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Abstract: Water contamination with various contaminants, including organic species, is a global
concern. Reclamation through safe, economic and technically feasible methods is imperative. Two
perovskites, zinc titanate (ZnTiO3) and manganese titanate (MnTiO3), mixed with TiO2 phases, were
prepared as nano-powders and nano-films. The materials were characterized and used as catalysts in
photodegradation of aqueous methylene blue, a hazardous model contaminant, using solar simulated
radiation. The effects of various reaction conditions on the photodegradation were examined. The
kinetics indicated the suitability of using the process at various contaminant concentrations and
catalyst loadings. Both powder and film catalysts completely removed the contaminant in less than
6 h. Powder and film forms of the MnTiO3 mixture were more efficient than their ZnTiO3 counterparts.
In both perovskite mixtures, the films exhibited higher catalytic efficiency than the powders. The
film materials exhibited high catalytic efficiency in both the continuous flow and batch processes.
Water contaminated with various methylene blue concentrations can be treated by the film catalysts
that can be recovered and reused with no technical difficulties. The results open new horizons for
larger-scale water purification processes.

Keywords: batch and continuous flow reactions; methylene blue photodegradation; MnTiO3; solar
simulated radiation; ZnTiO3

1. Introduction

Water contamination with organic compounds is a global concern. According to
National Geographic, only ~1% of surface waters are currently available for safe drinking.
Ground waters are also heavily contaminated with organic species, including chlorinated
hydrocarbons, dyes, and other substances [1]. As there are currently no available tools or
policies to completely prevent water contamination, water reclamation is the only choice. To
purify water from organic contaminants, a number of conventional methods are available,
including adsorption, chlorination, ozonation, reverse osmosis and others. All of these
methods have been used at the commercial scale and proven to be effective [2,3]. However,
each method has its advantages and shortcomings. For example, chlorination may yield
new hazardous chlorinated hydrocarbons [4]. Adsorption needs large adsorbent amounts
and yields adsorbents with adsorbed contaminants, which need further recovery [5]. Other
methods are costly to many poor communities and may not be suitable for small off-grid
and remote places.

Economic, safe and low-cost processes are needed for water purification. One emerg-
ing method is using direct solar radiation in the complete photodegradation of aqueous
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organic contaminants [6,7]. This photodegradation process has many advantages. The
contaminant molecules may undergo complete mineralization, leaving no organic matter
in the treated water; therefore, hazardous biproducts can be avoided through complete
photodegradation. Moreover, the only source of energy being used is solar radiation,
which is abundant in many places at no cost. Leaving the photocatalyst to function in
stand-alone purification reactors may also be useful in purifying water for off-grid and
remote communities.

Photodegradation reactions are normally catalyzed at semiconductor particle surfaces.
When the semiconductor particle absorbs a photon of suitable energy, the electrons are
excited to the conduction band (CB), leaving holes in the valence band (VB). Such excitation
is necessary for the semiconductor catalyst in the photodegradation process. Therefore, the
photodegradation method still has shortcomings. Semiconductor materials with narrow
to medium band-gap values, such as CdS, are efficient photocatalysts, as they only need
highly abundant visible solar light for excitation. However, such materials are unstable
and may undergo photo-corrosion under experimental conditions, yielding hazardous ions
in the treated water [8,9]. On the other hand, wide band gap semiconductors are normally
stable under photodegradation conditions, but require UV radiation for excitation [7]. The
UV range in the oncoming solar radiation is only a small fraction of ~5% [10]. This is
another limitation of using the photodegradation method.

Fortunately, designing stable wide band gap semiconductor materials that may effec-
tively function in the available solar UV spectrum is possible. Examples of such materials
are TiO2, ZnO and perovskites, all of which are easy to prepare, safe and not costly [11]. The
materials have been described as photocatalysts for organic contaminants in water under
direct or solar simulated radiation. These materials have been widely used in the form
of nano-powders suspended in contaminated water under photodegradation processes.
However, such methods involve new technical difficulties after treatment completion. Re-
moving the suspended particles from the treated water is not an easy task. Therefore, using
a thin film photocatalyst can be an alternative option [12].

Various types of perovskites based on strontium, tantalum [13–15] and other
metals [16,17] have been described as catalysts in photodegradation processes. Combining
both TiO2 and ZnO together in the form of the perovskite ZnTiO3 has been widely de-
scribed in many applications, such as optoelectronics, dye-sensitized solar cells and others.
This perovskite combines the advantages of both TiO2 and ZnO together, with promising
characteristics. However, this perovskite has not been widely described as a catalyst for
photodegradation processes. Recently, reports have appeared describing ZnTiO3 powders
as photocatalysts in organic contaminant photodegradations. Preparing ZnTiO3 and using
it as a suspended nano-powder catalyst to photodegrade a number of organic contaminants
was recently described [18,19]. Alkaykh et al. prepared MnTiO3 nanoparticles and used
them as suspended photocatalysts for methylene blue photodegradation [20].

This work aims to find solutions for the difficulties associated with the photodegrada-
tion processes described above. ZnTiO3 and MnTiO3 were prepared in their powder forms
and examined as catalysts to photodegrade the widely used model contaminant methylene
blue. The toxicity of this dye was documented earlier [21], with a maximum allowed
limit of 25 ppm [22]. The WHO has recommended that no amount of methylene blue be
allowed, and in Japan, the maximum allowed limit is less than 1% [23]. Finding the actual
efficiency of each catalyst in terms of turnover number (T.N. = lost contaminant molecule/g
catalyst), turnover frequency (T.N./min) and quantum yield (Q.Y. = T.N./UV photons) is
one main objective of this work. To avoid the technical difficulties associated with catalyst
separation after water treatment, the perovskites were deposited onto glass substrates
and used as films in the photodegradation process. Film efficiency comparisons between
the film catalysts and their powder counterparts were made. To assess the feasibility of
the perovskites in future water purification applications, the film catalysts were used in
continuous flow reaction processes. No similar literature studies have been reported to our
knowledge. All the goals were achieved here for the first time.
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2. Materials and Methods
2.1. Starting Materials

Common solvents, acids and bases were purchased in AnalaR grade from known
vendors. Methylene blue, manganese chloride tetrahydrate MnCl4·4H2O and titanium
isopropoxide Ti(OCH(CH3)2)4 were purchased from Sigma-Aldrich, and zinc chloride
ZnCl2 was purchased from Chem. Samuel. All the chemicals were purchased in their
pure forms.

2.2. Equipment

Solid material XRD structural patterns were measured on a PAN alytical X’Pert Pro
diffractometer with a Cu Kα source of 0.154 nm radiation. A JEOL JSM-6700F field emission
scanning microscope was used to study the surface morphologies of the solid materials.
X-ray photoelectron spectra (XPS) for the solid surfaces were measured using a Multi-Lab
2000 spectrometer. The equipment were available at the Korea Institute of Energy Research,
Daejeon, South Korea.

Solid state photoluminescence (PL) spectra were measured for the prepared solid
powders as water suspensions on a Perkin-Elmer LS 50 spectrophotometer against a deion-
ized water baseline using an excitation wavelength 324 nm. A UV-3101PC Shimadzu
Spectrophotometer was used to measure the electronic absorption spectra to character-
ize the solid materials as water-suspended particles against the water baseline. Methy-
lene blue electronic absorption spectra for aqueous solutions were also measured on the
same spectrophotometer.

For the photodegradation experiments, an Osram 250 W HLX 64657 tungsten–halogen
solar simulator lamp with the spectrum shown in Figure S1 was used. The lamp was placed
at a fixed height from the reaction mixture surface to yield a light intensity of 100,000 Lux,
as measured by a Lux-102 light meter. Through calibration, the total light intensity was
146 W/m2, and 5% of the light was in the useful UV range.

Specific surface area (SSA) values for the solids were determined through the widely
known acetic absorption method described in the literature [24]. Langmuir isotherms were
constructed to find the number of molecules adsorbed onto the solid surfaces in monolayer
coverage patterns.

2.3. Perovskite Powder Preparation

ZnTiO3 powder was prepared using the sol-gel method [25]. Titanium isopropoxide
(50 mL, 48 g, 0.17 mole) and zinc chloride (23.17 g, 0.17 mole) were mixed together and
stirred at 70 ◦C for 3 h. NaOH (2 M, 12 mL) was added dropwise. The pH was kept at 12
with stirring at 70 ◦C for 2 h. The resulting gel was dried at 110 ◦C, rinsed many times with
deionized water, and then calcined at 600 ◦C for 3 h.

MnTiO3 powder was also prepared using the sol-gel method as described earlier [20].
MnCl4·4H2O (9.0 g, 0.033 mole) was dissolved in deionized water (150 mL). To the solution,
conc. HNO3 (1.8 mL) and concentrated acetic acid (24 mL) were added, together with
titanium isopropoxide (15 mL, 0.05 mole). The solution was stirred at 50 ◦C for 12 h. The
resulting gel was then dried out at 80 ◦C for 1 h, rinsed with water many times and calcined
at 900 ◦C for 6 h. Both perovskite powders were characterized using various methods.

2.4. Perovskite Film Preparation

Perovskite films were deposited onto high-quality microscope glass substrates
(1 × 4 cm2 coating area). Various methods were examined, but the well-known doc-
tor blade method was followed due to its simplicity [26,27]. Prior to deposition, the glass
substrates were cleaned by immersion in HCl (10% v/v) for 1 h with ultrasonication, rinsed
with deionized water, sonicated in acetone for 1 h, rinsed with deionized water and dried
under nitrogen. The perovskite powder was then mixed with a triton X, acetylacetone and
deionized water solution (2:1:1:1 by mass), as described earlier [28], and coated on the glass
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substrate. The film was heated at 500 ◦C for 1 h. The nominal perovskite amounts in the
film layer was 0.10 g.

The film thicknesses were measured gravimetrically, assuming the density values
for ZnTiO3 and MnTiO3 were 5.74 g/cm3 and 4.54 g/cm3 based on known MSDS for the
materials. The monolayer film’s approximate gravimetric thickness values were 0.0044 cm
(44 µm) and 0.0055 cm (55 µm) for the ZnTiO3 and MnTiO3 films, respectively. Using the
cross-sectional SEM micrographs measured for the mono-layer films, the average thickness
values were only ~1 µm for both perovskites. The SEM values showed the observed values
for the perovskite material thicknesses. This issue will be readdressed in the Discussion
section (Section 3).

2.5. Photocatalytic Experiments

In the suspended powder catalyst experiments, the catalyst (variable perovskite load-
ing) was placed inside a thermostated beaker (500 mL and 10 cm diameter) at 25 ± 1 ◦C,
together with the magnetically stirred methylene blue contaminant solution (100 mL, vari-
able concentration) in the dark. The reaction mixture depth was ~1.33 cm. The mixture pH
value was controlled as desired using drops of dilute solutions of HCl or NaOH. The photo-
catalytic experiment was followed with time once irradiation was started from the solar sim-
ulator lamp described above. To follow-up the contaminant loss during the photocatalytic
experiment, reaction mixture aliquots were syringed out, centrifugated at 500 rpm for 6 min
in the dark and analyzed using electronic absorption spectra at 660 nm. The pre-prepared
calibration curves were used to determine the remaining contaminant concentrations.

In the catalyst film batch experiments, methylene blue solutions of known concen-
trations were added to a thermostated beaker (500 mL volume and 10 cm diameter) with
perovskite film dipped inside. The methylene reaction mixture was exposed to direct
radiations from the solar simulator lamp as described above, with very gentle stirring.
The solution depth above the catalyst film was ~1.35 cm. Aliquots of the reaction solution
were syringed out with time and analyzed spectrophotometrically at the maximum ab-
sorption wavelength of 660 nm to find the remaining contaminant concentrations using
calibration curves.

Continuous flow experiments were performed inside a thermostated beaker (500 mL,
10 cm diameter). The beaker had one inlet and one outlet. Contaminated solution (100 mL,
80 ppm) was added dropwise from a burette and allowed to pass atop the catalyst films
placed at the beaker bottom with very gentle stirring. The treated solution was received in
a beaker and recycled back to the burette. The flow rate was 5 mL/min for a total time of
60 min. Aliquots were syringed out of the treated solution and analyzed spectrophotomet-
rically for remaining methylene blue using calibration curves.

2.6. Control and Confirmation Experiments

Control and confirmation experiments were conducted to confirm photocatalytic
degradation of the contaminant molecules under irradiation. Dark experiments with
catalyst powder and methylene blue contaminant showed no measurable lowering in
the contaminant concentration with time. Under-radiation experiments, conducted in the
absence of any catalyst, showed no measurable lowering in contaminant concentration after
prolonged times. The control experiments confirmed that the loss in contaminant during
the photocatalytic experiments was solely due to photodegradation of the contaminant
vide infra.

To see if the photodegradation occurred in the visible or the UV range, special experi-
ments were performed. A cut-off filter that excludes 400 nm and shorter wavelengths was
used to remove UV radiation during photodegradation. Reactions with the cut-off filter
were much slower than those with no filters. This issue is readdressed below.

To further confirm methylene blue photodegradation, electronic absorption spectra
for the reaction mixture were measured at both 660 nm (characteristic for methylene blue)
and ~300 nm (characteristic for the phenyl group in the contaminant) with time. These
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bands are characteristic of methylene blue [29]. Both bands continued to decrease with time,
which means that the degradation involves the stable phenyl rings as well. Mineralization
of the methylene blue molecules through photodegradation was further confirmed by
measuring mineral ions in the treated contaminated solutions. As methylene blue contains
nitrogen atoms, the photodegradation process may involve oxidation of the nitrogen atoms,
yielding nitrate ions and other species. Special experiments were conducted in which
the nitrate ion concentration was measured after prolonged reaction times to determine
whether the nitrate ion production was consistent with methylene blue loss. The nitrate ion
concentration was measured as described by earlier protocols [30].

3. Results and Discussion

The results describe how aqueous methylene blue can be mineralized through pho-
todegradation using mixed phases of both ZnTiO3 and MnTiO3 catalysts in their various
forms. Dark vs. radiation control experiments confirmed that the loss of the contaminant
molecules was due to photodegradation rather than adsorption. Photocatalytic activities for
the two catalyst systems are correlated and discussed in parallel with their characteristics
as described here. The effects of various reaction parameters on the degradation reaction
rate are also discussed.

3.1. Characterization Results

Both prepared perovskites, ZnTiO3 and MnTiO3, were characterized using
several methods.

• Emission spectra:

Photoluminescence (PL) spectra measured for ZnTiO3 and MnTiO3 powder suspen-
sions are shown in Figure 1. As described above, the excitation wavelength was 324 nm.
The perovskites had main emissions at wavelengths 352 and 403 nm, respectively. For
the ZnTiO3, the value resembled the literature value of ~360 nm [31], while for MnTiO3,
the value resembled an earlier value of 410 nm [32]. In both prepared perovskites, the
emission occurred at slightly shorter wavelengths than earlier reports. This is due to
higher disorder in the prepared materials here. With higher disorder, the band gap
value increases, and the emission wavelength becomes shorter. The emission spectra
for the two perovskites corresponded to band gap values 3.52 and 3.08 eV for ZnTiO3 and
MnTiO3, respectively. These values resembled the literature reported band gap values of
3.10–3.65 eV for ZnTiO3 [33–38] and ~3.10 eV for MnTiO3 [39].
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• Electronic absorption spectra:

Figure 2 shows the measured electronic absorption spectra (EAS) for ZnTiO3 and
MnTiO3 suspensions in water. The ZnTiO3 suspension spectrum shows a band with a
maximum value at ~338 nm and an edge at ~350 nm. For the MnTiO3 suspension, the
maximum absorption occurs at ~390 nm with an edge at ~400 nm. In both cases, the band
edge positions are consistent with PL wavelengths and band gap values. Again, the band
gap value for ZnTiO3 is larger than that for MnTiO3. The PL and EAS indicate the need for
the UV radiation to excite both perovskites, but the MnTiO3 requires longer wavelength
radiations (near visible) to excite.
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Figure 2. Solid state electronic absorption spectra measured for perovskites. (a) ZnTiO3, (b) MnTiO3.
The spectra were measured as suspensions in water against a water baseline.

• Surface morphology and SEM micrographs:

Scanning electronic microscopic (SEM) images were measured for both the powder
and film forms of both perovskites, as shown in Figure 3.

Figure 3a,b shows that the MnTiO3 powder existed in larger agglomerates than the
ZnTiO3 powder, with average sizes of ~300 and 250 nm, respectively. The ZnTiO3 powder
agglomerates consisted of nearly spherical shapes that were more independent of one
another. In both cases, the agglomerates existed in larger lumps. Each agglomerate also
involved smaller particles that were combined together, vide infra.

In their film forms, Figure 3c,d shows that the ZnTiO3 film involved agglomerates of
more spherical shapes that were sparsely packed. In the MnTiO3 film, the agglomerates
were more compact, with flattened shapes and higher uniformity.
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The film cross-sectional micrographs for the perovskite films are shown in Figure 3e,f.
Both films had nonuniform thicknesses of average values ~1 µm (~1000 nm). The Figures
clearly show that the MnTiO3 film had larger and more compact agglomerates than its
ZnTiO3 counterpart. As the cross-sectional micrographs directly describe the film thick-
nesses, the values are more reliable than the values calculated based on gravimetry. Based
on SEM film thickness values, the total amounts of perovskites in the monolayer films
(1 × 4 cm2) were 2.3 × 10−3 and 1.8 × 10−3 g for ZnTiO3 and MnTiO3, respectively. These
values will be accounted for when calculating the film efficiency here.

• XRD structural study:

XRD patterns were measured at room temperature for the two perovskites in their
powder forms, as shown in Figure 4. In the ZnTiO3 powder calcined at 600 ◦C, Figure 4a
shows reflections 2θ = 31.1◦ (201), 33.0◦ (220), 35.5◦ (311), 40.5◦ (400), 53.6◦ (422), 57.0◦ (511)
and 62.0◦ (440). The observed reflections refer to ZnTiO3 in the cubic structure, based on
comparisons with earlier reports [40] and (JCPDS 39-0190). This confirms the presence of
the perovskite material. Additional signals can be due to the formation of TiO2, Zn2Ti3O8
and others [41]. The results indicate the presence of ZnTiO3 mixed with other phases. Based
on the Scherrer formula, using reflections from six different planes, the average crystallite
size was ~48 nm.
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perovskite reflections.

Figure 4b shows the pattern for MnTiO3 with reflections 2θ = 32.0◦ (104), 34.6◦ (111),
40.9◦ (113), 47.8◦ (024), 52.3◦ (116), 54.7◦ (018) and 63.1◦ (300). The reflections are consistent
with a perovskite structure for MnTiO3 [20,42] and (JCPDS 29-0902). Other reflections are
due to other phases such as TiO2 [41]. The crystallite size, measured using the Scherrer
equation based on averaging from six reflections, was ~68 nm.

For ZnTiO3, the crystallite size was smaller than for MnTiO3. In a given semiconductor
material, larger crystallites yield narrower band gaps [43]. However, the difference here may
not have been due to crystallite size differences, as the materials had different electronic and
energetic differences. Alternatively, the band gap difference between the two materials was
due to the material type difference, as ZnTiO3 has a wider Ebg then MnTiO3, as described
above in the PL discussion. The literature values for Ebg also confirm this conclusion.

The crystallite sizes for ZnTiO3 and MnTiO3 were much smaller than the agglomerate
sizes observed using SEM. This is known in the literature [44,45]. XRD patterns measure
the sizes of the small crystallites at the nanometer scale, while SEM describes the larger
agglomerates at micrometer scale sizes. The XRD and SEM results indicated that the smaller
crystallites existed inside the larger agglomerates in both perovskites.
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• XPS study:

X-ray photoelectron spectroscopy (XPS) was used to check for the present elements in
the prepared films, as shown in Figure 5. In ZnTiO3 film shown in Figure 5, all the peaks
related to Zn2+ (2p), Ti4+ (2p) and O2− (1s) ions can be clearly observed at 1022.09, 458.09
and 531 eV, respectively. They resemble the peaks at 1021, 458.5 and 530.2 eV reported
earlier for ZnTiO3 [46]. The carbon 1s peak at 284.09 eV, which commonly occurs in XPS
spectra, is due to impurities.
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Figure 5. XPS spectra measured for the ZnTiO3 and MnTiO3 films.

Figure 5 describes the XPS spectrum for MnTiO3. The peaks for Mn2+ 2p at 644.05 eV,
Ti4+ 532.05 at eV and O2− 485.05 at eV resemble literature values at 645.6, 485.3 and 531.1 eV
for MnTiO3 perovskite [42]. The C 1s peak observed at 285.05 eV is attributed to impurities.

The XPS spectra further confirmed the presence of Zn2+, Ti4+ and O2− ions in the
ZnTiO3 mixture phase, as well as the Mn+, Ti4+ and O2− ions in the MnTiO3 mixture phase.
The results are consistent with the EAS and PL spectra and with the XRD pattern analysis,
as described above.

• Specific surface area (SSA):

For each perovskite powder, the specific surface area (SSA) was measured using the
widely known acetic acid adsorption method [47,48]. Langmuir adsorption plots were
constructed, as shown in Figure S2, and the powder surface areas were calculated for
monolayer coverage. The calculated SSA values were 115 m2/g for ZnTiO3 and 90 m2/g
for MnTiO3.

The ZnTiO3 powder had a higher SSA than its MnTiO3 counterpart. This is justified
by the lower surface uniformity and compactness in the former, as described by the SEM
and surface morphology results above. In the ZnTiO3 powder, the agglomerates had
smaller sizes. The SSA values measured here were larger than those reported earlier. For
the ZnTiO3 powder calcined at 600 ◦C, the reported SSA value was only 10 m2/g [18].
The literature shows that the SSA area for MnTiO3 powder is ~65 m2/g [42]. In both
cases, the present perovskite mixed materials showed higher SSA values than their earlier
literature counterparts.

3.2. Contaminant Photodegradation Studies

• Control and confirmation results:

The control experiments indicated that the aqueous methylene blue concentration
decreased under irradiation with solar simulated radiation. In cases of no added catalyst or
dark experiments, no measurable contaminant loss was observed with time. The results
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indicate that the contaminant loss occured only under irradiation in the presence of the
perovskite photocatalysts in various forms.

The lowering in the methylene blue absorbance spectra at wavelengths of ~300 and
660 nm indicates that the contaminant underwent complete mineralization under pho-
tocatalytic conditions. The stable phenyl groups themselves were also degraded under
photodegradation conditions. When allowed enough time, the methylene blue completely
disappeared, as confirmed in Figure 6. These conclusions were confirmed by the appear-
ance of nitrate ions after prolonged photocatalytic experimental conditions, as summarized
in Table 1.
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Figure 6. Reaction profiles showing continued disappearance of methylene blue over time. The
reactions were conducted using various forms of perovskites at room temperature and pH 8.5.

Table 1. Time needed for complete loss of methylene blue under photocatalytic experiments. Values
of measured nitrate ion concentrations (ppm) are shown. Reactions performed using 100 mL of
contaminated solutions of 40 ppm concentration at room temperature and pH 8.5.

Perovskite Time (h) Measured NO3− Ion (ppm) *

ZnTiO3 powder (0.1 g) 5 3.32
MnTiO3 powder (0.1 g) 3.5 4.34

ZnTiO3 film (monolayer, 2.3 × 10−3 g) 4.5 3.40
MnTiO3 film (monolayer, 1.8 × 10−3 g) 3 4.50

* Resulting from oxidation of N atoms during mineralization of methylene blue.

Based on the molar mass of methylene blue (319.85 g/mole), and knowing that
one methylene blue contaminant contains 42 g of N, the maximum expected NO3

− ion
concentration in the resulting solution should be ~5.2 ppm. Table 1 shows the production of
the nitrate ion at measurable concentrations close to the expected value. This confirms the
complete mineralization of the contaminant molecules during photodegradation. However,
other nitrogen species may also result, such as nitrite ions, nitrogen oxide gases, ammonia
gas, nitrogen gas or others species.
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The maximum allowed methylene blue in drinking water is 25 ppm based on some
references, while the WHO dictates that no amount of methylene blue should be allowed,
as described above. The maximum allowed nitrate limit is 10–50 ppm based on the earlier
literature [49]. The US Environmental Protection Agency (EPA) limit for nitrate ions is
10 ppm (as nitrogen) [47]. Complete mineralization of 40 ppm methylene blue is therefore
virtuous and yields water that is within acceptable limits.

The cut-off experiments showed that both perovskites mixture catalysts need UV
radiation. Visible light is not enough for the reaction to proceed effectively. This is due
to the wide band gap nature of the two systems, which demands short wavelengths.
Fortunately, both catalysts effectively function under solar simulated radiation using the
UV tail of ~5% of the oncoming solar radiation. These issues were considered while
calculating the quantum yield values, as described below.

• Effect of pH:

Typically, natural waters have various pH values within the range 6.0–8.5. Therefore,
the effect of pH on methylene blue photodegradation was assessed here at various values,
ranging from acidic to basic media. The results for both catalysts in their powder and film
forms are shown in Figure 7. The Figure shows that the reactions were affected by the pH
of all catalysts, in the order of 3.5 < 7 < 11 < 8.5.
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Figure 7. Effect of pH (• 3.5, � 7, � 8.5, and N11) on the methylene blue photodegradation reaction
using various perovskite forms. (a) ZnTiO3 powder (0.1 g), (b) MnTiO3 powder (0.1 g), (c) ZnTiO3 film
(2.3× 10−3 g) and (d) MnTiO3 film (1.8× 10−3 g). All reactions were conducted at room temperature.

For all the perovskite catalysts, the activity was higher in basic media. At a pH
value of 8.5, the efficiency was notably highest among the series. The effect of pH on the
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photodegradation reaction rate is rationalized by the concept of point of zero charge (PZC)
for the catalyst surface and the contaminant molecule charge variation with pH.

The structure of methylene blue varies with the solution pH value, as shown in
Figure 8. At a pH value lower than 5.6, the molecule is cationic with a positive charge at
one terminal N atom. As the pH is increased, the molecules assume a neutral form with no
positive charges.
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Figure 8. Schematic showing changes in methylene blue structures associated with solution pH.
Reproduced with permission from Elsevier [50].

For the ZnTiO3 and MnTiO3 materials, the PZC values were ~7.80 and ~7.83. ZnTiO3
has a PZC value reported in the literature within the range of 7.00–7.60 [51,52], depending
on the presence of TiO2. For MnTiO3, the present high values were due to the mixed phase
with TiO2, as reported earlier [53]. These variations in PZC are consistent with the XRD
results, which confirmed the presence of the TiO2 phase in the perovskites. Therefore, both
perovskite surfaces carry positive charges at pH values less than 7.8 and negative charges
at higher values. At pH values close to 7.8, the perovskite surfaces are nearly neutral.

Photodegradation processes occur when semiconductor catalyst particles are excited
by incident photons to produce shot-lived oxidizing species such as (OH•), as described in
the literature reported mechanism given below. This short-lived species may exist near the
catalyst surface for short times only. Therefore, the contaminant molecule must be close to
the semiconductor surface to be affected. Thus, the charges at the semiconductor surface
and the methylene blue charge should affect the degradation reaction.

At low pH values, both methylene blue [54] and the semiconductor surface carry posi-
tive charges. The catalyst surface thus repels the methylene blue molecules. The molecules
therefore stay away from the oxidizing species, and consequently, the degradation reaction
is inhibited.

Under basic conditions with high pH values (e.g., 11), the methylene blue molecules
are neutral, while the semiconductor surface is negatively charged. Therefore, some
electrostatic attractions occur between the partial positive charges at H atoms in methylene
blue molecules and negative charges at the semiconductor surface. The methylene blue
molecules are in close proximity with the surface and may reach the nearby oxidizing
species. Therefore, the reaction is faster at higher pH values compared to lower values. On
the other hand, the N atoms in the methylene blue carry negative charges and are repelled
by the surface negative charges. Therefore, the reaction is still slow at higher pH values.

At pH values close to 7.8, like the case with 8.5, the methylene blue is neutral, and
the semiconductor catalyst surface is nearly neutral. The partially positively charged H
atoms (in methylene blue) are more attracted to the partially negatively charged oxygen
atoms at the semiconductor surface. Moreover, the partially negatively charged N atoms
(in methylene blue) are attracted to the partially positively charged H atoms at the semicon-
ductor surface. The contaminant molecules are thus kept close to the catalyst surface and
the oxidizing OH• species. The relatively faster photodegradation reaction at pH 8.5 is thus
rationalized. Similar results were reported for MnTiO3 powder catalyst in methylene blue
photodegradation, where the reaction progressed faster at higher pH values within the
range 2–9 [20]. The report did not rationalize the effect of the pH value. Other reports have
described ZnTiO3 nanopowders and nanofibers in the photodegradation of methylene blue
with no reference to the pH effect [18,55]. In another report [56], ZnTiO3 supported on clays
and zeolites adsorbed more methylene at higher pH values within the range of 2–10.
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Natural waters normally have pH values ranging from acidic to basic [57]. The present
results show the application value in future water purification processes, especially when
using the perovskite catalysts in their film form. The catalysts function at various pH
values, with special efficiency at 8.5.

• Effect of contaminant concentration:

The effect of contaminant concentration on the photodegradation reaction rate was
investigated for both perovskite powder and film catalysts. Figure 9 shows how the remain-
ing methylene blue concentration varies with time for various contaminant concentrations
in cases of both ZnTiO3 and MnTiO3 powder and film forms within 60 min. In all cases,
the contaminant concentration decreases with time. After 60 min, the value for degrada-
tion % decreases as the initial concentration of the contaminant increases. However, the
actual contaminant concentration loss decreases when using higher contaminant concentra-
tions. Therefore, the catalyst efficiency increases with higher initial concentrations of the
contaminant.
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Figure 9. Reaction profiles with time for methylene blue degradation using various initial contami-
nant concentrations for various catalysts. (a) ZnTiO3 powder, (b) MnTiO3 powder, (c) ZnTiO3 film
and (d) MnTiO3 film. All reactions were conducted at room temperature and pH 7.
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Figure 9 and Table 2 indicate that the turnover frequency and quantum yield increase
with increased initial methylene blue concentration for all catalyst types. Moreover, the
film form is superior compared to the powder form of each catalyst.

Table 2. Effect of methylene blue concentration on photodegradation reactions and catalyst efficiency.
(a) Catalyst powder and (b) catalyst film. Reactions were conducted at room temperature and pH 7.

(a)

Catalyst MB (ppm) Degradation% Conc. Loss
(ppm) T.N. (×10−6) T.F. (×108) Q.Y.(×1027)

ZnTiO3 powder (0.1 g) 5 100 5 0.78 1.30 0.84
10 100 10 1.56 2.60 1.67
20 55 11 1.72 2.87 1.84
40 443 17 2.65 4.42 2.84
60 40 24 3.74 6.23 4.00
80 36 29 4.45 7.42 4.76

MnTiO3 powder
(0.1 g) 5 100 5 0.78 1.30 0.84

10 100 10 1.56 2.60 1.67
20 75 15 2.34 3.90 2.50
40 66 27 4.13 6.88 4.42
60 57 34 5.30 8.83 5.67
80 49 39 6.08 10.13 6.50

(b)

Catalyst MB
(ppm) Degradation% Conc. Loss

(ppm) T.N.(×103) * T.F.(×105) ** Q.Y. (×1025) ***

ZnTiO3 (2.3 × 10−3 g) 5 100 5 0.34 0.57 3.64
10 100 10 0.68 1.13 7.28
20 63 13 0.85 1.42 9.10
40 50 20 1.36 2.27 14.55
60 47 28 1.90 3.17 20.33
80 39 32 2.14 3.57 28.90

MnTiO3 (1.8 × 10−3 g) 100 5 0.43 0.72 4.60 4.60
5 100 5 0.43 0.72 4.60

10 100 10 0.87 1.45 9.31
20 83 17 1.43 2.38 15.30
40 78 31 2.69 4.48 28.78
60 65 39 3.38 5.64 36.17
80 54 43 3.73 6.21 40.00

* T.N. = molecules contaminant lost/g catalyst; ** T.F. = T.N./time (min.); *** Q.Y. = T.N./incident UV photons.

The reaction kinetics were calculated to determine the effect of the contaminant
concentration on the reaction progress. Following the widely known initial rate method,
plots of ln(initial rate) vs. ln(initial conc) were constructed for both perovskites in their
powder and film forms, as shown in Figure S3. The Figure shows that the rate order
values were 0.76, 0.71, 0.60 and 0.65 with respect to methylene blue with ZnTiO3 powder,
MnTiO3 powder, ZnTiO3 films and MnTiO3 films, respectively. The values indicate that
the degradation reaction rate is faster at higher contaminant concentrations, albeit with
no linearity. The values for the reaction rate constant (k) were ~0.021, 0.043, 0.053 and
0.074 min−1 for ZnTiO3 powder (0.1 g), MnTiO3 powder (0.1 g), ZnTiO3 films (2.3× 10−3 g)
and MnTiO3 films (1.8 × 10−3 g), respectively.

The rate constant values indicate that the MnTiO3 catalyst was more efficient than
ZnTiO3 in both powder and film forms. In fact, the prepared ZnTiO3 perovskites had
higher SSA values than MnTiO3. Therefore, the SSA value was not the determining factor.
As described above, MnTiO3 has a smaller band gap, corresponding to ~403 nm, compared
to ZnTiO3 with ~352 nm. Therefore, the former perovskite is more susceptible to excitation
by the incident solar simulated radiations at the region close to visible light. The tungsten–



Processes 2023, 11, 2378 15 of 22

halogen lamp spectrum involves radiations with wavelengths just shorter than 400 nm,
Figure S1, as described above.

Moreover, the film catalysts in both perovskites had higher rate constant (k) val-
ues than their powder forms. The rate constant values were 0.0211, 0.043, 0.053 and
0.074 min−1 for ZnTiO3 powder, MnTiO3 powder, ZnTiO3 film and MnTiO3 film, respec-
tively. These may not describe the real differences between the films and powders here.
However, considering that the amounts of catalysts in the film form were much smaller than
in the powder form, as described in Table 2 above, the relative values for the rate constant
(min−1 per g catalyst) would be much higher for the film than the powder counterparts.

To confirm these findings, the effect of powder catalyst loading on methylene blue
photodegradation was studied, as shown in Figure 10. With higher perovskite powder
loading, more methylene blue molecules were degraded in 60 min. In the powder form,
catalyst particles moving at the reaction mixture may obscure the catalyst sites in the
reaction bulk from icident photons. Therefore, within the experimental conditions, higher
catalyst loading induced faster reactions. Plots of ln(initial rate) vs. ln(catalyst loading) for
methylene blue degradation are described in supplementary Figure S4. For the ZnTiO3
powder, the reaction order with respect to the catalyst was 0.98, and the rate constant k was
0.27 min−1. For MnTiO3 powder, the reaction had 0.44 order with respect to the catalyst,
and the rate constant k was 0.62 min−1. In both perovskite powders, increasing catalyst
loading sped up the reaction, but not necessarilly linearly. Based on Figure S4, The rate
constant values also indicate that the MnTiO3 (0.621 min−1) is more efficienct than ZnTiO3
(0.265 min−1), as described above.
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Figure 10. Effect of powder catalyst loading on methylene blue photodegradation reactions. (a)
ZnTiO3 and (b) MnTiO3. Reactions performed at room temperature and pH 7. (� 0.05 gm, N 0.1 gm,
• and • 0.15 gm and � 0.2 gm).

Therefore, when comparing powder vs. film catalyst systems, these findings should
not be excluded. Figure 11 summarizes these results for both perovskite mixtures. The
film catalysts, with much smaller amounts, show much higher relative efficiency than their
powder catalyst counterparts. The justification is that in the powder forms, the particles
at the reaction mixture surface may prevent incident photons from reaching the catalyst
particles in the reaction mixture bulk. This issue may be avoided in case of film cataysts.
The present findings are especially valuable for future applications in water purification
processes, which favor film catalyst systems due to their easy recovery and reuse.
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Figure 11. Effect of perovskite catalyst form on methylene blue photodegradation (a) for powder
forms (0.1 g each catalyst) and (b) for film forms ZnTiO3 (2.4 × 10−3 g and MnTiO3 (1.8 × 10−3 g).
Reactions were performed at room temperature and pH 7. � ZnTiO3 and •MnTiO3.

The high film catalytic efficiency observed here could not be compared to the literature
for ZnTiO3 or MnTiO3 due to a lack of earlier studies but may be compared with other
film catalysts of anatase TiO2 systems. In one report, Utami et al. prepared TiO2 films
using the spraying method and used the films for methylene blue photodegradation under
solar radiation. In 5 h, complete degradation of methylene blue was reported in the case
of 25 mL solutions at 25 ppm [58]. As the report did not describe the rate constant for the
reaction or catalyst activity with respect to the TiO2 mass, nor did it specify whether UV
or visible light was involved, a comparison could not be made. Kumariah et al. reported
the catalytic efficiency of brookite TiO2 films in methylene blue photodegradation under
visible solar light [59]. However, with the measured band gap values within the range
3.30–3.48 eV, the ability of the reaction to proceed under visible solar light needs to be
justified. In another study, anatase TiO2 films were prepared using the sol-gel method and
were used to photodegrade aqueous methylene blue with UV radiation of 365 nm [60]. The
report did not describe the kinetics or rate constant for the reaction. These literature reports
indicate that the TiO2 phase that exists inside the present perovskite materials may have
photocatalytic effects on the methylene blue degradation reported here. However, the high
film catalyst efficiency per gram of catalyst observed here indicates that the perovskites
were the major catalyst species in the present study. Moreover, the present perovskite films
showed a high efficiency per gram under solar simulated radiation.

• Continuous flow study:

In large commercial scale processes, continuous flow reactions are preferred. In
order to assess the perovskite materials for future larger scales, special continuous flow
experiments were performed. A comparison between the continuous flow and batch
reactions for both perovskite films was made. Experiments were performed on methylene
blue solutions (100 mL, 80 ppm) at room temperature and pH 7. The contaminant solution
was recycled and allowed to pass atop the catalyst film at a flow rate of 5 mL/min, for a
total time of 60 min. The results are summarized in Figure 12. For both perovskite mixture
film catalysts, the Figure shows that the continuous flow reaction rate is the same as that for
the batch reaction flow rate. This is a feature of the film catalyst systems, as the continuous
flow reaction exhibits very high catalyst efficiency in methylene blue photodegradation.
The present process is potentially useful in future large-scale purification processes, subject
to more pilot plant-scale study.
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• Catalyst recovery and reuse:

The powder and film perovskite catalysts were recovered by and reused. Figure S5
summarizes the efficiency of each reused catalyst system. The powder catalysts were
carefully recovered through filtrations, washed with water and dried and weighed. In each
recovered powder, the recovered mass was less than the fresh catalyst mass. For ZnTiO3,
only ~80% of the catalyst powder was recovered, and the efficiency was lowered by ~14%
when reused. Similarly, only approximately 80% of the MnTiO3 powder was recovered,
with an efficiency lowering of ~15% upon reuse. In both powder forms, with mass loss
of ~20% upon recovery, only approximately 15% of the efficiency was lost. The catalyst
efficiency lowering after recovery was therefore due to a loss of the catalyst materials
during recovery. As described above in the Introduction section (Section 1), powder
catalyst systems suffer technical difficulties upon recovery for further reuse. This shows
the importance of using film catalysts as a replacement for powder catalysts.

The film catalysts were recovered using tongs, with no noticeable mass loss. Similarly,
the efficiency in both films was retained upon recovery, as shown in Figure S5. The results
confirm the suitability of film catalyst systems in terms of easy recovery and efficiency retention
upon reuse. This should be useful when performing large-scale photodegradation processes.

• Mechanism:

Earlier literature has shown plausible mechanisms for the photodegradation of methy-
lene blue [21,61] using various types of semiconductor nanoparticles. These and other
mechanisms are acceptable and explain the present results. The present study does not
propose any new mechanism, but instead uses the earlier accepted mechanism. The earlier
mechanism explains the results observed in the present study. A summary of the earlier
mechanisms is outlined below:

1. Excitation of the semiconductor catalyst, shown in Equation (1), is a necessary step,
which yields the excited Cat*.

Cat + hv→ Cat* (1)

2. The excited electrons travel to the conduction band (CBe
−), leaving holes in the

valence band (VBh
+). The CBe

− interacts with dissolved oxygen molecules to yield
the highly reactive superoxide O2

−• species. The superoxide may either oxidize the
methylene blue (MB) or react with H+ ions to produce the reactive OH• radical, which
in turn oxidizes the contaminant, as shown in Equations (2)–(5).

CBe
− + O2 → O2

−• (2)



Processes 2023, 11, 2378 18 of 22

O2
− + MB → Mineral products (3)

O2
− + H+ → OH• (4)

OH• + MB → Mineral products (5)

3. On the other hand, the VBh
+ oxidizes water molecules to yield H+ and OH• radicals.

The H+ reacts, yielding the reactive OH• radical which may oxidize the contaminants,
as shown in Equation (6).

VBh
+ + H2O → H+ + OH• (6)

The reactions may occur successively or in parallel.
The literature mechanism, summarized in Equations (1)–(6), explains the present

results as follows:
In Equation (1), the catalyst excitation is necessary. It depends on the energy band gap

value. As MnTiO3 has narrower band gap than ZnTiO3, it demands a longer wavelength
radiation. The solar simulated lamp emits more radiation at wavelengths of 400 nm and
longer. Therefore, MnTiO3 is more sensitive to solar simulated radiation. This explains
why MnTiO3 is a more efficient catalyst than ZnTiO3.

Complete mineralization of methylene blue is justified by the oxidizing power of
the proposed superoxide in the literature and the OH• radical. The production of nitrate
ions further confirms methylene blue mineralization, as discussed above. This is because
methylene blue involves N atoms, as described in the control and confirmation results
shown in Table 1. In the case of complete mineralization, the N atoms should be oxidized
to nitrate ions, NO3

−, with the N atom having a 5+ charge.
The mechanism explains why MB photodegradation is faster at pH 8.5, as discussed

above in the PZC discussion. The proposed reactive species are short lived. Therefore, the
MB molecules must be close to, or even adsorbed, at the catalyst surface. At the optimal
pH, adsorption of MB on catalyst is more likely. The molecules are in closer proximity with
the reactive species.

The mechanism also explains why the reaction is faster with an increased MB concen-
tration. With higher concentrations, the probability of interaction with the reactive species
is higher, which speeds up the reaction. However, the rate orders with respect to MB are
less than 1. Therefore, its relation with the concentration is not linear. This is due to ability
of the MB molecules to screen the catalyst sites away from the incident photons.

The rate dependence on the catalyst powder loading is also explained. With higher
loading, there is a higher probability of producing the reactive species and a higher proba-
bility of MB interacting with the reactive species. However, at a higher powder loading,
the particles at the reaction mixture surface may screen the bulk catalyst sites. Therefore,
not all catalyst particles are involved in catalysis. This means that the order of the reaction
with respect to catalyst loading should be less than 1.

Alternatively, in film catalyst systems, the screening is avoided, especially in thin films
like the ones used here. This explains the high film catalyst efficiency compared to their
powder counterparts.

Collectively, the results indicate the potential value of both prepared perovskite mix-
ture materials. The high film catalyst activity in the batch reaction and in the continuous
flow reaction is noteworthy. Therefore, a pilot plant-scale study is needed to assess the
feasibility of the described processes for commercial-scale water purification processes.
Based on reviewer suggestions, efforts to produce perovskites of high phase purity are
necessary. This will allow for the study of the catalytic efficiency for each phase separately.
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4. Conclusions

Two types of perovskite powders, ZnTiO3 and MnTiO3, involving mixed phases, were
prepared, characterized and examined as photocatalysts for methylene blue removal from
water using solar simulated radiation. Complete mineralization of the contaminant was
confirmed by the loss of the stable phenyl group and the production of nitrate ions in the
treated water. Both catalysts showed high efficiency, with MnTiO3 having the upper edge
due to its narrower band gap. The values of turnover frequency and quantum yield for
both catalysts were studied. The catalysts functioned under various pH values, but more
profoundly at 8.5 based on the point of zero charge. Films prepared from the perovskite
powders exhibited much higher photocatalytic efficiency in batch reaction systems than
their powder counterparts, as evidenced from values of turnover frequency and quantum
yield values. Continuous flow experiments also showed the feasibility of both perovskite
films for water purification through photodegradation of organic contaminants in future
commercial processes. Both catalysts readily functioned under various contaminant concen-
trations, which showed their abilities to yield contaminant-free water. Compared to earlier
studies, the results show the value of replacing powder from catalyst systems with film
catalysts to facilitate catalyst recovery and reuse with no efficiency loss. The results also
confirm the usefulness of film catalysts for using non-costly solar-driven processes in water
purification from organic contaminants, with methylene blue being a model contaminant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11082378/s1, Figure S1: A widely known spectrum for tungsten-
halogen lamp. A small UV fraction at 400 nm and shorter is observed; Figure S2: Langmuir plots
constructed for acetic acid adsorption onto perovskite powders a) ZnTiO3 and b) MnTiO3 at room
temperature; Figure S3: Plots of ln(initial rate) vs. ln(methylene blue initial concentration) using
various catalyst systems. (a) ZnTiO3 powder (0.1 g), (b) MnTiO3 powder (0.1 g), (c) ZnTiO3 film
(2.3 × 10−3 g) and (d) MnTiO3 film (1.8 × 10−3 g); Figure S4: Effect of catalyst powder loading.
Plots of ln(initial rate) vs. ln(Catalyst loading) for powder perovskites are shown for: (a) ZnTiO3
and (b) MnTiO3. Values of rate or; Figure S5: Perovskite catalyst efficiency after recovery and reuse
in methylene blue photodegradation reaction. (a) ZnTiO3 powder (initially 0.1 g), (b) ZnTiO3 film,
(c) MnTiO3 powder (initially 0.1 g) and (d) MnTiO3 film. Solid lines for fresh catalyst, and dashed
lines for recovered catalyst.
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