows:

N(t, N0) = − 2.6 × 107·e0.0000113·t + 2.6 × 107 + 9833·ln(N0) (6)

This model describes a nonlinear decrease in bacterial survival over time with
an increasing initial bacterial concentration (Figure 11a). The exponential component
2.6 × 107·e0.0000113·t reflects the time-dependent dynamics of bacterial inactivation, espe-
cially in the early phase. The logarithmic expression 9833·ln(N0) takes into account the
fact that increasing the concentration of bacteria has an inhibitory effect on the inactivation
of bacteria. In other words, an increase in the initial concentration of bacteria produces
a leveling effect. The R2 value for this model is 0.66, which means that it is a sufficient
approximation of the experimental data. The relatively low R2 value may be due to the
sensitivity of the model to the initial bacterial count, which varies widely from 1200 to
54,000 CFU/L.

Figure 11. 3D surface plots illustrating predicted bacterial survival as a function of contact time and
initial bacterial concentration, based on (a) Equation (6) and (b) Equation (8).

To limit the influence of absolute values and ensure comparability of data, all experi-
mental values were normalized to percentages relative to the initial bacterial count, defined
as 100%. To fit the experimental values of the relative survival rate, the same second-order
exponential decay model with logarithmic adjustment was used:

R(t, N0) = v·e−xt + y + z·ln(N0) (7)

where R(t, N0) is the predicted relative survival rate (%), t is the contact time (min), N0 is
the initial bacteria count (CFU/L), and v, x, y, and z are the empirical model parameters.
The fitting of the model equation to the experimental values yielded the parameter values
given in Equation (8):

R(t, N0) = 77.33·e−3.01·t − 148.86 + 18.57·ln(N0) (8)
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The model surface (Figure 11b) shows characteristic features: an exponential decline in
bacterial survival over time and a nonlinear, logarithmic decrease in efficiency with increasing
initial bacterial numbers. At high initial bacterial numbers (≥25,000–54,000 CFU/L), a
clear flattening of the model surface is visible, indicating that a plateau of bactericidal
effectiveness has been reached. The model fits the experimental data well (R2 = 0.82) and
allows for reliable predictions within the tested values of contact time and initial bacterial
count. The high values of Akaike (AIC = 403.27) and Bayesian (BIC = 412.38) information
criteria also confirm the high quality of Model Equation (8). Other models tested (Weibull,
logistic, polynomial) have significantly worse performance.

The model combining a second-order exponential decay with a logarithmic adjustment
describes well the bactericidal effect of H2O2 in the flow catalytic reactor. This model can
be used to estimate the time required for effective water disinfection depending on the
initial bacterial count. However, the effectiveness of the catalytic reactor also depends on
the temperature, concentration of H2O2 used, pH, and ions present in the aqueous matrix.
Therefore, this model is rather a first step. It is necessary to develop more detailed models
that would take into account the influence of the above-mentioned parameters.

4. Conclusions
The use of hydroxyl radicals as a disinfectant is an environmentally friendly approach

to water disinfection. A laboratory-scale flow reactor has been designed to produce hy-
droxyl radicals and inactivate bacteria. The tubular reactor was filled with a previously
synthesized catalyst based on cobalt ferrite. Detailed analyses by XRD, XRF, EDS, and
Raman spectroscopy showed that the obtained cobalt ferrite is a single-phase spinel with
the formula Co1.05Fe1.96O4. The packed-bed catalytic reactor was tested for H2O2 decompo-
sition over a wide range of concentrations, from 3 to 80 mM. At low H2O2 concentrations,
the decomposition follows the kinetics of a first-order reaction. The reaction order likely
increases with increasing H2O2 concentrations above 10 mM. The synthesized catalyst is
stable and remains active for a long time. During the tests, the catalytic reactor operated
for over 2000 h without any performance degradation.

The effectiveness of water disinfection was tested in a wide range of initial bacterial
concentrations. The initial bacterial counts for testing were selected based on analysis of
water from a nearby medium-sized river. The river flows through rural and urbanized areas,
providing a source of water for the municipal water supply system. In water disinfection
studies, the effect of contact time on reactor efficiency was investigated. It was found
that the kinetics and efficiency of bacterial inactivation depend significantly on the initial
bacterial concentration. At low bacterial concentrations (below 13,800 CFU/L), rapid
and almost complete inactivation of bacteria was observed. In the case of high bacterial
concentrations (≥25,000 CFU/L), the bactericidal effectiveness of H2O2 decreased. The
limited concentration of bacteria that can be effectively inactivated makes the developed
method less favorable compared to other disinfection methods, such as chlorination or
ozonation. However, the efficiency of the catalytic reactor can be improved by using a
more active catalyst that provides deeper decomposition of H2O2 and thus produces more
hydroxyl radicals.

A regression model was obtained that relates the number of surviving bacteria to their
initial number and the time of contact with the catalyst. The conclusion is that the proposed
flow reactor can be used for disinfecting water with a moderate bacterial load. Further
research is needed to optimize operating parameters and increase disinfection effectiveness.
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