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Abstract: Developing CeO»x-diatomite composites with highly efficient photocatalytic performance
is a practical and low-cost strategy for the removal of abundant contaminants in water and
wastewaters. Diatomite (D) was modified by acid treatment to obtain a more porous structure.
CeO»-diatomite composites were prepared in two different mass ratios of D to CeO2 of 1:1 and 1:2
via a facile precipitation method. The changes in structural, morphological, optical, and thermal
properties of CeO»-diatomite composites were characterized by FTIR, XRD, ESEM-EDAX, BET
surface area, TGA, PL, Raman spectroscopy, and zeta potential techniques. ESEM images present-
ed the morphological differences of CeOz-diatomite composites, reflecting the effect of modifica-
tion as a more folded sheet form morphology and higher BET surface area. XRD analysis revealed
the fluorite-type structure of CeO2 particles in composites. Photocatalytic activities were investi-
gated by following the degradation of methylene blue (MB) as a thiazine dye model under UVA
light irradiation. CeO:-diatomite composites exhibited irradiation time- and dose-dependent re-
markable photocatalytic efficiencies, whereas composite type inconsistent variations were also no-
ticed. The attained performance of the CeO»-diatomite composites could strongly imply a favora-
ble application prospect in the photocatalysis field.

Keywords: CeO»-diatomite composites; diatomite; methylene blue; precipitation method;
photocatalysis

1. Introduction

The lack of efficient wastewater treatment and the spreading of hazardous chemi-
cals including dyes from industries into water resources is a major global issue [1]. The
textile industry consumes the most dye, followed by the various dye-related industries,
such as printing, and the production of paper, paint, and leather for various manufac-
turing purposes. Among the different textile dyes, MB is widely used as a cationic and
primary thiazine dye for coloring silk, wool, cotton, and paper [2,3]. The accumulation
of MB in receiving waters can have a harmful impact on the ecological system. There-
fore, the removal of MB from wastewater effluent is highly crucial prior to the direct
discharging into the water bodies [1,3,4]. To date, numerous approaches have been re-
ported for the elimination of MB from wastewaters, including coagulation, flocculation,
biodegradation, and adsorption treatments [3,5-7]. However, these wastewater treat-
ments are generally not able to achieve complete dye degradation, even with a sequen-
tial combination of two or three methods. Therefore, it is necessary to focus on an alter-
native and efficient water treatment technique having a low cost [8-11]. Advanced oxi-
dation processes, specifically heterogeneous photocatalysis, may degrade complex or-
ganic pollutants via reactive oxygen species (ROS) operating mainly through hydroxyl
radical attack [12,13].

Recently, new catalysts using either semiconductors such as CdS [14], CuO [15],
MgO [16], SnO2[17], and Al-doped CoFe204[18], or composites such as PANI-ZnO [19]
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and Ag@TiO2/W3[20], were developed for the photocatalytic degradation of MB. A rare
earth oxide, CeO, received attention as a promising catalyst since it is non-toxic, non-
photocorrosive, and low-cost, and has a strong oxygen ability with high chemical stabil-
ity properties [21-23].

The primary events of a photocatalytic degradation process using a photocatalyst,
e.g., CeOy, can be expressed by the reactions given below (Reactions (1-6)):

Charge separation: Upon irradiation of CeOz, a hole in the valence band (VB, h*vs)
and an electron in the conduction band (CB, e cs) are generated (Reaction (1)).

CeOz+hv (E > Ebg) — CeO2(e"cs + h * vs) 1)

These charge carriers react with either the H2O molecule (Reaction (2)) or with the
hydroxyl ion OH- (Reaction (3)) to form hydroxyl radical (*OH).
*OH formation via h * vs:

h+vs+H.0 — H*+*OH (2)
h +vs+OH- — *OH 3)

Reduction via ecs:
e+ 02— ‘O (4)

Reaction (4) defines a reduction process indicating formation of a superoxide anion
(*Or) followed by formation of H20: (Reactions (5) and (6)).

*Or + H202 - *OH + O2+ HO- (5)

*OH + *OH — H20» 6)

Degradation of organic pollutants can be achieved through action of ROS (i.e-*OH,
‘Oz, H2O, etc.) proceeding through various consecutive steps and eventually resulting
in formation of innocuous products as COz, H20, and inorganic ions (Reaction (7))
[23,24].

ROS + organic pollutants - — — CO2 + H20 (7)

Recently, some researchers reported the photodegradation of MB using CeO:as a
catalyst to solve the problem of water pollution [25-30]. Considerable efforts were made
to enhance CeO:zadsorption with the addition of SiO2 nanoparticles [23,31-35]. Modifica-
tion of the morphology with SiO2 was an advantageous step for successful separation of
the photogenerated charge carriers. It is well-known that the use of 5iO:2 emerged as a
promising strategy to obtain a more uniform distribution and porosity of the final prod-
uct [31,35].

In the past, D was used to prepare new natural silica mineral carrier materials for
wastewater treatment [36-38]. Raw D is a unique ordered porous silica material with a
large specific surface area, low density, high adsorption capacity, and chemical re-
sistance. This low-cost porous material is derived from the skeleton fossils of unicellular
aquatic algae known as diatoms having various shapes and sizes and consisting of
amorphous silica [36,39]. Raw D consists of mineral impurities that reduce the original
structural characteristics. Therefore, the removal of the existing undesired impurities is
sometimes crucial to enhance the pore-size distribution and adsorption properties of D.
Accordingly, acid treatment is applied as a simple and cheap approach, resulting in a
modified diatomite (MD) [39-41]. Several studies have focused on the photocatalytic
performance of MB using various catalysts including TiOz-diatomite composites [42,43],
Zn-diatomite composite [44], SnOz-diatomite composite [39], CdS-diatomite composite
[45], and TiO2-ZnO-diatomite composite [46]. However, there were very few studies on
the development of CeO»-diatomite composites. Zhou and colleagues prepared a Pt sin-
gle-atom catalyst on CeO:-modified diatomite support for the hydrogenation of phe-
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nylacetylene to styrene [47]. Su and co-workers proved that the synthesized modified
nano-CeOz-filled oily diatomite/polyvinylidene fluoride composites exhibited tribologi-
cal behavior [48]. Therefore, this study addressed the photocatalytic performance of
CeO»-diatomite composite, which represents a significant contribution.

CeOr-diatomite composites were synthesized via a facile precipitation method con-
sidering the photocatalytic activity of CeO: with the adsorption ability of diatomite as
the representative material of porous silica. The present work dealt with the preparation
of CeO»-diatomite composites using raw D and MD in two different mass ratios to un-
derstand the relationship between the pretreatment method and resulting composites.
Furthermore, the possible morphological, structural, optical, and thermal differences
depending on the use of the diatomite type in the composite were systematically inves-
tigated. The photocatalytic properties of the prepared CeO:-diatomite composites via
two different routes were evaluated by testing MB dye for the first time.

2. Materials and Methods
2.1. Materials

Diatomite (average particle size = 5.2 um) was used as supplied from Beg Tug Min-
eral, Tiirkiye. Chemically, D was mainly composed of 5iO2(75.45%), inorganic constitu-
ents such as Al20s3(7.15%), CaO (3.05%), Fe20s(2.35%), MgO (1.45%), and TiOz2 (0.40%),
and some organic impurities. Ce(NH4)2(NOs)s, NaOH, and HCI (37%) were purchased
from Sigma-Aldrich and used without further purification. All aqueous solutions were
prepared using distilled water (conductivity 2 x 10 S/m at 25 °C).

2.2. Preparation of Modified Diatomite

Acid-modified diatomite was prepared according to the procedure reported by
Jiang and colleagues [39]. A quantity of 10 g diatomite was added to 100 mL of 1 M HCl
to prepare a suspension and placed in a water bath shaker for 2 h. Then, MD was filtered
through a Gooch funnel equipped with a sintered glass disc, followed by extensive
washings with distilled water, dried at 105 °C for 24 h, and finally calcined in a muffle
furnace at 450 °C in air for 1h.

2.3. Preparation of CeO:-Diatomite Composites

CeOr-diatomite composites were prepared via a modified co-precipitation method
[49]. The theoretical diatomite/CeO2 mass ratios were 1:1 and 1:2 of raw D or MD to
CeOq, and these four composites were denoted as DC-11, DC-12 MDC-11, and MDC-12,
respectively. The representative synthesis of DC-11 was given as follows: 1.72 g raw D
was added to 100 mL of 0.1 M Ce(NHa4)2(NOs)s solution in a flat-bottomed flask and
stirred vigorously for 5 min. Subsequently, the pH was adjusted to 12 by dropwise (ap-
proximately one drop/second) addition of 0.5 M NaOH with vigorous stirring by a mag-
netic stirrer, and stirring was continued for 2 h at room temperature. The precipitate was
filtered, washed with distilled water, and then dried in an air oven at 80 °C for 24 h. Fi-
nally, the dried CeO:-diatomite composites were calcined in a muffle furnace at 500 °C
in air for 2 h. The same synthesis procedure was repeated by taking half the amount of D
for the preparation of DC-12. MDC-11 and MDC-12 composites were synthesized using
MD, accordingly.

2.4. Characterization Techniques

Fourier transform infrared (FTIR) spectroscopy was performed with the attenuated
total reflectance (ATR) technique using a Perkin Elmer Spectrum Two model FTIR and
Universal ATR accessory with diamond/ZnSe crystal in a spectral region of 3600-500
cm™ with a scan resolution of 2 cm™. Dispersive Raman spectroscopy measurements
were performed by a Thermo Scientific DXR Raman Microscope using Ar* laser power
(10 mW) at A = 532 nm. X-ray diffraction (XRD) patterns were obtained by a Rigaku-
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D/MAX-Ultima diffractometer with Cu Ka radiation (A = 1.54 A) as an X-ray source. The
accelerating and applied currents were 40 kV and 40 mA, respectively. Scanning electron
microscopy in combination with energy dispersive X-ray analysis (ESEM-EDAX) was
achieved on a FEI-Philips XL30 Scanning Electron Microscope-EDAX instrument.
Brunauer-Emmett-Teller (BET) surface area and Barrett-Joyner-Halenda (BJH) pore-
size distribution measurements were obtained by N2 adsorption at 77 K using a
Quantachrome Quadrosorb SI instrument. Thermogravimetric (TG) analysis was under-
taken by a Perkin Elmer model STA 600 in the temperature range of 30 to 800 °C under
pure nitrogen using 10 mg of specimen. The applied heating rate and nitrogen flow rate
were 10 °C/min and 20 mL/min, respectively. The photoluminescence (PL) spectra were
recorded on an Edinburgh Instruments FS5 spectrofluorometer with an excitation wave-
length at A = 325 nm. Zeta potential measurements were performed in a Malvern
Zetasizer Nano ZSP in the pH range of 2-12 by adding HC1 or NaOH solutions.

2.5. Assessment of Initial Adsorptive Surface Interactions

Photocatalytic time-dependent (0-480 min) adsorption experiments were carried
out in a continuously shaking water bath at 25 + 1 °C. The volume of MB (5 mg/L) solu-
tion in Erlenmeyer flasks was 25 mL and the adsorbent dose was 0.25 g/L. Following
predetermined time intervals, the suspensions were filtered through 0.45 pum cellulose
acetate membrane filter (Millipore HA) to obtain clear solutions for spectroscopic analy-
sis.

2.6. Photocatalytic Activity Assessment

Photocatalytic activity experiments were carried out in a cylindrical Pyrex reaction
vessel containing 50 mL MB solution illuminated from the top with a 125 W black light
fluorescent lamp (Aemis = 300—400 nm, Amax = 365 nm). The intensity of the BLF lamp was
determined as Io=1.65 x 10'¢ quanta/s using potassium ferrioxalate actinometer [50]. Two
different dosages of CeO:-diatomite composites (0.25 g/L and 0.50 g/L) were used while
keeping the MB concentration constant (5 mg/L). Prior to testing of photocatalytic activi-
ty, the solution was magnetically stirred thoroughly for 30 min in the dark to achieve ef-
fective surface coverage. Following each photocatalytic treatment period (0-360 nm), the
solutions were immediately filtrated through 0.45 um membrane filters. The absorption
changes of MB were assessed at specific maximum absorbance wavelengths of A = 664
nm, A =292 nm, and A =246 nm. The UV-vis measurements acquired by a Thermo Scien-
tific Genesys 10S double-beam UV-vis spectrophotometer using 1 cm quartz cells were
denoted as Aces, A292, and Aze6 parameters.

3. Results and Discussion
3.1. Characterization of the Diatomites and CeOz-Diatomite Composites
3.1.1. FTIR Analysis

FTIR spectral features revealed the influence of acid modification on characteristic
functional groups of D, MD, and CeO:-diatomite composites (Figure 1a,b). The spectrum
of D indicated a broad band near 3385 cm™! that was assigned to the free silanol group
(vSiO-H) on the surface [51]. The bands at 2987 and 2903 cm™ corresponded to the
asymmetric and symmetric C-H bands on CH: and CHs, respectively, reflecting the
presence of organic matter in diatomite [52,53]. The intense band observed at 1636 cm™!
was related to the bending vibration of water (SHOH). Moreover, the characteristic silica
bands at 1045 and 796 cm™! were attributed to the asymmetric stretching of Si—-O-Si (Vas-
S5i-O-5i), and the symmetric stretching vibration of Si-O (vs5i-O) in amorphous silica,
respectively [53]. The band at 523 cm™ was related to the stretching vibration of Si-O
due to the deformation on the structural unit of SiO:2 [54]. The FTIR spectrum of MD
showed a red shift related to the bands belonging to vasS5i-O-Si and vsSi-O groups of sil-
ica. This could indicate that the acid treatment had an impact on the chemical properties
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of the D. The reason for this could be the change in the chemical composition of MD, re-
sulting in an enhancement of the silica amount due to the removal of the impurity con-

tent of D.
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Figure 1. FTIR spectra of (a) D, MD, (b) DC-11, DC-12, MDC-11, and MDC-12.
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The FTIR spectral profiles of composites are shown in Figure 1b. The weak band lo-
cated in the range of 1355-1380 cm™ belonged to Ce—O-Ce vibration bond in composites,
indicating the existence of CeO: [55,56]. In general, the positions of the prominent D
bands were slightly shifted in the spectrum of CeO>-diatomite composites. The observed
band shifts could be related to the incorporation of CeO: into the framework of the S5iO2
matrix [31,57]. In the presence of CeO2, a new band related to the stretching vibration of
Ce-O—-Ce (vCe-O—Ce) at 1380 cm™ was observed in the spectrum of DC-11 composite.
The main bands at 3445, 2989, 2900, 1631, 1380, 1055, and 795 cm™ corresponded to the
free silanol group (vSiO-H), asymmetric C-H bands on CH2 (vasC-H), symmetric C-H
bands on CHs (vsC-H), bending vibration of water (SHOH), asymmetric stretching of Si—
O-Si (vasSi—O-5i), and symmetric stretching vibration of Si-O (vsSi-O), respectively. The
characteristic S5i-O-Si asymmetric and symmetric strong stretching signals of D and MD
red shifted in all composites with the increasing amount of CeO:. Although the band at
530 cm™ was also expected to shift to higher frequencies, it seems to be shielded by the
shoulder of strong O-Ce-O vibrational signal centered at around 415 cm™ (not shown in
the figure) as reported in the literature [51-56]. Moreover, the most interesting spectral
change was observed in the stretching vibration band of Ce-O-Ce. This band was nota-
bly blue shifted in MDC-11 and MDC-12 composites compared to that of composites
prepared by raw D, designated as DC-11 and DC-12, respectively.

3.1.2. Raman Spectroscopy

Raman spectra of diatomite specimens and CeO»-diatomite composites are present-
ed in Figure 2.
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Figure 2. Raman spectra of (a) D, MD, (b) DC-11, DC-12, MDC-11, and MDC-12.

Diatomite specimens exhibited a broad band at ~415 cm that was assigned to the
O-5i-O bending mode [58]. Raman spectra of DC-11 composite revealed a prominent
band at 464 cm™ that was attributed to the triply degenerate F2g vibration mode, which
was assigned to a symmetric breathing mode of the oxygen atoms around Ce ions [59].
This band was in the range of 461-464 cm™ in composites, suggesting the fluorite struc-
ture of CeO2[60]. The observed band at ~600 cm™ corresponded to the non-degenerate
longitudinal-optical mode of CeO: indicating the oxygen vacancies in the CeO: lattice
[59,61]. The D1 bands in the region between 500 and 600 cm™ could be related to the bulk
oxygen vacancies in CeOz. The band at ~420 cm™ could belong to the silica structure due
to the contribution of D. The bands below 200 cm™ could be assigned to the scattering
[62,63].

3.1.3. XRD Analysis

XRD analysis was performed to determine the main chemical composition of raw D
and MD (Figure 3a). XRD patterns of D exhibited a broad diffraction in the region of 20
= 20-30°, suggesting the presence of amorphous silica. There was no remarkable altera-
tion in the peak positions of the MD. However, a slight enhancement was observed in
the peak intensities, indicating that the acid treatment affected the crystallinity of diato-
mite.
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Figure 3. XRD spectra of (a) D, MD, (b) DC-11, DC-12, MDC-11, and MDC-12, (c) enlarged (111)
plane of CeO:x.

The XRD patterns of CeO2-diatomite composites are shown Figure 3b. The specific
diffraction peaks were attributed to CeO2 and D. For MDC-12 composite, 20 = 28.68°,
33.19°, 47.85°, 56.72°, 59.42°, 69.69°, and 77.12° corresponded to the presence of (111),
(200), (220), (311), (222), (400), and (331) planes of CeO:, while the broad diffraction peak
at 20 = 13.23 could be related to the kaolinite-like structure in D. The XRD analysis re-
vealed that CeO2 in composites was consistent with the fluorite-type structure due to the
reflection plane of (111) observed at 260 = 28.68° [64]. The pattern was well-matched with
the CeO:2 standard card JCPDS NO. 43-1002, as well as with Raman data. The diffraction
plane of (222) was not visible for the other three CeO:-diatomite composites. Moreover,
there were no extra diffraction peaks related to the formation of new or mixed phases
between CeO: and D. The enlarged (111) diffraction planes of CeO:-diatomite compo-
sites were shown in Figure 3c. With increasing amount of D in composites (MDC-11 and
MD-11), a gradual 20 shift towards to higher angles was noted. Compared with DC-12,
the diffraction peak of MDC-12 was also shifted to a higher angle due to acid treatment
process of D.

The average crystallite sizes (D, nm) of CeO»-diatomite composites were calculated
from the peak of the (111) plane of CeO: using the Scherrer equation (Equation (8)) [65]:

D =K A/(f3 cosO) (8)

where K =0.9, A is the X-ray wavelength (1.5418 A), 0 is the Bragg angle, and f is the full
width at half maximum intensity (FWHM, radians).

The influence of acid treatment on the crystallite size of CeO>-diatomite composites
was also reflected as X-ray line broadening. The diffraction peaks of MDC-12 composite
were obviously narrower than those of DC-12 composite, thus indicating a relatively
larger crystallite size. Almost equal crystal sizes were calculated as 2.2 and 2.1 nm for
DC-11 and MDC-11 composites, respectively. However, the crystallite sizes of CeOz in
DC-12, of 1.9 nm, and MDC-12, of 3.0 nm, displayed an incremental increase, most prob-
ably due to the modification of diatomite. This result indicates that the acid treatment af-
fected the crystallite particle sizes of CeO>-diatomite composites as the CeO: amount
was increased.
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3.1.4. ESEM Analysis

The ESEM images of D and MD in comparison to CeO:z-diatomite composites are
presented in Figure 4. An orderly set pore structure in a fold sheet form can be observed
in the D image (Figure 4a). The diatom debris grains were arranged dispersedly, result-
ing in a porous structure [66]. After acid treatment, the morphology was altered, and a
more folded sheet form was formed. Moreover, the size of the diatom pores that were
clearly visible was increased (Figure 4b). ESEM images of CeO:-diatomite composites
revealed an irregularly shaped morphology containing both D and CeO: particles (Fig-
ure 4c—f). The dominant morphology was the porous structure of D for DC-11 composite
spreading throughout the composite. It was also clear that a distinctive almost spherical
shape of CeO2 particles could be observed [31]. Increasing the CeO2 amount resulted in a
decrease in the folded sheets of D in DC-12 composite. With respect to ESEM images of
DC-11 and MDC-11 composites, a decrease in both agglomeration and particle size of
CeO2 nanoparticles was evident in MDC-11. The pores of D were enlarged, and folded
sheets almost disappeared. Similar morphological changes were also observed for DC-12
and MDC-12 composites and the particle size was reduced in the MDC-12 composite.
The spherical particles of CeO: were transformed into various polyhedral particles and
MD was deposited onto the particles. The observed variations could be due to the for-
mation of chemical bonds between CeO: and diatomite with respect to the CeOz amount
in composites.
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(a)
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Figure 4. ESEM images of (a) D, (b) MD, (c) DC-11, (d) DC-12, () MDC-11, (f) MDC-12.

EDAX spectral elemental composition of D, MD, and corresponding CeO2-
diatomite composites are displayed in Figure S1, in Supplementary Materials (SI Part 1,
Figure Sla—f). High content of silicium was strongly confirmed by EDAX analyses of D
and MD. Si content increased after modification and other elements such as C, O, Na,
Mg, Al, Ca, and Fe were also observed. The presence of Cl as detected in the EDAX spec-
trum of MD could be due to the acid modification of D with HCl treatment. The pres-
ence of Ca, Si, and Mg elements could be in the form of CaCOs, silicate, and Mg(OH)2
sediments, as already reported in the materials section (Section 2.1) [67]. More im-
portantly, EDAX spectra (Figure Slc—f) showed that the as-prepared composites were
mainly composed of Si, Ce, and O elements.
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3.1.5. BET Analysis

BET nitrogen adsorption/desorption isotherms and BJH pore-size distribution
curves of D, MD, and representative CeOz-diatomite composites are shown in SI Part 1,
Figures S2 and S3. Average pore diameter (d), pore volume (Vp), and specific surface ar-
ea (Sser) are summarized in Table 1. The nitrogen adsorption/desorption isotherms of D
and MD exhibited a type II sorption behavior with an H3 hysteresis loop according to
the International Union of Pure and Applied Chemistry (IUPAC) classification [68]. It
was clear that the D and MD revealed the same form of isotherms and hysteresis loop.
The H3 hysteresis loop was principally related with the filling and emptying of the mes-
opores by capillary condensation, suggesting that the pores were mostly narrow and
slit-shaped, and their sizes were not well-proportioned [69,70]. In addition, the adsorp-
tion isotherm curves were significantly increased with the relatively moderate pressure,
signifying a gradual pore diameter enhancement. However, acid treatment resulted in a
slight enhancement in nitrogen adsorption, indicating that the overflow possessed a
higher Seer. It is well-known that acid modification of D leads to an increase in surface
area and adsorption capacity [71-75]. The reason for this could be the elimination of mi-
nor impurities responsible of pore blockage via acid treatment [73].

The adsorption-desorption isotherms of CeO:-diatomite composites were classified
as type IV with an H3 hysteresis loop, implying a typical unfilled mesoporous structure.
However, MDC-12 composite corresponded to a typical IV adsorption isotherm with an
H2 hysteresis loop due to the existence of the pore blockage or seepage [68] (SI Part 1,
Figure 52).

Table 1. Surface characteristics properties of diatomites and CeOz-diatomite composites.

Specimens Seer*, m?/g Vp**, cm¥/g D *** nm
D 109 0.3082 4.55
MD 118 0.3478 5.05
DC-11 76 0.0954 2.29
DC-12 84 0.1578 1.73
MDC-11 127 0.2032 3.83
MDC-12 126 0.1792 3.49

* Specific surface area data calculated by the multi-point BET method. ** Pore volume obtained
from the BJH adsorption cumulative volume of pores between 0.36 and 300 nm diameter. *** Ad-
sorption average pore diameter (4 V/A by BET).

The pore-size distribution curves based on the pore volumes of the BJH adsorption
are shown in SI Part 1, Figure S3. A heterogeneous distribution of pore diameters small-
er than 40 nm was evidenced for D. The DC-11, DC-12, and MDC-11 composites exhibit-
ed narrow pore-size distributions with average pore diameters of 3.82, 2.29, and 1.73 nm,
respectively.

3.1.6. Thermal Analysis

The thermal stability of D and MD and respective DC-11 and MDC-11 composites
were determined by TG and DTG analysis (Figure 5a,b). D and MD exhibited three
weight-loss steps. The first step of TG curves in the low temperature range of 30-300 °C
was attributed to the loss of adsorbed water [76]. The weight loss obtained in this step
was 8.5% and 5.4% for D and MD, respectively. The observed peaks at 79 °C (D) and 58
°C (MD) in DTG curves indicated the dehydration process. The second weight loss of D
in the temperature range of 350-530 °C with DTG peak was at 458 °C. This MD peak cor-
responding to condensation of hydroxyl groups, and the dehydroxylation process was
slightly shifted to 453 °C [76,77]. The final step was related to the dehydroxylation due
to the loss of OH groups surrounding the Al(VI) atom [78]. A similar DTG peak at ~600
°C was observed for M, MD, and corresponding composites (Figure 5b). The dehydra-
tion of adsorbed H20 and dehydroxylation were also observed in TG curves of compo-
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sites. The total weight loss was 13.2%, 8.02%, 5.31%, and 7.94% for D, MD, DC-11, and
MDC-11, respectively.

3.1.7. PL Analysis

Diatomites were composed of surfaces rich in reactive silanol (Si-OH) groups [79-
81]. Figure 6 reveals PL spectra of D, MD, and CeO2-composites. The PL spectrum of D
exhibited three main peaks at 400 nm (3.01 eV), 485 nm (2.56 eV), and 564 nm (2.20 eV),
while three peaks belonging to MD were located at 398 nm (3.12 eV), 482 nm (2.57 eV),
and 560 nm (2.21 eV) [82]. It was demonstrated that the origin of visible emission in the
blue and green regions was related to the different defect states, such as oxygen defect
centers, indicating non-bridging oxygen hole centers or neutral oxygen vacancy and self-
trapped excitons [80]. The broad peaks appeared at three main regions of 365-435 nm,
450-505 nm, and 520-600 nm in the PL spectra of composites with different CeO:
amounts. The observed peaks in PL spectra could belong to the characteristic peaks of
CeO2 or D that were also observed in CeO:-diatomite composites with a blue shift. DC-
11 composite showed a strong violet/blue light emission peak at 387 nm (3.20 eV), which
corresponded to the band-edge free exciton luminescence. The blue-green region of visi-
ble range at 467 nm (2.66 eV) was the bound exciton luminescence. The third emission
peak was observed at 564 nm (2.20 eV) in the green visible region [83,84]. The emission
peaks in the range of 400-500 nm corresponded to the different defect levels between the
localized Ce 4{0 state and O 2p valence band [83,85]. PL emission is useful to understand
the recombination possibility of excited electrons and holes in photocatalyst. In general,
a lower PL intensity indicates a lower recombination rate of electron and hole pairs. Fur-
thermore, an intense PL intensity reveals a higher number of defects and/or oxygen va-
cancies. The observed PL intensity trend with the CeO:2 amount in CeO:-diatomite com-
posites was nonlinear. The reason for this could be particle size, recombination, and
presence of defects [23,70,84].
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Figure 6. PL spectra of D, MD, DC-11, DC-12, MDC-11, and MDC-12.
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3.1.8. Zeta Potential Analysis

pH-dependent variations in zeta potential (, mV), as an efficient tool denoting the
surface charge, are shown in SI Part 1, Figure S4. It was obvious that the zeta potentials
of D and MD had negative magnitudes in the pH range of pH = 2-12. The surface of MD
was remarkably more negatively charged throughout the pH range compared to D, in-
dicating the presence of a higher number of functional groups. The zeta potentials were
dominantly negative in a wide pH range, excluding the presence of any isoelectric po-
tential (IEP) representing pH of zero-point charge (pHpzc) [86]. This result implies the in-
dependent pH behavior of D and MD particles. Moreover, the monitored permanent
negative charge could be related to the existence of substituted isomorphous alumino-
silicate structure, and this observation was consistent with the chemical/mineralogical
composition of D [87,88]. Similar results were also reported indicating the absence of IEP
[76,89]. In contrast, in several studies, IEP of diatomite was measured as pHpzc=2 [90,91].
The reason for this could be related to the structure of the diatomite types that contained
different minerals, with various ratios correlating with the zeta potential analyzed. The
pHpze values of DC-11, DC-12, MDC-11, and MDC-12 composites were 6.07, 4.57, 5.38,
and 5.28, respectively. The results indicate that no remarkable effect of different CeO2
contents was noticed on the surface charges of the MDC-11 and MDC-12 composites.
The reason for this could be the favorable attraction between the positive charge of CeO:
(pHpze=~7) and negative charge of MD [23].

3.2. Assessment of Photocatalytic Activity
3.2.1. Preliminary Experiments

The UV-vis absorption spectra of MB revealed four absorption peaks. An intense
absorption peak at Amax=664 nm (Ass4) assigned to MB monomer with a shoulder peak at
A =612 nm attributed to MB dimer were composed of a sulfur-nitrogen conjugated sys-
tem expressing the chromophore groups of MB. The two other observed peaks at A =292
nm (A22) and A = 246 nm (A2) were related to the substituted benzene rings, namely,
the phenothiazine unit in MB structure [3]. Photocatalytic degradation of MB was ex-
pressed by descriptive parameters such as Asss, A29, and Axs.

The preliminary experiments displayed direct photolysis of MB and surface interac-
tions, revealing MB adsorption onto CeO:-diatomite composites. As a representative pa-
rameter of MB, Asss was used unless otherwise stated [92].

Variations in UV-vis spectral features of MB under irradiation due to direct photo-
degradation were formerly reported by Turkten and colleagues [19]. Accordingly, direct
photodegradation of MB was extremely slow due to the non-overlapping trend of UV-
vis absorption spectra with the BLF lamp emission spectra.

The effect of pre-contact time prior to initiation of light exposure was determined
under dark conditions. D and DC-11 composite (0.25 g/L) were chosen as representative
basic specimens and adsorption of MB (5 mg/L) was investigated for a range of contact
time (t = 0-8 h). The initial adsorption amount was determined as ~20%, as related to the
prevailing interactions between the negatively charged surface of the specimens and cat-
ionic dye MB [93]. Slight variations (+10%) were attained during the whole period of
dark interactions. Fundamentally, the extent of initial adsorption should sufficiently dis-
close the free surface area for light absorption required for the initiation of the photo-
catalytic reaction. Therefore, as an initial dark contact time, 30 min was chosen for pho-
tocatalytic treatment of MB using all specimens.

3.2.2. Photocatalytic Degradation of MB using CeOz-Diatomite Composites

The photocatalytic degradation of MB was studied using CeO»-diatomite compo-
sites using two different doses (0.25 and 0.50 g/L). As an effective constraint of the sur-
face-oriented nature of photocatalysis prior to initiation of light exposure, the dose-
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dependent initial dark adsorption extents of all descriptive parameters are presented in
Figure 7.
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Figure 7. Dose dependent initial dark adsorption extents of MB onto DC-11, DC-12, MDC-11, and
MDC-12, as expressed by all descriptive parameters.

From a general perspective, coverage of MB onto composites increased with respect
to increasing dose for the MDC-11 specimen. Upon use of the lower dose of 0.25 g/L, all
descriptive parameters displayed a consistently decreasing trend, irrespective of the
composite type. However, for the higher dose of 0.50 g/L, all descriptive parameters dis-
played similar roles towards the surface of the photocatalyst specimens. The MDC-11
specimen expressed a remarkably different trend as evidenced by the highest surface in-
teraction, most probably due to the counter-balancing effect related to the equal compo-
sitional ratio of MD to CeOs.

Upon initiation of irradiation, during the whole duration of photocatalysis (up to
300 min), UV-vis spectral features of MB were followed, as shown in SI Part II, Figure S5
and Figure S6. The gradual decrement in the Aess peak during photocatalysis implied
that the sulfur—nitrogen conjugated system was degraded. A blue shift was noticed due
to the prolonged exposure of UVA illumination. This result indicated a probable route of
N-demethylated degradation of MB derivatives [19,94,95]. A similar progressively de-
creasing trend in A2 and A2 was also recorded. This outcome indicated the occurrence
of oxidative destruction of MB, resulting in a ring-opening reaction of the phenothiazine
species. The absence of new peaks suggested that there was no formation of new inter-
mediates converted from the destroyed phenothiazine structure of MB [94,96]. At 300
min of irradiation, all descriptive parameters were diminished and almost a complete
disappearance of the As12 was found upon use of the MDC-11 composite. This could be
ascribed to the cleavage of benzene rings and the heteropoly aromatic linkage due to the
degradation of MB.

The photocatalytic degradation of MB in the presence of the prepared CeO:-
diatomite composites followed the pseudo-first-order rate model expressed by Equation

9):
Rate (R) =-dA/dt = kA )

where R is the pseudo-first-order rate (cm™'min); Ao is the initial absorbance of MB ex-
pressed as Assso, A292,0 and Azas,o; A is the absorbance of MB expressed as Asss, A2z, and
Ao at time t; t is the irradiation time (min); and k is the pseudo-first-order reaction rate
constant (min™). All UV-vis parameters, i.e., Aess, A2z, and Az, exhibited logarithmic
decay profiles, revealing kinetic model parameters as presented in Table 2.
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Table 2. Photocatalytic degradation kinetics of MB expressed by Aess, A292, and Aass.
First-Order Kinetic Parameters First-Order Kinetic Parameters
Dose: 0.25 g/L Dose: 0.50 g/L
Aces kx10-3, ti, Rx103, kx10-2, ti, Rx103,
min min cm~!min~?! min min cm'min~!

DC-11 2.24 309 2.15 591 117 5.68

DC-12 3.54 196 3.40 8.98 77 8.63

MDC-11 10.2 68 9.84 9.00 77 8.65

MDC-12 3.05 227 2.93 5.36 129 5.15
A292

DC-11 1.93 359 1.05 5.00 139 2.72

DC-12 2.76 251 1.50 6.56 106 3.57

MDC-11 2.76 251 1.50 6.11 113 3.32

MDC-12 2.49 278 1.35 433 160 2.35
A2

DC-11 1.42 488 0.344 6.19 112 1.50

DC-12 1.83 379 0.443 7.41 94 1.80

MDC-11 3.77 184 0.913 8.58 81 2.07

MDC-12 1.64 423 0.397 422 164 1.02

The MDC-11 composite expressed the highest decolorization rate constant upon use
of two different doses, and thus the highest photocatalytic activity. The reason for this
could be the larger specific surface area of the MDC-11 composite (Sser =127 m?/g),
providing more available active sites, and hence favorable for the fast adsorption of MB,
resulting in a high photocatalytic activity [97].

The photocatalytic degradation rate constants of CeOz-diatomite composites using a
0.25 g/L photocatalyst dose can be presented in decreasing order as:

Asss: MDC-11 > DC-12 > MDC-12 > DC-11

A22: MDC-11 =DC-12 > MDC-12 > DC-11

Az MDC-11 > DC-12 > MDC-12 > DC-11

Upon use of a 0.50 g/L photocatalyst dose, the trend in photocatalytic degradation
rate constants can be given in the following order as:

Asss: MDC-11 > DC-12 > DC-11 > MDC-12

A292: DC-12 > MDC-11 > DC-11 > MDC-12

Axe: MDC-11 > DC-12 > DC-11 > MDC-12

The degree of MB decolorization/degradation using CeO:-diatomite composites, as
presented in Figure 8, was also calculated by the represented Equations (10-12):

Decolorizationess, % = ((Assso — Asss)/ Assso)) x 100 (10)
Degradationzo, % = ((A220 — A292)/ A292,)) x 100 (11)

Degradationzss, 7% = ((A2460 — A2ss)/ A2460)) x 100 (12)
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Figure 8. Dose-dependent decolorization/degradation efficiencies of MB onto DC-11, DC-12,
MDC-11, and MDC-12 as expressed by all descriptive parameters.

The degree of MB decolorization/degradation using 0.25 g/L of CeO:-diatomite
composites for an irradiation period of 120 min can be presented in a decreasing order
as:

Ass:: MDC-11 > DC-12 > MDC-12 > DC-11

A22: MDC-11 > DC-12 > MDC-12 > DC-11

Azis: MDC-11 > DC-12 > MDC-12 > DC-11

The degree of MB decolorization/degradation using 0.50 g/L of CeO:-diatomite
composites for an irradiation period of 120 min can be presented in the following order
as:

Asss: DC-12 > MDC-11 > DC-11 > MDC-12

A292: DC-12 > MDC-11 > DC-11 > MDC-12

Az MDC-11 > DC-12 > DC-11 > MDC-12

Upon use of 0.25 g/L, the effect of diatomite modification was found to be more
pronounced for DC-11 and MDC-11 specimens. The lowest decolorization/degradation
efficiency attained for DC-11 can be expressed by the folded diatomite structure (Figure
4a) with a high agglomeration resulting in a negative effect on the photocatalytic effi-
ciency [98].

An increased CeO:2 ratio resulted in a retardation effect, as observed for DC-12 and
MDC-12; the reason of this could be the lower surface coverage related to the surface
morphological properties (Table 1, Figure 7). However, the presence of a higher photo-
catalyst dose (0.50 g/L) resulted in a pronounced effect due to both diatomite modifica-
tion and CeO: content, as well as the available surface area (Figure 8).

For simplicity purposes, as an indicative parameter of MB, Aess was selected for
comparative presentation of kinetics and removal of MB upon use of all photocatalyst
specimens (Figure 9).
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Figure 9. Comparison of dose-dependent initial adsorption extents and decolorization efficiencies
MB, Asss with respect to first-order kinetic rate constants.

As can be visualized, upon use of 0.25 g/L, first-order rate constants revealed an in-
consistent relationship with surface coverage extents, whereas decolorization efficiencies
represented a close resemblance irrespective of the photocatalyst type. The highest rate
constant of MDC-11 could not be directly correlated with the surface coverage extent,
although decolorization efficiency was found to be in good order. On the other hand,
upon use of 0.50 g/L, first-order rate constants indicated differing tendencies with re-
spect to initial adsorption extents; however, they displayed similarity to the observed
decolorization efficiencies. Increasing the photocatalyst dose substantially increased
degradation rates, especially in the MDC-11 specimen, which could be related to the
degradation mechanism resulting in co-operating adsorption based on Langmuir—
Hinshelwood kinetics and, in solution, operating in the Eley—Rideal kinetic model.

It should be emphasized that photocatalytic degradation of methylene blue should
be followed by all descriptive spectroscopic parameters rather than sole decolorization
(Ass4) due to hydroxylation leading to the aromatic ring opening [92].

4. Conclusions

CeO2-composites were prepared by a simple precipitation method using diatomite
and modified diatomite as representative silica sources. The effect of acid treatment re-
sulted in CeOz-composites having different morphological, structural, optical, and ther-
mal features. The application pretreatment of diatomite not only led to the formation of
a less-agglomerated folded sheet structure, but also enhanced the surface area and po-
rosity of MDC-11 composite compared to DC-11 composite. The presence of the FTIR
bands belonging to the Ce-O-Ce vibration bond and silica groups confirmed the cou-
pled binary system of CeO2 and SiO:2 in composites. The XRD and Raman analysis indi-
cated that CeO: resembled a fluorite-type structure in the composites. The average crys-
tallite sizes of CeO2 in the composites determined through Scherrer’s equation were in
the range of 1.9-3.0 nm. The thermal behavior of the composites was related to the de-
hydration of adsorbed water and dihydroxylation.

The photocatalytic activity of the prepared CeO:-diatomite composites was exam-
ined through the degradation of MB, represented by three descriptive absorbances, i.e.,
Asss, A2z, and Azs. The highest photocatalytic efficiency of MB was obtained using the
MDC-11 composite due to the high surface area of 127 m?/g, resulting in enhanced sur-
face contact between MB and the composite.
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This study originally described a systematic comparison effect of acid treatment of
diatomite on the preparation of CeOz-diatomite composites, as well as photocatalytic ac-
tivities. Based on the attained results using MB as the substrate, CeO2-diatomite compo-
sites could be a promising new affordable and low-cost candidate for photocatalytic ap-
plications.
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https://www.mdpi.com/article/10.3390/w14213373/s1, Figure S1: EDAX spectra of (a) D, (b) MD,
(c) DC-11, (d) DC-12, () MDC-11, (f) MDC-12; Figure S2: BET adsorption-desorption isotherms of
(a) D, (b) MD, (c) DC-11, (d) MDC-11; Figure S3: Pore size distributions of (a) D, (b) MD, (c) DC-11,
(d) MDC-11; Figure S4: Zeta potential plots of (a) diatomites, (b) CeO2-diatomite composites as a
function of pH; Figure S5: UV-vis absorption spectra of MB using 0.25 mg/mL dose of (a) DC-11,
(b) DC-12, (c) MDC-11, and (d) MDC-12; Figure S6: UV-vis absorption spectra of MB using 0.50
mg/mL dose of (a) DC-11, (b) DC-12, (c) MDC-11, and (d) MDC-12.
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