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Abstract

The photocatalytic advanced oxidation process as treatment for the removal of cefo-
taxime pharmaceutical compounds was conducted onto a modified nanocatalyst.
Using photocatalysis with hydrogen peroxide (H,O,) in advanced oxidation pro-
cesses (AOPs) is a suitable and alternative method. Therefore, this study targeted
acquiring insights into using ultraviolet (UV) light radiation sources with two types
of nanocatalysts (i.e., TiO, and TiO,/kaolin) to reduce cefotaxime contaminants. The
characterization properties of both catalysts were determined using X-ray diffraction
(XRD), scanning electron microscopy (SEM), Brunauer—-Emmett—Teller (BET), and
Fourier-transform infrared spectroscopy (FT-IR). The study investigated the effects
of the irradiation time (10—-120 min), cefotaxime concentration (1040 mg/L), TiO,
dose (0.05-0.2 g), and pH (4-8) on the decomposition cefotaxime. The highest deg-
radation with pure TiO, was obtained at a contact time of 90 min, cefotaxime con-
centration of 10 mg/L, TiO, dose of 0.2 g, and a pH of 4, with a removal efficiency
of almost 68%. The results indicated that cefotaxime can easily be oxidized with a
TiO,/kaolin catalyst with a removal efficiency of approximately 99.8% when using a
UV/H,0, treatment. The UV/H,0, oxidation was more effective and sustainable as
well as being a promising technique for the treatment of cefotaxime in wastewater.
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Introduction

Pharmaceutical compounds (PACs) have been released in waterways because of
the inadequacy of traditional wastewater remediation plants. Pharmaceutical com-
pounds are a type of emerging pollutant that has received much attention because
of their potential risk of causing negative ecological and health effects in wildlife
and humans [1, 2]. Pharmaceutical compounds and their derivatives are considered
priority pollutants because they are harmful to organisms even at ppb levels. One
of the most problematic aspects in trying to abate these substances is that they are
often found in small concentrations in water bodies, making identification, analysis,
and removal from water and wastewater treatment plants difficult [3]. Among these
pharmaceuticals, cefotaxime (C,cH;;N50,S,) is an antibiotic used to treat several
bacterial infections [4], and its chemical structure is shown in Fig. 1.

Coagulation, flocculation, chemical oxidation, membrane separation, electro-
chemical processes, and adsorption are some of the technologies used to remove
pharmaceuticals [5—7]. The advanced oxidation process (AOP) is the most effec-
tive method for decomposing and removing persistent, resistant, and nondegrada-
ble organic contaminants in aquatic settings; thus, it has played a key role in water
and wastewater treatment [8]. Advanced oxidation processes convert organic pol-
lutants and their constituents into inorganic molecules, which are mainly harmless.
The advanced oxidation process also generates hydroxyl radicals (OH®), which are
powerful and very reactive oxidants that can attack almost all organic compounds.
Additionally, hydroxyl radicals have a huge reaction potential (2.80 V compared to a
normal hydrogen electrode) and react 10°~10'2 times faster than other oxidants, such
as ozone [9].

Mainly because of its nontoxicity, physical and optical properties, high stabil-
ity, and high photocatalytic activity, titanium dioxide (TiO,) is the most commonly
used and investigated catalyst [10]. On the other hand, Kaolin (Al,Si,O5(OH),)
is a 1:1 clay mineral composed of stacked layers of SiO, tetrahedral sheets and
AlO,(OH), octahedral sheets, that usually exhibits various morphologies, includ-
ing a two-dimensional morphology (nanoflakes) and a one-dimensional morphol-
ogy (nanotubes and nanorods) [11]. Meanwhile, kaolin clays have many hydroxyl
groups on their surfaces, which helps with surface modification and makes kaolin
a good matrix for anchoring TiO, particles to boost the photocatalytic activity. The
kaolin matrix may modulate the crystal type of TiO, particles, thereby improving

Fig. 1 Chemical structure of cefotaxime
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catalytic performance [12]. The UV/H,0, system is considered advantageous when
employed in the advanced oxidation process because it results in a smaller footprint
in the treatment plant due to its high reaction rates and flexibility in reactor design.
Because of the lower cost and easy availability of hydrogen peroxide, this method
for advanced oxidation process treatment is less costly [13].

As indicated above, no research has been done on the advanced oxidation pro-
cess of cefotaxime from aquatic environments by nanocatalyst (i.e., TiO, and
TiOy/kaolin) with the addition of UV/H,0,; so the goal of this study is the appli-
cation of two types of powder catalysts (i.e., TiO, and TiO,/kaolin) they prepared
and characterized for the photocatalytic degradation of cefotaxime contaminants
with the addition of UV/H,0,. The structure and performance differences between
the pure TiO, and composite TiO,/kaolin were determined by various charac-
terizations using X-ray diffraction (XRD), scanning electron microscopy (SEM),
Brunauer—-Emmett-Teller (BET) surface area, and Fourier-transformed infrared
spectra (FT-IR). Furthermore, this study investigated the effect of the irradiation
time, catalyst dose (TiO,/kaolin/H,0,), initial concentration of cefotaxime, and pH
on the degradation of cefotaxime pharmaceutical compounds.

Materials and methods
Materials

Sodium chloride (NaCl, Mwt.=58.443 g/mol), titanium dioxide (TiO,,
purity >99%), sulfuric acid (H,SO,, purity 99%), and hydrogen peroxide (H,O,,
30% solution (w/w) in H,O) were purchased from Sigma-Aldrich Company as
well as cefotaxime (1 g) from PHIL Inter Pharma (USA). The kaolin clay (parti-
cle size=0.06 mm) used in the present research was obtained from the Ministry of
Industry and Minerals/Iraq Geological Survey, Baghdad, Iraq. The chemical com-
position of the sample was SiO, 48.7%, Al,05 34.8%, Fe,05 1%, MgO 0.07%, CaO
0.31%, Na,0 0.13%, K,0 0.15%, TiO, 3.5%, and loss on ignition. The UV and vis-
ible irradiances at the reactor surface were 0.16 W/m? (Philips 16 W/G16 T8, Hol-
land) and 15 W/m? (Philips 20 W/60 1M7 India), respectively.

Characterization

X-ray powder diffraction (XRD) tests were conducted with a diffraction unit (Shi-
madzu-6000, Japan) at the Nano Technology Center/University of Technology.
Using a scanning electron microscope (SEM) (VEGA 3 LM, Germany) avail-
able at the Central Service Laboratory (College of Education for Pure Sciences/
Ibn Al Haitham/Baghdad University), a morphological analysis of the catalysts
(i.e., TiO, and TiO,/kaolin) was performed. The specific surface area and total
pore volume of the catalysts (i.e., TiO, and TiO,/kaolin) were measured using a
Brunauer—Emmett-Teller (BET) surface area analyzer (Q-surf 9600, USA) from
the Petroleum Research and Development Center (Baghdad). A Fourier-transformed
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infrared (FT-IR) spectrophotometer (Bruker Tensor 27, Germany) with a range from
500 t04000 cm™! recorded the FT-IR spectra.

Photocatalytic activity

The photocatalytic degradation of cefotaxime was used to evaluate the photocatalytic
performance of the prepared samples. The examination setup included a batch reac-
tor with a magnetic stirrer and two ultraviolet (UV) lamps (wavelength =254 nm) in
a batch system. During the experiment, the entire assembly was kept in a darkroom
to eliminate the influence of any ambient light and to ensure that the photocata-
lytic degradation of cefotaxime occurred solely under the irradiation from the light
source used. To attain complete adsorption—desorption equilibrium, the mixture of
the catalyst and wastewater was stirred vigorously and stored in the dark for 30 min
before turning on the lamp. As soon as the equilibrium state is reached, the lights are
turned on. To remove the catalyst, 10 ml of sample was withdrawn, centrifuged, and
filtrated by nanofiltration. After filtration, it was stored in 4-mL glass vials and sent
for high-performance liquid chromatography (HPLC) analysis (Agilent 1100/1200
HPLC, to quantify the cefotaxime. Using the following equation, the percentage
removal of cefotaxime was calculated [14]:

(Ci — Co)
_— %
Ci

%Removal of cefotaxime = 100 (1)
where c;=initial concentration of cefotaxime and c,=final concentration of
cefotaxime.

Results and discussion
Characterization of the catalyst

Figure 2 displays the spectroscopic structures of TiO,, kaolin, and the TiO,/kao-
lin composite that were analyzed by X-ray diffraction (XRD), and as shown in Fig.
S1 as well. The crystal planes of the TiO, [(101), (004), (200), (105), (211), and
(204)] that appeared in the pure TiO,, and TiO,/kaolin composite agreed with the
characteristic peaks of TiO, at 25.36° 37.84°, 48.12°, 53.96°, 55.16°, and 62.76°,
respectively [15]. After the addition of kaolin, the grain sizes of the TiO, decreased
significantly from 30 to 14 nm. The grain size of the loaded TiO, nanoparticles was
controlled efficiently by the addition of kaolin, which enhanced the photoactivity.

Figure 2 clearly illustrates the (001) diffraction peak of kaolin at 12.28° displayed
by the XRD pattern of kaolin, indicating a d spacing of 0.72 nm, which corresponds
well to the standard pattern (JCPDS No.14-0164). In addition, the peaks at 24.82°,
38.34°, and 62.26° corresponded to the (002), (-202), and (060) lattice planes of tri-
clinic kaolin. In the TiO,/kaolin composite, the characteristic peaks of kaolin disap-
peared, which could be attributed to the completion of the dehydroxylation reaction
[16].
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The general morphologies and microstructures of TiO,, kaolin, and TiO,/kao-
lin, were investigated by SEM analysis, as shown in Fig. 3. The surface morphol-
ogy of TiO, is displayed in Fig. 3a. Spherical nanoparticles were revealed in the
SEM image of TiO, (Fig. 3a), repeating the same observations of TiO, morphology
reported by the reference [17]. Kaolin exhibited layered structures consisting of sev-
eral parallel nanosheets, as indicated in Fig. 3b. The assembly of the TiO, particles
was significantly promoted by the kaolin, which has a smooth and regular surface
without impurities.

Figure 3c demonstrates that the problems of agglomeration and high surface
energy when using pure TiO, were resolved by using the TiO,/kaolin composite.
From this image, it is apparent that TiO, particles covered the originally smooth
edges of the kaolin plates (see Fig. 3b) in the case of the TiO,/kaolin composite.
Figure 3c shows that the TiO, nanoparticles grew preferably on the kaolin parti-
cle edges. This means that the solid, smooth surface of the kaolin particles with no
cracks is not compatible with the development of TiO, nanoparticles. However, the
results of Chong et al. contradict these conclusions [18].

The surface area and pore volume were investigated by Brunauer—Emmett—Teller
(BET) analysis to understand the roles of both TiO, and kaolin in the TiO,/kaolin
composite. As indicated in Table 1, the specific surface area and total pore volume
of TiO, and kaolin are smaller than those of the TiO,/kaolin composite. The homo-
geneous distribution of nano-TiO, particles and the unique creation of a kaolin-lay-
ered structure could explain the huge surface area and total pore volume of the TiO,.
Kaolin composite can efficiently upgrade the improvement of the catalytic activity
by creating more adsorption and reactive sites.

One of the most effective experimental methods for researching hydrogen-bonded
clusters is vibrational spectroscopy [19]. The FT-IR spectra of the samples, shown
in Fig. 4 and Fig. S2 (A, B, and C), were used to analyze the vibrational bands and
interface interactions. The obvious Ti—O-Ti stretching vibration in the range of
699—732 cm™! was displayed by all three samples, as can be seen [20], while the
stretching vibration of the hydroxyl bonds appeared on the region of the broad peaks
within the range from 3100 to 3600 cm™". Due to surface-adsorbed water molecules,
the peak at 1630 cm™! can be assigned to an H-O-H bending vibration. Photocata-
lytic activity is promoted by hydroxyl bonds from such adsorbed water molecules,
which form the hydroxyl radical (OH®) and are categorized as an oxidant because
they react with a photo-induced hole (h™) or oxygen (O,) [21]. The band within the
wavenumber range from 1007-1115 cm™' can be assigned to the Si-O stretching
vibration for the kaolin as well as the TiO, /kaolin composite, while the stretching

Table 1' Physicpchemical No Sample Spgr (M?/g) Pore

properties of TiO, and volume

supported catalysts (cm¥/g)
TiO, 282.8 0.64
Kaolin 89.8 0.38
TiO,/kaolin 368.7 0.76
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Fig.4 FT-IR images of TiO,, Kaolin, and TiO,/kaolin

of the Si—O appeared at a peak at 697 cm™! [22]. The Si—O-Al stretching vibration
can be seen at the peaks near wavenumbers 537, 754, and 793 cm™! [23]. The peak
at 3621 cm™! indicated the occurrence of —OH stretching, while the bending vibra-
tions of the adsorbed water led to the peak occurring at around 1639 cm™' [24]. The
peaks appearing at 913 and 3697 cm™! displayed the presence of AI-OH vibrations
caused by the alumina sheet of kaolin coordinated with —OH groups [25]. Also, at
3653 cm™!, the AI-OH bond materialized as an octahedral structure. Additionally,
due to the presence of TiO, and caused by the replacement of aluminum ions with
titanium ions, this peak disappeared in the TiO,/kaolin composite. The band posi-
tions at~755 cm™!, 696 cm™!, and 539 cm™! are part of the Si—O-Al vibrations [26].

Photocatalytic degradation of cefotaxime
Effect of the irradiation time

Figure 5 displays the outcomes of the effect of the irradiation time on the cefotaxime
removal with pure TiO, and with a mixture of TiO,/kaolin/H,0, under UV light,
showing that the removal efficiency increased as the irradiation time increased. This
occurred because over time, more cefotaxime adsorbed to the catalyst surface, which
caused more cefotaxime to degrade [27]. With time, the generation of radicals was
higher, and that caused an increase in the degradation rate [28]. The removal effi-
ciency was 55.69% at 90 min when using TiO, only, while the removal efficiency
was 94.2% at 90 min when combining TiO,/kaolin/H,0,.

The addition of kaolin and hydrogen peroxide to the catalyst improved the pho-
tocatalytic performance by up to 1.7 times when compared to using pure TiO,. This
improved performance was due to the optimized conditions: increased surface area,
porous nature, and TiO, phase. The additional cefotaxime molecules adsorbed on
the larger surface area, which increased the photodegradation activity. The adsorbed
pollutant on the surface of the kaolin was continuously degraded by TiO,, where
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the kaolin adsorbed the pollutant on its external surfaces and within its interlinear
portions [29]. When TiO, is bombarded with enough photon energy, electrons and
holes are generated, which initiate the cefotaxime photodegradation pathway [30].
The electron will be promoted to the conduction band, while the hole will remain
in the valence band. Both the electron and the hole produce hydroxyl radicals when
they combine with oxygen and water, respectively [31]. These hydroxyl radicals
(powerful oxidizing agents) target the cefotaxime and convert it to various com-
pounds, such as NO;, NH*, SO, 2, and CO, [32].

Effect of the catalyst dose

By loading different amounts of TiO, and TiO,/kaolin/H,0, during the photocat-
alytic reaction, the effect of the catalyst dose was also studied, where the irradia-
tion time (90 min) and cefotaxime concentration (10 mg/L) were kept constant. The
photodegradation of the cefotaxime increased with additional amounts of TiO, (see
Fig. 6) and then decreased. With the catalyst amount (TiO,) equal to 0.1 g, the most
effective removal efficiency of cefotaxime (54.2%) was observed. An increase in
the TiO, amount increased the number of active sites (but only to a certain limit),
which in turn increased the number of hydroxyl and superoxide radicals, resulting
in the enhanced photodegradation of cefotaxime. Due to the interception of light
by suspension that resulted from increasing the amount of TiO, above the optimum
limit, the degradation rate remained reduced after reaching that limit. This can be
explained by the agglomeration of TiO, catalyst particles whose surfaces became
unavailable for photon absorption [33].

To establish the appropriate amount of photocatalyst (TiO,/kaolin/H,0,), a series
of tests were conducted with varying amounts of that photocatalyst, ranging between
0.05 and 0.2 g/0.5 L of the solution. Figure 7 shows the results of these experiments.
The removal efficiency of cefotaxime reached 54.2% using 0.1 g TiO, only, 60.8%
using 0.1 g TiO,:0.1 g kaolin, and 62.27% using 0.1 g TiO,:0.025 g H,0,. The
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Fig.7 Effect of TiO,/kaolin/H,0, dose on the removal efficiency (irradiation time =90 min, cefotaxime

concentration =10 ppm, pH=7)

highest removal efficiency of cefotaxime was observed to be 93.2% with the catalyst
amount equal to 0.1:0.2:0.05 g of TiO,/ kaolin/H,0O,, respectively. At these opti-
mal levels, the surface chemical interaction, ternary catalyst molecular architecture,
and morphological features formed the best aqueous environment for the efficient
interaction with the cefotaxime molecules [34]. The degree of degradation of the
cefotaxime solution increased with an increasing amount of photocatalyst, reached a
higher value, and then decreased. This is could be attributed to the shielding effect,

where the suspended TiO,/kaolin/H,0, particles reduced the penetration of light
through the solution after exceeding the optimal amount [35].
@ Springer
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Effect of the cefotaxime concentration

The results obtained from the effect of the initial cefotaxime concentration on the
removal efficiency of cefotaxime are shown in Fig. 8. The cefotaxime concentra-
tion was varied from 10 to 40 ppm, but the other amounts remained constant at
TiO, (0.1 g), TiO,/kaolin/H,0, (0.1:0.2:0.05 g), and pH="7. Figure 8 reveals that as
the cefotaxime concentration rose, the removal efficiency decreased. This behavior
occurred because more organic substances adsorbed on the surface of the catalyst
as the cefotaxime concentration increased, while fewer *OH groups were formed
because fewer photons were available to reach the catalyst surface, which lowered
the degradation percent [36]. The highest removal efficiency when using TiO, only
was 54.2%, while with the addition of kaolin and hydrogen peroxide, the removal
efficiency increased to 93.2%, as seen in Fig. 8.

Effect of the pH

Figure 9 shows the effect of the pH on the removal efficiency of cefotaxime, indi-
cating that the cefotaxime removal efficiency decreased as the pH of the solution
increased.

The optimum removal was 67.9% at a pH of 4 using TiO, only but 99.83% by
combining TiO,/kaolin/H,0,. This was due to the H,O, modifying the prevail-
ing electric charge on the TiO, and kaolin surfaces. Because the pH value was
lower than the zero point of charge (ZPC) of the pH (e.g., pH=4), there was
more pollutant adsorption on the TiO, surface as a result of the positive elec-
tric charge on that surface. Additionally, because a hydroxyl free radical was
created as a result of the catalyst surface stimulation, higher adsorption of the
pollutant on its surface induced radicals (made at the catalyst surface) that more
quickly impacted the cefotaxime molecules and removed them [37]. This special
property of H,O, could be the reason for the lower performance of the TiO,/

100
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Concentration of Cefotaxime (Ppm)

Fig.8 Effect of cefotaxime concentration on the removal efficiency (TiO, _ 0.1 g /0.5 L, TiO,/kaolin/
H,0,=0.1:0.2:0.05 g, irradiation time =90 min, pH=7)
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kaolin/H,0, at higher pH levels. On the other hand, the H,O, (which is strongly
dependent on the pH) becomes highly unstable, and self-decomposition of H,0,
occurs in an alkaline medium [38]. The H,0, molecules will rapidly break down
into water and oxygen as a result of this self-decomposition, and the molecule
will lose its characteristics as an oxidant and mainly become the source of
hydroxyl radicals. Thus, the cefotaxime removal efficiency will decrease. There-
fore, the reports that concluded that the photocatalysis process can remove pol-
lutants under both acidic and neutral conditions are consistent with these results
[39]. At an acidic range (pH =4-6), cefotaxime removal by a TiO,/kaolin/H,0,
adsorbent was more effective because more protons were available at the low
pH values. This resulted in an increase in the electrostatic attraction between
the positive charge on the TiO,/kaolin/H,0, surface and the negatively charged
cefotaxime anions, which increased the cefotaxime adsorption capacity. Such
results have also been reported by [40], which is compatible with the results of
this research.

Comparative study

The elimination of the cefotaxime compound was the subject of this research
using pure TiO, and TiO, combined with kaolin with the assistance of UV/H,0,
in a photocatalytic advanced oxidation process. In the actual wastewater treat-
ment, the photocatalytic process was performed to obtain the highest removal
efficiency of the cefotaxime compound because this process generates highly
reactive intermediates that increase the activity of the process, thus increas-
ing the removal of cefotaxime. In addition, it is an automatic and safe process.
Table 2 compares this study to others related to the elimination of the cefotax-
ime component by the photocatalytic method.
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Conclusions

The present study showed the applicability of an advanced oxidation process in the
treatment of wastewater. Parameters, such as the irradiation time, cefotaxime con-
centration, catalyst (i.e., TiO,, kaolin) dose, and pH, affected the removal of the
cefotaxime compound. The results showed that combining TiO, with kaolin and
H,0, as catalysts led to an almost complete reduction of the cefotaxime. Combin-
ing TiO, with kaolin and H,O, was more effective compared to utilizing only TiO,
in the removal of cefotaxime from wastewater. The highest cefotaxime removal was
99.83% by TiO, combined with kaolin and H,0, (0.1:0.2:0.05) g, and 68% using
0.2 g of only TiO,. Each of these processes required an irradiation time of 90 min
at a pH of 4 and a cefotaxime concentration of 10 ppm. Based on the results, an
advanced oxidation process employing combined catalyst technology is appropriate
for the treatment of cefotaxime in wastewater.
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