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Abstract: In this study, methyl orange, methylene blue, and amido black 10B were removed as target
dyes using purified, synthetic, and purchased zinc ferrite as adsorbents and photocatalysts. The
highest removal rates of amido black 10B by these adsorbents ranged from 81.62% to 88.33%. The
removal rate of methyl orange was approximately 1%, and the removal rate of methylene blue was
approximately 2%. Hence, an investigation was conducted to elucidate the factors that influence the
removal efficacy of purified zinc ferrite on amido black 10B. Titanium dioxide prepared at different
calcination temperatures was unsuccessful in removing amido black 10B, but the physical mixing
of titanium dioxide prepared at suitable calcination temperatures with purified zinc ferrite had a
positive effect on amido black 10B removal. Since zinc ferrite could not be used as an adsorbent to
remove methyl orange and methylene blue, the photocatalytic degradation properties of zinc ferrite
and its influencing factors were studied. The optimal conditions for the photocatalytic degradation of
methylene blue and methyl orange by zinc ferrite are as follows: a zinc ferrite catalyst dosage of 0.15 g,
an initial solution concentration of 20 mg/L, and a pH of 6.0. The dosage of the zinc ferrite/titanium
dioxide composite catalyst is 0.15 g, the initial solution concentration is 20 mg/L, and the pH is 6.5.
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1. Introduction

Dye wastewater is wastewater discharged during the production of dyes and pigments
obtained from benzene, toluene, and naphthalene as raw materials through nitrification
and iodization to produce intermediates, which undergo diazotization, coupling, and
vulcanization reactions. Dye wastewater is characterized by a large water volume, high
concentration, complex components, deep chrominance, high organic pollutant content,
large water quality variations, high biological toxicity, and biodegradation difficulties.
Thus, it is classified as an organic wastewater that is difficult to treat. Dyes possess strong
photolysis and oxidation resistances and contain various organic compounds with bio-
logical toxicity or “three cause” (carcinogenic, teratogenic, and mutagenic) properties [1].
Therefore, without any purification treatment, they would cause serious environmental
problems and even threaten human life, health, and safety. Therefore, efficient dye wastew-
ater treatment is crucial. Dispersing dyes include azo and non-azo dyes, among which
75% are azo dyes [2]. Many types of dispersing dyes are known, with methyl orange,
methylene blue, and amido black 10B being representative examples. To date, various dye
wastewater treatment methods have been developed. Dye wastewater treatment methods
are mainly divided into three types: physical, chemical, and biological methods; combi-
nations of the three types of treatment methods are also used. Physical methods mainly
include adsorption, ion exchange, and membrane filtration [3,4]. Chemical methods mainly
include chemical oxidation, advanced oxidation technology, the Fenton reagent method,
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and photocatalytic oxidation [5-8]. Biological methods mainly include anaerobic microbial
and aerobic biological methods and anaerobic—aerobic biological combinations [9-11]. In
short, adsorption consists of the use of an adsorbent with a large specific surface area,
a pore-rich structure, and polar groups; the target pollutant molecules become attached
to the adsorbent and are thus removed to effectively degrade pollutants. Photocatalysis
technology is a green treatment method that uses the photochemical reaction between a
catalyst and various organic materials on its surface under light irradiation. In the process,
organic pollutants are decomposed into small inorganic molecules, such as CO,, H,O,
HX, and minerals, through oxidation-reduction reactions. Zinc ferrite is also known as
spinel ferrite. Spinel ferrites can be divided into positive spinel, inverse spinel, and mixed
spinel according to differences in the positions of cations in the crystal structure. Nor-
mally, zinc ferrite is in the form of orthospinel ferrite. Zinc ferrite has excellent properties
and wide applications. Zinc ferrite has good soft magnetic properties, wave absorption,
high-temperature resistance, corrosion resistance, non-toxic characteristics, catalytic perfor-
mance, and photoelectric conversion performance [12-15]. Additionally, titanium dioxide
is also a semiconductor, with stable chemical properties, strong photostability, and high
oxidation efficiency; importantly, it is also non-toxic and environmentally friendly. Thus,
zinc ferrite can be used as a photocatalyst and adsorbent, and titanium dioxide can be
used as a photocatalyst to degrade organic matter through photocatalysis. For example,
Cai et al. [16] synthesized a visible-light-responsive photocatalyst through the reduction—
oxidation method. The decolorization rate of Orange II in the visible/ZnFe;O4/H,0,
system was high, which indicated that ZnFe,O,4 had high photocatalytic activity for Orange
II degradation in visible light. Savunthari et al. [17] reported that doped and co-doped zinc
ferrite magnetic nanoparticles were successfully synthesized through the solution com-
bustion technique. It was found that co-doped zinc ferrite (Zng 50Cug 50Fe1.90Big.10O4 and
Zng 50Cug 50Feq.95Ce 0504) nanoparticles exhibited a higher bisphenol A removal efficiency
than the doped and un-doped zinc ferrite nanoparticles. Li et al. [18] successfully synthe-
sized a visible-light-driven Ag/AgBr/ZnFe,O4 photocatalyst via a deposition—precipitation
and photoreduction method. The prepared Ag/AgBr/ZnFe;O4 nanocomposites exhib-
ited high photocatalytic activities for the degradation of gaseous toluene and MO. The
Ag/AgBr/ZnFe,O4 nanocomposite was stable and could be effectively recovered easily
in solution with a magnet. As can be seen from the above, relevant studies mainly focus
on zinc ferrite as a photocatalyst for dye degradation, while the use of zinc ferrite as an
adsorbent for dye removal is relatively rare. At the same time, these studies are based
on synthetic zinc ferrite, and the properties of purified zinc ferrite in adsorption or pho-
tocatalytic dyes are rarely reported. In this study, methylene blue (HIn), methyl orange
(MB), and amido black 10B (AB 10B) dispersing dyes were selected as the target removal
materials. Based on the research on the properties and differences between different types
of zinc ferrite, such as purified, synthetic, and purchased zinc ferrite, and physical mixtures
or complexes with titanium dioxide, the target dyes were treated through adsorption and
photocatalysis to study their adsorption and photocatalytic properties. The effects of the
initial concentrations of target dyes, the initial pH value, adsorbent particle size, and other
factors on the removal performance of zinc ferrite were explored. In addition, the effects
of the dye type, zinc ferrite type, initial concentration of the solution, and other factors
on photocatalytic degradation were explored. This study paves the way for developing a
new process for the production of zinc ferrite with industrial application value and for the
efficient treatment of dye wastewater.

2. Materials and Methods
2.1. Preparation of Zinc Ferrite, Titanium Dioxide, and Their Composites

Zinc ferrite was obtained from zinc calcine and sulfuric acid. Zinc ferrite was syn-
thesized with ferric nitrate nonahydrate, zinc nitrate hexahydrate, and sodium hydroxide
as the raw materials. Titanium dioxide was synthesized using titanium oxide sulfate and
ammonia water. Finally, composites of purified zinc ferrite and titanium dioxide were
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prepared from purified zinc ferrite, titanium oxide sulfate, and ammonia water [19]. The
test samples described above are listed in Table 1.

Table 1. Preparation of experimental samples and their numbers.

Roasting

Main Material o Product Product Number
Temperature/°C
Zinc calcine + HySOy / ZnFe,O4 + PbSO4 |4
Fe (N03)3~9H20 +Zn
(NOs),-6H,0 400 ZnFe; Oy 57400
Fe (NO3)3‘9H20 +7Zn
(NOs),-6H,0 500 ZnFe, Oy 57500
Fe (NO3)3-9H20 +7Zn
(NO3),-6H,0 600 ZnFep;Oy 57600
Fe (N03)3~9H20 +Zn
(NO3)-6H,0 700 ZnFe; Oy 57700
TiOSO,4 + NH3-H,O 300 TiO, T300
TiOSO,4 + NH3-H,O 400 TiO, T400
TiOSO4 + NH3-H,O 500 TiO, T500
TiOSO,4 + NH3-H,O 600 TiO, T600
TiOSO,4 + NH3-H,O 700 TiO, T700
TiOSO, + NH3-HyO + 5%PZ 400 ZnFep;O4/TiO; T400/PZ (5%)
TiOSOy4 + NH3-H,O + 5%PZ 500 ZnFeyO4/TiO, T500/PZ (5%)
TIOSO415§1?Z~°"H2O * 500 ZnFey0,/TiO, T500/PZ (10%)
ZnFe;Oy / ZnFe;O4 BZ

2.2. Adsorption Experiments

The UV-visible absorption spectra of 20 mg/L solutions of methyl orange, methylene
blue, and amido black 10B were analyzed, and the changes in absorbance values at 465, 664,
and 618 nm were chosen as indicators of the removal rates of methyl orange, methylene
blue, and amido black 10B, respectively. The removal rate (R) and adsorption capacity ()
were used to evaluate the removal effect of the adsorbent on the target pollutants. First,
solutions (2 L) of methyl orange, methylene blue, and amido black 10B were prepared, and
their absorbances were measured by sampling. Then, 300 mL of the target solution with
the adsorbent was placed in a conical flask, sealed, and placed in a constant-temperature
water bath oscillator, where the adsorption experiment was performed under strict light
protection conditions. After a certain period, the absorbance of the filtrate was measured,
and the concentration C; of the filtrate was calculated. The relevant calculation methods
are shown in Formulas (1)—(3).

R= -G 100%, (1)
0
. (Co — Ct) xV
= """ (2)
Co—Ce) xV
Je = (0+, )

where Cj is the concentration of the target pollutant in the solution before adsorption,
mg/g; C; is the concentration of the target pollutant in the solution at time ¢, mg/g; V is the
volume of the reaction solution, L; m is the mass of added adsorbent used for adsorption, g;
ge is the equilibrium adsorption capacity, mg/g; g: is the equilibrium adsorption capacity at
a certain moment, mg/g; and C, is the concentration of the target pollutant in the solution
at adsorption equilibrium.
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2.3. Photocatalytic Experiments

The light source, a 175 W mercury lamp (central wavelength: 365 nm), was placed
at a distance from the liquid surface in the reactor. The light source was turned on about
10 min before the reaction started; 300 mL of the target pollutant solution with a certain
concentration was placed in a double glass beaker, an appropriate amount of the catalyst
was added to it, and the cooling water pump, magnetic stirrer, and light source were
turned on for the photocatalytic experiment. The absorbance of the filtrate was measured
after filtering through a 0.45 um microporous filter membrane after sampling at certain
intervals. The solution concentration after catalytic degradation was calculated according
to the standard curve. The removal rate R was selected as the evaluation index for the
photocatalytic degradation of target pollutants; it was calculated using Equation (1).

3. Results and Discussion
3.1. Removal of Methyl Orange, Methylene Blue, and Amido Black 10B by Zinc Ferrite
3.1.1. Removal of Methyl Orange, Methylene Blue, and Amido Black 10B by Purified
Zinc Ferrite

Adsorption experiments were conducted using 300 mL of dye solutions with an initial
concentration of 40 mg/L at different natural pH values (methyl orange, pH 6.5; methylene
blue, pH 6.0; amido black 10B, pH 6.8) for 240 min. The results for different dosages (0.5, 1,
2,3,4,and 6 g/L) of purified zinc ferrite are shown in Figure 1.
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Figure 1. (a) Removal of different dyes by purified zinc ferrite; (b) the adsorption capacity of purified
zinc ferrite for amido black 10B.

As shown in Figure 1la, the removal rates of methyl orange, methylene blue, and
amido black 10B are ~1%, ~2%, and 81.62%, respectively. Thus, zinc ferrite exhibits certain
selectivity in the removal of different dyes. In terms of Figure 1b, the highest adsorption
capacity is 2.9993 mg/g, and the lowest adsorption capacity is only 0.7764 mg/g.

3.1.2. Removal of Methyl Orange, Methylene Blue, and Amido Black 10B by Synthetic
Zinc Ferrite

Here, the dosages of synthetic zinc ferrite were 0.5, 1.0, 2.0, 4.0, and 6.0 g/L; the other
conditions were the same as those in the experiment in Section 3.1.1. The removal rates of
the three dyes by synthetic zinc ferrite calcined at different temperatures under the same
test conditions are shown in Figure 2.



Processes 2023, 11, 1607

50f17

100
{ ) 20
a —n— Hin
B0 L —a— MB (b)
—d— ARIE oo
w151
Sl £
E g
= B Ll0f
4T B
E £ :
w| =05
" =
op * * & aof .
5400 57500 SZ600 52 T SZ400 3Z500 3 7500 SZT00
Types of synthetic zinc farmite Dozaze of 524002

Figure 2. (a) Removal rates of different dyes by synthetic zinc ferrite calcined at different temperatures;
(b) the adsorption capacity of zinc ferrite calcined at different temperatures for amido black 10B.

As shown in Figure 2a, the maximum removal rates of methylene blue and methyl
orange are about 1% and 2%, respectively, while that of amido black 10B is 83.36%. Evi-
dently, the calcination temperature of synthetic zinc ferrite significantly affects the removal
of amido black 10B. In addition, the removal rate decreases with the increase in calcination
temperature, ranging from 14.12% to 83.36%. As shown in Figure 2b, the adsorption capac-
ity of zinc ferrite calcined at different temperatures for amido black 10B decreases with the
increase in calcination temperature, ranging from 0.03831 to 1.9070 mg/g. Additionally,
synthetic zinc ferrite calcined at 400 °C has weak crystallinity, with the peak value shifted
to the left. At the same time, the lattice growth is incomplete, and the distortion, specific
surface area, and pore volume of the synthetic zinc ferrite calcined at 400 °C are larger than
those of zinc ferrite calcined at other temperatures. Therefore, SZ400 exhibits an optimal
removal rate and adsorption capacity for amido black 10B. The calcination temperature of
synthetic zinc ferrite and the amount of adsorbent both significantly affect the adsorption
rates of dyes. Thus, synthetic zinc ferrite with the largest specific surface area (5SZ400) was
selected as the adsorbent and used in the experiment with different amounts of adsorbent.
The effect of the SZ400 dosage on the removal rates of the three dyes is shown in Figure 3.
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Figure 3. Effect of synthetic zinc ferrite (52400) dosage on the removal rates of three dyes.

As shown in Figure 3, for amido black 10B, the best removal effect is observed when
the dosage of synthetic zinc ferrite is 4 g/L. Therefore, 4 g/L was selected as the optimal
dosage of synthetic zinc ferrite (5Z2400) for amido black 10B. Similarly, the appropriate
dosages for methyl orange and methylene blue are 4 and 2 g/L, respectively.
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3.1.3. Removal of Methyl Orange, Methylene Blue, and Amido Black 10B by Purchased
Zinc Ferrite

The removal rates of different dyes by purchased zinc ferrite are shown in Figure 4.
The other experimental conditions were the same as in the experiment in Section 3.1.1. The
adsorption experiments on methyl orange, methylene blue, and amido black 10B were
conducted using different dosages of purchased zinc ferrite.
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Figure 4. (a) Removal of different dyes by purchased zinc ferrite; (b) the adsorption capacity of
purchased zinc ferrite for amido black 10B.

As shown in Figure 4a, the removal rates of methyl orange, methylene blue, and amido
black 10B are ~1%, ~1.8%, and 88.33%, respectively. As shown in Figure 4b, the adsorption
capacity of amido black 10B decreases with the increase in the dosage of purchased zinc
ferrite, ranging from 1.0658 to 5.3286 mg/g.

A comparison of the removal effects of the three dyes by the three types of zinc ferrite
suggests that all types of zinc ferrite show poor removal effects for methyl orange and
methylene blue but better removal effects for amido black 10B. This suggests that zinc ferrite
exhibits the selective removal of different dyes. The three types of zinc ferrite removed
amido black 10B in the following order from the aspect of the removal rate: purchased zinc
ferrite > SZ400z > purified zinc ferrite. A follow-up on how to improve the removal of
amido black 10B by purified zinc ferrite requires further research.

3.2. Removal of Amido Black 10B by Purified Zinc Ferrite
3.2.1. Effect of the Particle Size of Purified Zinc Ferrite on the Removal of Amido Black 10B

The effect of the particle size of purified zinc ferrite on the removal of amido black
10B is shown in Figure 5. Purified zinc ferrite was prepared in ~150, ~75, ~38, and ~19 um
fractions. Two liters of amido black 10B solution with an initial concentration of 40 mg/L
was prepared. Then, 100 mL of this solution was poured into a 250 mL conical bottle
along with 1.5 g/L of purified zinc ferrites with different particle sizes. The adsorption
experiment was performed at a pH of 6.8, a water bath temperature of 25 °C, and an
oscillation speed of 180 rpm. At certain intervals, 3.3 mL of the adsorption solution was
extracted and filtered through a 0.45 um filter membrane. The absorbance of the obtained
filtrate was measured, and the removal rate of amido black 10B was calculated.

As shown in Figure 5, when purified zinc ferrite was pulverized and not screened,
the removal rate of amido black 10B was poor (only 25.91%), which was attributed to the
larger overall particle size and smaller total area of purified zinc ferrite after pulverization.
The removal rate by the ~150 um fraction is significantly higher (54.1%). The removal rate
reaches 58.8% at ~75 um, 67.79% at ~38 um, and 58.62% at ~19 um. The results indicate
that the particle size of purified zinc ferrite affects the removal of amido black 10B. With the
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continuous reduction in particle size, the removal rate gradually increases until reaching a
certain value, after which it no longer increases.
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Figure 5. Effect of purified zinc ferrite particle size on the removal of amido black 10B.

3.2.2. Effect of the Dosage of Purified Zinc Ferrite on the Removal of Amido Black 10B

The effect of the dosage of purified zinc ferrite on the removal of amido black 10B
is shown in Figure 6. The amido black 10B solution (300 mL) was poured into a 500 mL

conical flask, and 0.5, 1, 2, 3, 4, or 6 g/L of purified zinc ferrite was added. Other conditions
were the same as in the experiment in Section 3.2.1.
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Figure 6. Effect of purified zinc ferrite dosage on the adsorption of amido black 10B.

As shown in Figure 6, within a certain range of purified zinc ferrite dosages, the
removal rate of amido black 10B gradually increases with the dosage of purified zinc ferrite.
This is because, with the increase in the dosage of purified zinc ferrite, the contact area,
as well as the number of channels and adsorption sites, increases, thereby increasing the
removal rate of amido black 10B. When the dosage of zinc ferrite is 4 g/L, the removal
rate of amido black 10B reaches 81.62%. However, with a further increase in the dosage
of purified zinc ferrite to 6 g/L, the removal rate of amido black 10B does not increase,
possibly limited by the amount of amido black 10B in the solution. Thus, with the increase
in the zinc ferrite dosage, the unit adsorption capacity steadily decreases.

3.2.3. Effect of the Physical Mixing of Purified Zinc Ferrite with Titanium Dioxide on the
Removal of Amido Black 10B
Effect of Titanium Dioxide Calcined at Different Temperatures

The effect of the addition of titanium dioxide calcined at different temperatures on the
removal rate of amido black 10B is shown in Figure 7. Titanium dioxide calcined at 300,
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400, 500, 600, and 700 °C was added at dosages of 1, 2, 3, and 4 g/L. Other conditions were
the same as in the experiment in Section 3.2.2.

1.0 F V-
\ —m— T300
2 —e— T400
08} / 2% —a—Ts00
v —v— T600
2 / ‘\. T700
jo)
206} a
v .
aE> ./ \l
& 04
A / .
02} '/ . /
A |
[~
0.0 kv 1 1 1 1 1
0 1 2 3 4 5 6

Dosage of titanium dioxide/g/L

Figure 7. Effect of titanium dioxide calcined at different temperatures on the removal rate of amido
black 10B.

As shown in Figure 7, the removal of amido black 10B by titanium dioxide prepared
at different calcination temperatures reaches a maximum value of 1% for titanium dioxide
calcined at 600 °C and only 0.4% for that calcined at 300 °C. Changes in the amount
of titanium dioxide did not significantly affect the removal effect on amido black 10B,
indicating that titanium dioxide used as an adsorbent had no removal effect on amido black
10B.

Under the same experimental conditions, 0.5 g/L purified zinc ferrite and 0.5 g/L
titanium dioxide calcined at different temperatures were successively added to the dye
solution, and the absorption experiments were repeated. The effect of the physical mixing
of purified zinc ferrite with titanium dioxide calcined at different temperatures on the
removal of amido black 10B is shown in Figure 8.
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|
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Time/min

Figure 8. Effect of physical mixing of purified zinc ferrite and titanium dioxide calcined at different
temperatures on the removal of amido black 10B.

As shown in Figure 8, titanium dioxide, except for that prepared at 300 °C, promoted
the removal of amido black 10B by purified zinc ferrite. The removal rate of amido black
10B increased from 28.54% to 43.49%; that is, the mixing of titanium dioxide and zinc ferrite
produced a synergistic effect. Additionally, titanium dioxide calcined at 600 °C showed
the best performance, increasing the removal rate of amido black 10B by 43.49% to 77.51%.
T300 possesses the largest specific surface area, the worst crystallinity, and the smallest
grain size, whereas T600 has the smallest specific surface area, the highest crystallinity, and
the largest grain size. The obtained results show that the synergistic effect of zinc ferrite
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and titanium dioxide may be affected by the grain size, specific surface area, microstructure,
crystallinity, and other factors.

Effect of the Titanium Dioxide Dosage

According to the results presented in Section 3.1.2, the removal effect on amido black
10B is the best when the dosage of purified zinc ferrite is 4 g/L, and the best synergistic
adsorption effect is attained when using T600 and purified zinc ferrite. The effect of the
titanium dioxide dosage on the removal of amido black 10B by purified zinc ferrite is shown
in Figure 9. The dosage of purified zinc ferrite was 4 g/L, and the dosages of T600 were 0.5,
1,2, and 3 g/L. Other conditions were the same as those in the experiment in Section 3.2.2.

100 o _
 / A;M’_’::./‘.i.i. o
r'y ./ - m -
L
|
. y / —m—PZ
S60F o —e—PZ/0.5
] \ —A—PZ/1.0
] —v—PZ/2.0
S 40| PZ/3.0
£
123
[~
20
0 -
) ) ) ) )
0 60 120 180 240
Time/min

Figure 9. Effect of the titanium dioxide dosage on the removal of amido black 10B by purified
zinc ferrite.

As shown in Figure 9, when the dosage of T600 was only 0.5 g/L, the removal rate
of amido black 10B after 5 min increased by 22.2% to 61.94%. After 30 min, the removal
rate increased by 15.4% to 84.13%. When the dosage reached 3 g/L, the removal rate after
5 min increased by 51.6% to 91.37%. After 30 min, the removal rate increased by 25.99%
to 94.72%. Therefore, the addition of a small amount of T600 can promote the removal of
amido black 10B by zinc ferrite. Therefore, 2-3 g/L was considered the optimal dosage of
titanium dioxide.

Effect of the Initial pH of the Solution

The effect of the initial pH of the amido black 10B solution on the removal rate is
shown in Figure 10. The pH of the amido black 10B solution was adjusted to 3, 5, 6.8
(natural pH value), 9, and 11, and the dosages of purified zinc ferrite and T600 were 4
and 3 g/L, respectively. Other conditions were the same as those in the experiment in
Section 3.2.2.

The effect of the initial pH of the amido black 10B solution on the removal rate is
shown in Figure 10. Amido black 10B is an alkaline dye. Under acidic conditions, the
positive charge on the surface of the mixture of purified zinc ferrite and titanium dioxide
increases, which increases the electrostatic attraction to the surface of the mixture to a certain
extent and improves the electrostatic adsorption of amido black 10B, thereby increasing
the removal rate. When the initial pH value of the solution increases, the number of OH™
ions in the solution also increases, and the positive charge on the surface of the mixture
decreases, leading to a corresponding decrease in adsorption and the removal rate. The
mixture of purified zinc ferrite and titanium dioxide maintains high catalytic activity in
acidic to weakly alkaline solutions, but its activity slightly decreases in alkaline solutions.
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Figure 10. Effect of the initial pH of amido black 10B solution on the removal rate.
3.2.4. Effect of Time

The effect of time on the removal rate of amido black 10B is shown in Figure 11.
Adsorption experiments were conducted in conical bottles using 4 g/L purified zinc ferrite,
57400, and purchased zinc ferrite, as well as 4 g/L purified zinc ferrite and 3 g/L T600 as
adsorbents. The adsorption times were 5, 15, 30, 60, 90, 120, 150, 180, and 240 min; other
conditions were the same as those in the experiment in Section 3.2.2.
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Figure 11. Effect of time on the removal rate of amido black 10B.

As shown in Figure 11, the removal rates of amido black 10B by SZ400 and purchased
zinc ferrite increased quickly and tended to reach equilibrium after 30 min, reaching 83.47%
and 88.31%, respectively. When purified zinc ferrite was added alone, the removal of amido
black 10B reached equilibrium after 150 min, with a removal rate of 81.60%. In contrast,
when using the mixture of purified zinc ferrite with titanium dioxide, the removal rate
of amido black 10B increased faster and tended to balance at 95.89% after 30 min. This
indicates that mixing zinc ferrite with titanium dioxide effectively improves the removal
rate of amido black 10B and shortens the equilibrium time.

3.3. Effect of Zinc Ferrite on the Photocatalytic Degradation of Methylene Blue

Since different types of zinc ferrite have almost no adsorption effect on methylene blue,

the photocatalytic performance of zinc ferrite was used, and the effect on the photocatalytic
degradation of methylene blue was explored.
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3.3.1. Effect of Purified Zinc Ferrite Dosage

The effect of the amount of purified zinc ferrite on the photocatalytic removal of
methylene blue is shown in Figure 12. The methylene blue solution (300 mL) with an initial
concentration of 20 mg/L was placed in a 500 mL double glass beaker, and 0.05, 0.1, 0.15,
0.20, 0.25, or 0.30 g of the purified zinc ferrite catalyst was added. The pH value of the
solution was the natural pH value (6.0). After sampling and filtering, the absorbance was
measured, and the photocatalytic experiment was performed. After the photocatalytic
reaction occurred for a certain period, the absorbance of the supernatant was measured,
and the removal rate of methylene blue was calculated.
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Figure 12. Effect of purified zinc ferrite dosage on the photocatalytic removal of methylene blue.

As shown in Figure 12, at dosages of purified zinc ferrite between 0.1 and 0.2 g, the
photocatalytic degradation of methylene blue improved with the increase in the dosage of
purified zinc ferrite. However, when the dosage of the catalyst was increased to 0.3 g, the
removal rate significantly decreased. When the dosage of the catalyst is small, its contact
area with methylene blue is also small. With the increase in the amount of purified zinc
ferrite, the contact area increases, making full use of the energy of incident light, resulting
in a significant increase in photocatalytic efficiency. However, at excessive catalyst dosages,
the light is scattered to a certain extent, causing the wastage of the catalyst. Therefore,
0.15 g was selected as the optimal catalyst dosage.

3.3.2. Effect of the Initial Concentration of the Solution

The effect of the initial solution concentration on the photocatalytic degradation of
methylene blue by purified zinc ferrite is shown in Figure 13. After weighing 0.15 g of
purified zinc ferrite, methylene blue solutions with initial concentrations of 10, 20, 30, and
40 mg/L were prepared, and photocatalytic experiments were performed. Other conditions
were the same as those in the experiment in Section 3.3.1.

As shown in Figure 13, within a certain concentration range, the photocatalytic perfor-
mance of purified zinc ferrite on methylene blue is weakly affected by the initial solution
concentration. At initial methylene blue concentrations of 10-30 mg/L, the removal rates
of methylene blue are above 95% after 120 min of photocatalysis. However, at a methylene
blue concentration of 40 mg/L, the removal rate is only 24.88% at 120 min and 77.01%
at 240 min. The photocatalytic reaction occurs on the active sites on the surface of the
catalyst; therefore, with a constant amount of the catalyst, there is a certain dynamic balance
between the catalyst and the dye. At the same time, the increase in the dye concentration
gradually disrupts this balance and reduces the removal rate. When it reaches a certain
value, the balance is destroyed, resulting in a considerable decrease in the removal rate.
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Figure 13. Effect of initial solution concentration on the photocatalytic degradation of methylene
blue by purified zinc ferrite.

3.3.3. Effect of Solution pH

The effect of the initial solution pH on the photocatalytic removal of methylene blue by
zinc ferrite is shown in Figure 14. The initial pH of the methylene blue solution was adjusted
to 3,4, 5, 6 (natural pH), 7, 8, 9, 10, and 11, and 0.15 g of the purified zinc ferrite catalyst
was used. Other conditions were the same as those in the experiment in Section 3.3.1.
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Figure 14. Effect of the initial solution pH on the photocatalytic removal of methylene blue by
purified zinc ferrite.

As shown in Figure 14, at a solution pH of 3, the removal rate of methylene blue by
purified zinc ferrite was only 65.13% after 150 min of illumination. However, in weakly
acidic or alkaline solutions, pH had little effect on the photocatalytic degradation of methy-
lene blue, and the removal rate was >94% after 150 min of photocatalytic degradation.
Additionally, at the natural solution pH of 6.0, the photocatalytic effect of purified zinc
ferrite on methylene blue is the best. Under these conditions, the removal rate of methylene
blue reached 92.91% after photocatalytic degradation for 90 min and 99.70% after 150 min.
This indicates that purified zinc ferrite exhibits higher photocatalytic degradation activity
toward methylene blue under neutral, weakly acidic, and alkaline conditions.
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3.3.4. Comparison of the Photocatalytic Performance of Different Types of Zinc Ferrite
toward Methylene Blue

The effect of the type of zinc ferrite on the removal rate of methylene blue is shown
in Figure 15. The dosage of the zinc ferrite photocatalyst was 0.15 g, and other conditions
were the same as those in the experiment in Section 3.3.1.
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Figure 15. Effect of the type of zinc ferrite on the removal rate of methylene blue.

As shown in Figure 15, under light irradiation without a catalyst, the removal rate of
methylene blue is only 12.13% at 30 min and 36.35% at 180 min. In the presence of different
types of zinc ferrite as catalysts, the removal rates are significantly higher. For example, the
removal rate of methylene blue after 30 min of photocatalysis is increased by 8.08-32.09%
with the addition of synthetic zinc ferrite. In the presence of purified zinc ferrite and
purchased zinc ferrite, the removal rates are 23.20% and 20.97% higher, respectively, than
in the case without a catalyst. After 180 min of photocatalysis, the removal rate of synthetic
zinc ferrite is 56.93-61.84% higher than without a catalyst. With purified zinc ferrite, the
removal rate is 62.28% higher, and with purchased zinc ferrite, it is 62.22% higher than
without a catalyst.

Overall, purchased zinc ferrite possesses the largest specific surface area and the
strongest absorption of ultraviolet light, but the worst crystallinity. Purified zinc ferrite
has the smallest specific surface area and medium light absorption, but its crystallinity is
the best, so the difference between their removal rates is small. Considering synthetic zinc
ferrite, the one calcined at 400 °C has a large specific surface area but poor crystallinity
and the weakest absorption of ultraviolet light; thus, it shows the smallest improvement
in the methylene blue degradation rate. Synthetic zinc ferrite calcined at 600 °C has
better crystallinity, larger specific surface area, and stronger absorption of ultraviolet
light, thereby resulting in the largest improvement in the removal rate. Therefore, the
photocatalytic performance of zinc ferrite is affected by its specific surface area, crystallinity,
and microstructure.

3.4. Effect of Zinc Ferrite on the Photocatalytic Degradation of Methyl Orange

Since different types of zinc ferrite have almost no adsorption effect on methyl orange,
the photocatalytic performance of zinc ferrite was used, and the effect on the photocatalytic
degradation of methyl orange was explored.



Processes 2023, 11, 1607

14 of 17

3.4.1. Effect of the Type of Zinc Ferrite

The effect of the type of zinc ferrite on the photocatalytic degradation of methyl orange
is shown in Figure 16. A solution of methyl orange (2 L) with an initial concentration of
20 mg/L and pH of 6.5 was prepared; 300 mL of this solution was placed in a double-layer
glass beaker, and its absorbance was measured by sampling. Then, 0.15 g of purified zinc
ferrite, synthetic zinc ferrite prepared at different calcination temperatures, and purchased
zinc ferrite were added as catalysts for the photocatalytic reaction experiment. After filter-
ing, the absorbance was measured, and the removal rate of methyl orange was calculated.
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Figure 16. Relationship between InK} and 1/T.

As shown in Figure 16, the addition of different types of zinc ferrite did not significantly
improve the removal rate of methyl orange. With the use of these catalysts, the removal
rate is between 36.12 and 38.28%, corresponding to an increase of 1.93-4.09% over the
case without a catalyst. These results indicate that the three kinds of zinc ferrite do not
significantly promote the photocatalytic degradation of methyl orange.

3.4.2. Effect of the Amount of Zinc Ferrite/Titanium Dioxide

In this experiment, 0.05, 0.1, 0.15, and 0.20 g T400/PZ (5%) were used as the catalyst,
and the other conditions were the same as those in the experiment in Section 3.4.1. The
effect of T400/PZ (5%) on the photocatalytic activity of methyl orange is shown in Figure 17.

As shown in Figure 17, the best photocatalytic degradation effect on methyl orange
is observed at a T400/PZ (5%) dosage of 0.15 g. We speculate that at a low dosage of the
catalyst, the contact area with methyl orange is small, and at an excessive dosage of the
catalyst, the catalyst has a certain scattering effect on light. Therefore, 0.15 g was considered
the optimal dosage of T400/PZ (5%).

3.4.3. Effect of the Initial Solution Concentration

The effect of the initial solution concentration on the degradation of methyl orange
by T400/PZ (5%) is shown in Figure 18. The experiment was performed in a 500 mL
double-layer glass beaker with 0.15 g of T400/PZ (5%) and methyl orange solutions with
initial concentrations of 10, 20, 25, and 30 mg/L. Other conditions were the same as those
in the experiment in Section 3.4.1.
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Figure 17. Effect of the amount of zinc ferrite/titanium dioxide composite catalyst on the photocat-
alytic degradation of methyl orange.
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Figure 18. Effect of initial solution concentration on the photocatalytic degradation of methyl orange
by the zinc ferrite/titanium dioxide mixture.

As shown in Figure 18, within a certain concentration range, the photocatalytic removal
rate of methyl orange is not significantly affected by the initial solution concentration. At
initial methyl orange concentrations of 10-20 mg/L, the removal rate reaches 99% after
120 min of photocatalysis. However, with the increase in methyl orange concentration to
25 mg/L, the removal rate decreases to 84.85% after 120 min. At 30 mg/L, the removal
rate is only 68.43% after 120 min. This is explained as follows. The photocatalytic reaction
occurs on the active sites on the catalyst surface. With a certain amount of catalyst in the
system, a dynamic reaction balance between the catalyst and methyl orange is established.
Increasing the concentration of methyl orange gradually disrupts this balance and reduces
the degradation rate. Above a certain concentration, the balance is destroyed, leading to a
significant decrease in the degradation rate of methyl orange.

3.4.4. Effect of Titanium Dioxide

The dosage of the zinc ferrite and titanium dioxide composite photocatalyst was 0.15 g.
Different titanium dioxide catalysts were used to determine the effect of the type of titanium
dioxide on the photocatalytic degradation of methyl orange. Other conditions were the
same as those in the experiment in Section 3.4.1. The results are shown in Figure 19.



Processes 2023, 11, 1607

16 of 17

100 ="} 203 1
./o/. v
80 —m— BK(Light source only)
—0— T400
& —A— T500
260 —v— T400/PZ(5%)
= T500/PZ(5%)
s T500/PZ(10%)
240 |
Q
2 ././- ]
20
0 -
1 1 1 1 1
0 60 120 180 240 300
Time/min

Figure 19. Effect of different types of titanium dioxide on the photocatalytic degradation of methyl
orange.

As shown in Figure 19, synthetic titanium dioxide exhibits a good photocatalytic
performance for methyl orange, and its combination with purified zinc ferrite exhibits
even better photocatalytic performance. The removal rate of methyl orange increased
from 29.38% to 82.35% after 60 min of photocatalysis. After 120 min of photocatalysis,
the removal rate increased by 7.73% to 99.44%. Considering the calcination temperature
of titanium dioxide, when used alone, titanium dioxide prepared at 500 °C shows the
best photocatalytic effect. However, when used along with purified zinc ferrite, titanium
dioxide calcined at 400 °C shows better results.

4. Conclusions

(1) The highest removal rates of amido black 10B by the three zinc ferrites ranged from
81.62% to 88.33%; those of methyl orange and methylene blue were about 1% and
about 2%, respectively.

(2) Titanium dioxide (0.5 g/L) prepared at different calcination temperatures was physi-
cally mixed with purified zinc ferrite (0.5 g/L) to improve the adsorption of amido
black 10B (40 mg/L). The best removal effect was observed when using titanium
dioxide calcined at 600 °C, and the removal rate of amido black 10B increased from
43.49% to 77.51%.

(3) The optimal conditions for the photocatalytic degradation of methylene blue by zinc
ferrite were as follows: a zinc ferrite catalyst dosage of 0.15 g, an initial solution
concentration of 20 mg/L, and a pH of 6.0.

(4) The photocatalytic degradation rate of methyl orange reached 100% after 180 min
at the following optimal conditions: a zinc ferrite and titanium dioxide composite
catalyst dosage of 0.15 g, an initial dye solution concentration of 20 mg/L, and a pH
of 6.5.
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