
2713

Korean J. Chem. Eng., 39(10), 2713-2724 (2022)
DOI: 10.1007/s11814-022-1140-1

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: mahmoodi@icrc.ac.ir, nm_mahmoodi@aut.ac.ir
Copyright by The Korean Institute of Chemical Engineers.

Novel heterojunction magnetic composite MIL-53 (Fe)/ZnFe2O4:
Synthesis and photocatalytic pollutant degradation

Mahnaz Mohebali Nejadian*,
**, Niyaz Mohammad Mahmoodi*,†, Cyrus Ghotbi**, and Farhad Khorasheh**

*Department of Environmental Research, Institute for Color Science and Technology, Tehran, Iran
**Department of Chemical and Petroleum Engineering, Sharif University of Technology, Tehran, Iran

(Received 24 January 2022 • Revised 4 April 2022 • Accepted 6 April 2022)

AbstractA new magnetic composite was synthesized by integration of ZnFe2O4 and MIL-53(Fe) micro-rods by a
solvothermal method. This composite served as a heterogeneous catalyst to overcome the high electron-hole recombi-
nation rates of ZnFe2O4 and to enhance the degradation of Direct Red 23 under visible light irradiation. Different ana-
lytical techniques, including XRD, FTIR, SEM, DRS, VSM, and PL, were employed to characterize the synthesized
heterojunction nanocomposite and to evaluate its photocatalytic activity. The ZnFe2O4/MIL-53(Fe)/Vis-light system
resulted in significantly higher dye degradation as compared with pristine ZnFe2O4 and MIL-53(Fe) semiconductors at
the optimum pH of 3.1 and irradiation time of 120 minutes. Moreover, the composite exhibited high magnetization
property that led to easy collection and recovery from effluent solution. It also retained its durability and stability after
five cycles. The photo-generated hole was found to be the primary dye destruction agent as specified by the scavenger test.
Keywords: Heterojunction Composite, Magnetic Metal-organic Framework, Wastewater, Photocatalytic Pollutant Deg-

radation

INTRODUCTION

The increase in demand for clean water in recent decades has
resulted in significant research activity on development of efficient
and economical technologies for water treatment [1-3]. Diverse
pollutions, such as industrial dyes, pharmaceuticals and personal
care products (PPCPs), textile effluents, insecticides, and domestic
wastewater, enter the surface water as well as ground water [4]. Most
of these pollutants are synthetic organic compounds that directly
or indirectly affect human lives [5,6]. Among synthetic dyes, azo
dyes are more diverse and are commonly used in food, paper, leather,
and paint industries [7]. The azo dyes also demonstrate excellent
chemical stability because of the - conjunction effects between
the aromatic rings and the azo group (-N=N-). They are usually
non-biodegradable and are resistant to decay [2,8,9]. Direct Red
23 (DR-23) is a common anionic and azo dye used in different
industries and its chemical structure is presented in Fig. 1. Advanced
oxidization process (AOP) is an efficient, eco-friendly, and economi-
cal technology to remove pollutants such as dye from industrial

effluents [9-11]. Among various AOPs, a heterogeneous photocat-
alyst process using visible light is regarded as a promising approach
for treating wastewaters containing DR-23 azo dye [12]. The aro-
matic amines produced from dye degradation can be further de-
graded by the photocatalyst into carbon dioxide, water, and inor-
ganic ions [13].

Magnetic photocatalysts allow for easy removal from the reac-
tion effluent when a magnetic field is applied. Recent investiga-
tions have demonstrated that one of the n-type magnetic semi-
conductor, the spinel zinc ferrite (ZnFe2O4) structured nanoparti-
cles (NPs) with narrow bandgap energy of approximately 1.94 eV
and nontoxic nature, natural abundance, inexpensive, environmen-
tal friendliness, and good ferromagnetism properties, can be suc-
cessfully employed as a photocatalyst under visible light irradiation
[11,14-16].

As a monophasic semiconductor material, however, zinc ferrite
has a low photo response because of its narrow bandgap that leads
to fast recombination of charge carriers, thus exhibiting low photo-
catalytic efficiency. Combining two or more semiconductors with
suitable band edges to compose a heterojunction structure can im-
prove their photocatalytic performance. Semiconductors with dif-
ferent bandgaps and positions could also exhibit possible synergis-
tic effects that would facilitate the separation of electron and hole
pairs and reduce recombination of the photogenerated carriers in
the semiconductor [14]. Due to narrow bandgap of the ZnFe2O4

and its high recombination rate, it has been modified by other com-
pounds and semiconductors to improve its photocatalytic efficiency.
ZnFe2O4/ZnO [17], ZnFe2O4/Fe3O4/Ag [18], ZnFe2O4/SrFe12O19

[19], ZnFe2O4/BN [20], ZnFe2O4-C3N4 [21], and Fe2O3/ZnFe2O4/
ZnO [22] have been synthesized and used as photocatalysts.

Metal-organic frameworks (MOFs) have attracted considerable

Fig. 1. Chemical structure of azo dye Direct Red 23.
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attention as microporous compounds with photocatalytic ability and
ultrahigh surface area, tunable pore size, and well-defined porosity.
MOFs have been used in various applications, including molecu-
lar sensing, gas storage (CO2, H2S, CH4), drug delivery, and het-
erogeneous photocatalysis [23-25]. For MOFs including the MIL
series and MOF-5 that are synthesized from transition metals and
oxygen-containing ligands, the bonding between transition metals
and oxygen of the ligands leads to metal oxide clusters (Fe-O, Cr-
O, Ti-O, and Zn-O) that can display photocatalytic activity when
exposed to light irradiation [26-28]. MOFs are built from periodic
lattice structures in which cation clusters are interconnected by the
organic ligand with benzene aromatic rings by coordination bonds
[28]. Flexible MOFs have attracted attention because they com-
bine the crystalline order of the coordination framework with struc-
tural flexibility. They can also respond to chemical or physical ex-
citation including light, heat, or the introduction of guest molecules
in pores [29]. Only about one hundred of some 20,000 reported
MOFs demonstrate the “breathing effect” or flexible behavior in
response to the external excitation. Such MOFs are better candi-
dates for applications that require selective adsorption properties
[30]. Guest molecules can easily fit inside the framework while the
crystallinity and atomic structure are preserved [31,32]. MIL-53, a
well-known MOF for its breath effect and high flexibility, has be-
come very popular for different applications in the last two decades.
Fe(III) based MIL-53 has a three-dimensional porous solid struc-
ture constructed by infinite one-dimensional channel linkage of
-Fe-O-O-Fe-O-Fe- as metal cluster or metal nodes. These metal
clusters are named secondary building units (SBU) with bis-biden-
tate terephthalate (BDC) as ligand [33,34]. The Fe-based MIL-53,
like TiO2 whose conduction band is made of empty Ti 3d orbitals,
contains iron transition metal nodes and the empty metal d orbit-
als mix with LUMO of the organic ligands to form the conduc-
tion band [22]. Furthermore, due to the presence of Fe in MIL-53
structure, it accelerates the Fenton-like process [23]. The presence
of carboxylate group in terephthalic acid ligand is also beneficial
for enhancement of photocatalytic efficiency. These carboxylates
agents form complexes with Fe(III) by ligand-to-metal charge trans-
fer (LMCT) process that are extremely stable in acidic media up to
neutral pH [5,35,36]. They are also strong electron donors that
facilitate the electron transfer and the production of hydroxyl radi-
cals in the photocatalytic reaction mechanism [5]. Iron-terephthalate
MIL-53 with a larger bandgap than ZnFe2O4 is therefore a suitable
candidate to combine with spinel zinc ferrite semiconductor to
enhance the charge separations and overall photocatalytic activity
[36].

The solvothermal synthesis, characterization, and evaluation of
photocatalytic activity of magnetic composite (ZnFe2O4/MIL-53)
were the goals of the present study. According to the previous arti-
cles, the loading of zinc ferrite on MIL-53 to synthesize novel mag-
netic composite (ZnFe2O4/MIL-53(Fe)) has not been reported so
far. Furthermore, no detailed investigation has been fulfilled on
the degradation of Direct Red 23 using the photocatalytic mecha-
nism. The synthesized photocatalyst was characterized by X-ray
powder diffraction (XRD), FTIR, field emission scanning electron
microscopy (SEM), EDX, UV-Vis diffuse reflectance spectrum (DRS),
and vibrating sample magnetometer (VSM). The synthesized het-

erojunction magnetic composite was employed as a photocatalyst
for degradation of Direct Red 23 under visible light irradiation
using a 100W LED lamp. The influence of operating parameters
(catalyst dosage, dye concentration, pH of solution) on photocata-
lytic activity was also investigated. Radical species present in the
reaction medium were identified by scavenger tests and a possible
mechanism for the photocatalytic degradation was proposed.

MATERIALS AND METHODS

1. Materials
Zinc (II) dihydrate acetate (Zn(AC)2·2H2O), Iron (III) hexahy-

drate chloride (FeCl3·6H2O), and 1,4-benzene dicarboxylic acid
(Terephthalic acid, C8H6O4) were used as precursors for the syn-
thesis of zinc ferrite (ZnFe2O4: ZFO) and M53Fe MOF. Ethanol
and N, N-dimethyl formamide (DMF, C3H7NO) were used as sol-
vents in the synthesis of ZFO, M53Fe, and the magnetic compos-
ite photocatalyst (ZFO/M53Fe). Sodium hydroxide (NaOH) was
used for pH adjustment. Ethanol and deionized water were used
to wash the as-synthesized materials. Direct Red 23 (DR23) was
used as an organic pollutant in the photocatalytic activity tests.
EDTA-4Na, L-ascorbic acid, and isopropanol alcohol were used
for the quench tests. All materials were acquired from Merck Ger-
many and used without pre-treatment.
2. Synthesis
2-1. Synthesis of ZnFe2O4 Nanoparticles

ZnFe2O4 was synthesized by a solvothermal method reported in
the previous literature [37]. 0.5543 g of Zn(Ac)2·2H2O and 1.3652 g
of FeCl3·6H2O were dissolved in 20 ml ethanol; this solution was
named A. Then 2.0833 g of NaOH was dissolved in 20 ml of deion-
ized water (solution B) for pH adjustment. Solution B was slowly
added by a burette to solution A under magnetic stirring. The mixed
solution was stirred for 30 minutes until the appearance of a uni-
form suspension. The mixture was then transferred to a 50 ml Tef-
lon -lined autoclave and heated at 180 oC for 24hours. The autoclave
was then allowed to cool to room temperature. A dark brown sed-
iment was readily collected by a magnet and subsequently washed
with ethanol and deionized water three times while in a shaker.
The solid brown pristine ZnFe2O4 powders (ZFO) was obtained
after drying at 80 oC for 6 hours.
2-2. Synthesis of MIL-53(Fe) and Magnetic Composite (MC) ZFO/
M53Fe

The synthesis of the magnetic composite was based on the solvo-
thermal method reported in the literature [38]. 0.3g of ZFO, 0.8115g
of FeCl3·6H2O, and 0.498 g of Benzene-1,4-dioic acid (BDC) were
added to 15 ml of N, N-dimethylformamide. After ultra-sonica-
tion for about 20 minutes, the resulting brown mixture was placed
in a 50 ml Teflon-lined stainless-steel autoclave and heated for 12
hours at 150 oC. The autoclave was allowed to cool to room tem-
perature, and the autoclave content was then centrifuged at 7,200
rpm for 6 minutes. The product was suspended in 200 ml of dis-
tilled water overnight to remove the solvent. The suspended parti-
cles were then collected by a strong magnet and placed on a shaker
with a small amount of distilled water. The shaking procedure was
repeated two or three times. The sample was subsequently dried
in a vacuum oven for 24 hours at 60 oC. Pristine MIL-53 (M53Fe)
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was synthesized in a similar manner without the initial addition of
ZnFe2O4. A schematic of the synthesis procedure for the magnetic
composite is illustrated in Fig. 2.
3. Characterization

FTIR analysis was performed using a Perkin-Elmer spectropho-
tometer to determine functional groups of the synthesized cata-
lysts. Field-emission-Scanning electron microscopy (FE-SEM) and
energy-dispersive X-ray spectroscopy (EDX) analyses were per-
formed using TeScan - Mira 3 model electron microscope. XRD
analyses were carried out using X-ray diffraction PANalytical 2009
instrument (Netherlands). DRS-UV-Visible Spectroscopy was per-
formed to evaluate the band gap and photoluminescence (PL)
analysis was carried out to examine the recombination rates of the
synthesized photocatalysts. A vibrating sample magnetometer was
used to examine the magnetic properties of the photocatalysts. The
DR23 concentration in the aqueous phase was determined by sin-

Fig. 2. Schematic of the synthesis of magnetic composite ZFO/M53Fe.

Fig. 3. XRD patterns of three photocatalyst samples. Fig. 4. FTIR spectra of different photocatalysts.

gle beam UV-Vis spectrophotometer (CECIL 2000SERIES).
4. Photocatalytic Activity Tests

The photocatalyst activity for dye degradation was investigated
using a homemade reaction system [39]. 100 ml solution of (10
mg/l) DR23 dye concentration was prepared. The initial solution
pH was 5.6 without pH adjustment. 1 M Hydrochloric acid was
added dropwise to reach the desired solution pH of 3.1. For other
pH values (5, 7, and 9), the desired pH was obtained by addition
of hydrochloric acid or sodium hydroxide solutions. The initial
solution containing a certain amount of as-synthesized photocata-
lyst (optimum concentration of 50 mg/l) was stirred mechanically
by a magnet for 1 hour in dark to obtain adsorption-desorption
equilibrium [40]. The 100W LED lamp was then turned on and at
the set intervals of 30 minutes, 3 ml sample was withdrawn from
the reactor by a syringe. The sample was then centrifuged and UV
absorbance at 503 nm was used to determine the Direct Red 23
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residual concentration [41]. Percentage of DR23 degradation was
calculated by Eq. (1) [42]:

(1)

where C0 and C are the initial and final concentrations of DR23,
respectively.

RESULTS AND DISCUSSION

1. Photocatalyst Characterization
The XRD patterns for ZFO, M53Fe, and ZFO/M53Fe are pre-

sented in Fig. 3 for 2 range of 5-80o. Sharp and distinguished peaks
for MIL-53 (Fe) appear at 2 values of 9.24, 12.63, 17.59, 18.49,
25.41, and 30.16 in accordance with the literature [43,44]. The XRD
peaks for the cubic phase of ZFO appearing at 2 values of 29.93,
35.10, 42.63, 52.98, 56.44, and 62.19 can be attributed to crystal
plane of (220), (311), (400), (422), (511), and (440), respectively.
They are in excellent agreement with what is reported in the litera-
ture [19,38,45,46]. The XRD pattern of synthesized ZFO/M53Fe
has two additional characteristic peaks located at 2 value of about
11.09 and 22 as compared with the peaks for pure M53Fe and
ZFO photocatalysts.

Owing to the high flexibility of MIL-53 framework and its intrin-

% degradation  
C0   C

C0
-------------- 100

Fig. 5. FE-SEM images of (a) M53Fe, (b) ZFO, and (c) ZFO/M53Fe.
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sic “breathing effect”, the guest molecules can be embedded in the
pores of the framework’s [31,32]. It has been demonstrated that
the M53Fe framework can have four different orientations (a, b, c,
d), thus causing shifts in XRD peaks [46]. In the present investiga-
tion, the synthesized MC had XRD pattern corresponding to ori-
entations b and c that were formed simultaneously, suggesting the
successful synthesis of ZFO/M53Fe MC [47,48]. The crystallite sizes
were evaluated using the Debye- Scherrer equation [49] and were
found to be 38.6, 9.5, and 42.3 nm for M53Fe, ZFO, and ZFO/
M53Fe, respectively.

The FTIR spectra for the photocatalysts are presented in Fig. 4.
M53Fe exhibits five major absorption peaks at 752, 1,014.6, 1,382,
1,524.51, and 1,625 cm1 that were attributed to the dicarboxylate
linker. The peaks at 752 and 3,042 represent C-H bond vibration
in benzene aromatic ring [50,51]. The low intensity peak at 1,625
cm1 is attributed to C=O bond and the two sharp and peaks at
1,382 cm1 and 1,524 cm1 are attributed to asymmetric vibration
and symmetric vibrations of carboxyl groups, respectively, con-
firming the existence of phthalic acid linker in M53Fe and ZFO/
M53Fe composite [26,39,52]. The FTIR spectrum of ZFO shows
broad peaks at 1,338 and 1,542 cm1 attributed to the characteris-

Fig. 6. Elemental analysis of photocatalysts: (a) ZFO, (b) ZFO/M53Fe,
and (c) M53Fe.

Fig. 7. Magnetization curves of pure ZFO and ZFO/M53Fe (a), and
photographs of separation of the sample by a magnet for ZFO/
M53Fe (b) and ZFO (c).

tic absorption bond of -COO confirming the presence of Zn(Ac)2

on the surface of ZFO nanoparticle and the covalent bond between
carboxylate group of acetate and zinc [52,53]. Furthermore, the
peaks at 2,850 to 2,950 and at 1,000 to 1,100 cm1 are related to
antisymmetric C-H and C-O bonds, respectively [53-55]. Tetrahe-
dral and octahedral metal oxide bonds (Zn-O and Fe-O) are attri-
buted to absorption peaks in the range of 530-552 cm-1 [48,56].
Moreover, the vast broadband in the range of 3,400 to 3,600 cm1

was observed in all FTIR spectra and was assigned to the stretch-
ing mode of the O-H group of water molecules on the surface of
the samples that maybe have remained after washing in the syn-
thesis process [12,57-59].

The FE-SEM images for the synthesized photocatalysts are pre-
sented in Fig. 5, indicating that samples M53Fe and ZFO display
like micro-rods and sphere-like shapes, respectively. The M53Fe
stakes have a width of approximately 4 to 10m and length of sev-
eral tens of micrometers. ZFO spheres have diameters ranging from
40 to 60 nm in accordance to evidence reported elsewhere in the
literature [26,39,60]. The image for ZFO suggests that natural agglom-
eration had occurred. ZFO/M53Fe image indicates a broken edge
stake with ZFO nanoparticles well dispersed evenly on the surface
of M53Fe.

The results from EDX analysis for the photocatalysts are pre-
sented in Fig. 6, confirming the presence of C, O, and Fe in M53Fe.
Additionally, the presence of Fe, O, and Zn was confirmed for ZFO
with small amount of sodium from NaOH that was used for pH
adjustment during the synthesis process [60]. The ZFO/M53Fe sam-
ple reveals the presence of the main elements, including Fe, Zn, O,
and C.

Effortless separation of photocatalysts from the effluent stream
is a desired characteristic for economical applications [61,62]. The
magnetic properties of ZFO and ZFO/M53Fe were examined by
vibrato sample magnetometry (VSM) analysis at room tempera-
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ture. The applied magnetic field was from 15,000 to 15,000 Oe.
The VSM results are presented in Fig. 7, illustrating that both pho-
tocatalysts did not reveal a hysteresis loop. They both had zero
remanence (Mr=0) and coercivity (Hr=0), indicating superparamag-
netic properties and a soft magnetic substance [19]. The related
values for saturation magnetization of ZFO and ZFO/M53Fe were
Ms=26.3 emu/g and Ms=10.23 emu/g at H=10.23 Oe, respectively
[63,64]. ZFO/M53Fe has lower magnetic properties than ZFO due
to a decrease in the amount of ZFO per unit mass of the compos-
ite. Figs. 7(b) and 7(c) illustrate photographs of ZFO/M53Fe and
ZFO when exposed to a magnetic field, suggesting their easy recov-

ery of them from a dye solution for subsequent recycling [64].
Optical features and absorption of the synthesized M53Fe and

ZFO and their composite ZFO/M53Fe were probed by diffuse
reflectance electromagnetic UV-visible spectra (DRS) analysis [65].
Fig. 8 indicates that the three photocatalysts have absorption in the
range from 200 to 500 nm. ZFO has lower and weaker absorption
intensity than the other two photocatalysts. ZFO/M53Fe has the
highest absorption range in the UV-visible region [66,67]. The pro-
minent absorption edges of M53Fe, ZFO and ZFO/M53Fe were
around 471 nm, 672 nm, and 504 nm. The bandgap of crystalline
photocatalyst was determined from the tangent line on the Tauc

Fig. 8. Comparison of UV-vis/DRS analyses of the photocatalysts: (a) estimation of absorbance edge wavelength and bandgap, (b) M53Fe, (c)
ZFO, (d) ZFO/M53Fe, and (e) photoluminance analyses.
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plot [64,65] that was based on the Kulbelka-Munk Eq. (2):

hv=A(hvEg)n (2)

where , hv and A represent absorption coefficient, photonic energy
(eV), and proportionality constant. The value of n depends on the
state of the optical transition materials, which is equal to 2 or 1/2
for the semiconductor (in this case, n=1/2 for direct transition)
[49,67,68]. Ultimately, the horizontal axis of the plot was calculated
by hv=1,240/ with (hv)2 as the vertical axis. The bandgap was
obtained from the intersection of tangent along curves with the x-
axis [68,69] and the values for bandgap energy for M53Fe, ZFO,
and ZFO/M53Fe were estimated to be 2.64 eV, 1.94 eV, and 2.47
eV, respectively [34,39]. The band at 225nm for M53Fe ZFO/M53Fe
is related to the ligand-to-cluster charge transfer (LCCT) and inter
ligand n- and - transitions [43] of O(II)Fe(III) that is ascribed
to oxygen bond of carboxylate ligand to metal nodes or clusters
[39,70]. In addition, a peak at about 471 nm appears for M53Fe,
which may be due to the spin allowed transition d-d (6A1g=>
4A1g+4Eg(G)) of octahedral coordination (Fe3+) in MOF [45,71].
The absorption edge of the ZFO/M53Fe is shifted to 504 nm as
compared with M53Fe.

The separation and transition efficiency of photo-induced elec-
tron-hole pairs play a crucial role in the performance of semicon-
ductors. The fluorescence intensity is affected by the irradiative re-
combination of charge carriers since the recombination of the pho-
toexcited charge carrier is accompanied by the fluorescence emis-
sion. The lowest emission intensity generally illustrates a lower re-
combination rate of charge carriers,, thus leading to better photo-
catalytic activity [71]. As indicated in Fig. 8(e), the PL spectra of the
ZFO after excitation at 355 nm exhibit the highest PL intensity and
accordingly have the highest charge carrier recombination rate as
it has a narrow bandgap (1.94 eV). On the other hand, ZFO/M53Fe
displays the lowest PL intensity suggesting that it has the lowest re-
combination efficiency of photo-induced electron and hole pair
[25,72]. The addition of M53Fe can effectively improve the separa-
tion of photo-induced carriers, which would lead to enhanced photo-
catalytic activity as compared with ZFO [73].
2. Photocatalytic Activity of Synthesized Catalysts

The photocatalytic activity of the synthesized catalysts in degra-
dation of the Azo DR-23 dye is examined in this section. This degra-
dation was carried out both in the presence and absence of the
catalysts. A slight amount of dye degradation was observed when
the pure dye solution without any catalysts was exposed to the
light from the projector lamp for two hours, indicating slight self-
degradation in the face of light. Subsequently, the experiment was
carried out with 0.005 g of catalyst placed in 100 ml of dye solu-

Fig. 9. Photocatalyst activity for DR-23 degradation (catalyst concen-
tation: 50mg/l, dye concentration: 10ppm, pH=3.1, T=298K).

Table 1. Comparison of kinetic models for degradation of DR-23 dye

Photocatalyst
Zero-order kinetics

C0C=k0t
First-order kinetics

ln(C0/C)=k1t
Second order kinetics

(1/C)(1/C0)=k2t
R2 k (mg/min l) R2 k (min1) R2 k (l/mg·min)

M53Fe 0.9271 0.0484 0.9360 0.0116 0.9024 0.0031
ZFO 0.8896 0.0211 0.8890 0.0034 0.9178 0.0005
ZFO/M53Fe 0.7400 0.0355 0.9205 0.0150 0.9347 0.0085

tion at optimum pH of 3.1 followed by agitation in the dark for one
hour to allow for the solution to reach adsorption-desorption equilib-
rium with the catalyst. As illustrated in Fig. 9, adsorption efficiency
of ZFO, M53Fe, and ZFO/M53Fe was 25.3, 28.3, and 43.8%, respec-
tively. The lamp was then turned on and the dye solution was allowed
to remain under light for an additional 120 minutes. The dye re-
moval efficiency was 49.16, 78.89, and 92.33% for ZFO, M53Fe, and
ZFO/M53Fe, respectively, indicating a superior DR23 degradation
efficiency for ZFO/M53Fe composite as compared with ZFO and
MIL53 photocatalysts, as was suggested by the data from UV-Vis
analyses [74]. Under visible light, electrons and holes can be gener-
ated by the bandgap radiation of catalysts. The generated holes in
the VBM (valence band maximum) of the catalyst could eliminate
DR-23 by direct oxidation. The minimum conduction band level
with the self-formation of hydrogen peroxide can also cause fur-
ther degradation of the chromophoric structure of the organic dye
molecules. The heterogeneous junction of the two photocatalysts
resulted in reduced recombination of electron-hole pairs, thus sig-
nificantly improving photocatalytic performance.
3. Kinetics of Photocatalytic Degradation

Photocatalytic degradation rates depend on the nature of the active
sites of the photocatalyst [75]. The reaction rate constant was cal-
culated for the three photocatalysts in terms of zero-order, first-
order, and second-order kinetic models. The calculated rate con-
stants, k, and the corresponding correlation coefficient, R2, are re-
ported in Table 1 indicating that a second-order rate expression ade-
quately describes the residual concentration of DR-23 dye with reac-
tion time for all photocatalysts. Fig. 10 shows the results for the
second-order, first-order and zero-order kinetics where C0 is the
initial concentration of DR-23, C is the concentration at time t and
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k is the apparent rate constant obtained from the slope with an ac-
ceptable correlation factor [45], indicating the highest rate constant
for ZFO/M53Fe composite as compared with ZFO and M53Fe.
4. Effect of Catalyst Dosage

The photocatalyst dosage is an important factor influencing the
degradation of DR-23. To obtain the optimal amount of photocat-
alyst, experiments were performed with catalyst loading of 2 mg to
5mg in 100ml of dye solution while keeping other operating param-
eters including pH, temperature, and initial dye concentration con-
stant. As shown in Fig. 11, an increase in photocatalyst loading led
to a corresponding increase in dye degradation. The increase in
the degradation rates was due to a greater number of active cata-
lytic sites producing more electron-hole pairs leading to greater con-
centration of radical species (O2

•, h+, and OH•) in the dye solution
and subsequently to increased decolorization [76-83].
5. Effect of Initial Dye Concentration

The influence of initial dye concentration on the degradation of
DR-23 was explored using solutions containing from 10 to 25 mg/l
of dye with ZFO/M53Fe as the photocatalyst, keeping other operat-
ing parameters, including photocatalyst dosage, temperature, and
initial solution pH, constant. As indicated in Fig. 12, an increase in
the initial dye concentration led to a decrease in photocatalytic activ-

ity since the penetration of light would decrease with increasing
dye concentration.
6. Effect of Initial Solution pH

The solution pH is one of the most important and effective oper-
ating parameters in dye degradation as it influences the rate of ad-
sorption and desorption of dye molecules on the catalyst surface
and also affects the potential of valance band and physicochemi-
cal properties of the catalyst surface. Fig. 13 illustrates the extent of
dye degradation by ZFO/M53Fe composite at different pH values
that were adjusted by addition of NaOH 1 M and HCl 1 M dilute
solutions, indicating that degradation of the anionic dye had de-
creased with increasing pH. The highest degradation efficiency has
been reported for acidic solution (pH=3.1).

The catalyst surface charge also depends on the solution pH.
There was a significant difference in the amount of anionic dye
adsorption by the composite at pH=3.1 as compared with other pH
values. This is attributed to the electrostatic repulsion of opposite
charges on catalyst surface (positive charge) in acidic solution and
anionic dye. The produced OH ions combine with the H+ ions
on the photocatalyst surface under alkaline conditions, thus reduc-
ing the adsorption efficiency. The lower degradation rate of DR-23
at higher pH values could also be related to the lower oxidation
potential of •OH at a higher pH (2.8 V at pH=0 compared with
1.9 V at pH=7: 1.9 V) [74].

Fig. 10. Degradation of DR-23 in terms of (a) Second-order, (b)
First-order kinetic models, (c) Zero-order.

Fig. 11. Degradation of DR-23 with ZFO/M53Fe at different catalyst
dosage (Initial DR-23 concentration: 10 mg/l, pH=3.1).

Fig. 12. Degradation of DR-23 by ZFO/M53Fe with different initial
dye concentration (catalyst dosage: 50 mg/l, pH=3.1).
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7. Free Radical Species Quenching Test
Trapping of free radical species is a facile method to detect active

species produced in dye decomposition by an advanced oxidizing
process. Ethylene diamine tetra acetic acid tetrasodium salt (EDTA-
4Na, h+ trapping), L-ascorbic acid (O2

 trapping) [57], isopropanol
(•OH trapping), and Na2SO4 (electron trapping) were added sepa-
rately to 10 ppm DR-23 aqueous solution at pH=3.1. The results of
the scavenger tests using ZFO/M53Fe composite as the photocata-
lyst are presented in Fig. 14. The decrease in degradation efficiency
was more significant with the addition of 2-propanol (IPA) and
(EDTA-4Na) as compared with the addition of ascorbic acid and
sodium sulfate into solution. Although electrons are considered to
play only a small role in the degradation of dye, their role is still
important and their effectiveness is similar to the role of superox-

ide oxygen produced by the reaction of oxygen with electrons in
solution. The scavenger test results confirmed that the principal
active species in photocatalytic degradation of DR-23 are •OH and
h+ (photo-generated holes).
8. Proposed Photocatalytic Mechanism for DR-23 Degradation

With ZFO having a narrow bandgap (1.94 eV), the recombina-
tion of electron-hole pair rate is extremely fast. The separation of
photo-generated electron-hole is vital for efficient photocatalytic
activity. A possible charge transfer mechanism for ZFO/M53Fe
hetero structure photocatalytic system is illustrated in Fig. 15. Elec-
trons receive energy and migrate from the HOMO band of the semi-
conductors to their LUMO level by irradiating visible light on the
photocatalytic surface. The CB of ZFO (1.54 eV vs. NHE) [23,
84,85] is more negative than CB of M53Fe (0.46 eV vs. NHE) [26].
The photo-generated electrons on the CB of ZFO can rapidly trans-
fer to the CB of M53Fe. At the same time, a hole is generated inside
their valence band. The energy level of the valence band (EVB) can
be determined as EVB=ECB+Eg where Eg is the bandgap energy
obtained from the DRS analysis. The bandgap of ZFO and M53Fe
was determined to be 1.94 eV and 2.64 eV and, consequently, their
valance band levels were calculated to be +0.4 eV and +2.18 eV,
respectively.

The valance band level of M53Fe is lower than the valance band
of ZFO. The holes produced in M53Fe migrate to the valence layer
on the spinel Zinc ferrite since the standard redox potential of
(•OH/H2O) (2.38 eV vs. NHE) [28] is lower than the ZFO valance
band level. The holes in ZFO combine directly with the dye mole-
cules, leading to their destruction and breaking of their bonds and
thereby starting radical chain oxidation (reaction 4), which is in
agreement with trapping experiments [29].

Iron-based catalysts+hve+h+ (3)

h++RHR•+H+ (4)

Since the conduction band of ZFO is more negative than the poten-
tial of the M53Fe conduction band, the excited electrons could be
transferred from ZFO to the M53Fe, resulting in an efficient sepa-

Fig. 13. (a) Degradation of DR-23 at different pH (b) second-order
kinetic analysis.

Fig. 14. Quenching tests with and without scavenger agents (cata-
lyst dosage: 0.5 g/l, initial concentration of DR-23: 10 mg/l,
pH=3.1 (adjusted), T=298 K).

Fig. 15. Proposed reaction mechanism for photocatalytic degrada-
tion of DR-23.



2722 M. M. Nejadian et al.

October, 2022

ration between electrons and holes [84]. Furthermore, the conduc-
tion band of M53Fe (0.46 eV vs. NHE) is more negative than the
reduction potential of O2/O2

• (0.33 eV vs. NHE) [73,83]. The elec-
trons can react with surface chemisorbed oxygen and form anion
superoxide radicals (Reaction 8) that, along with hydroxyl radicals,
leads to the destruction of the dye structure (reactions 5-10).

O2+e•O2
 (5)

•O2
+H+

HOO• (6)

HOO•+eHOO (7)

HOO+H+
H2O2 (8)

H2O2+e•OH+OH (9)
•OH/O2

/h++Rseveral stepsCO2+H2O (10)

If there is a sufficient amount of reactive species in the solution,
the final reaction products will be carbon dioxide and water (reac-
tion 13). The results indicate that ZFO/M53Fe was a heterojunc-
tion type-II [85,86] that had a high photocatalytic activity for de-
gradation of DR-23 with hydroxyl radicals and photogenerated holes
on the surface as the key reagents in the photodegradation mecha-
nism [84].
9. Reusability of Photocatalysts

Photocatalytic degradation by various photocatalysts is one of
the most important processes in removing pollutants [87-90]. The
long-term reusability of a photocatalyst is crucial for large-scale appli-
cations. Fig. 16 shows the degradation efficiency of ZFO/M53Fe in
five consecutive cycles for photodegradation of a 10 ppm solution
of DR-23 at pH=3.1 and 0.5 g/L catalyst loading. After each pho-
todegradation experiment, the photocatalysts were collected by an
external magnet and washed with ethanol and distilled water, and

subsequently dried in an oven at 60 oC. The results indicate only a
small loss in photocatalytic activity. Fig. 17 indicated that the syn-
thesized photocatalyst had high stability because the XRD pattern
before and after photocatalytic degradation process did not change
significantly.

CONCLUSION

Magnetically separable ZFO/M53Fe composite was synthesized
using a solvothermal method for DR-23 degradation using a visi-
ble light source. The XRD analyses confirmed the successful for-
mation of crystalline phases related to ZFO and M53Fe in the ZFO/
M53Fe heterojunction composite. SEM images of ZFO/M53Fe
showed that the sphere-like ZFO magnetic nanoparticles were well-
dispersed on the surface of M53Fe micro-rod structures. The pho-
tocatalytic activity of the composite was superior as compared with
ZFO and M53Fe and nearly maintained its activity after five con-
secutive cycles. The present novel composite design provides an
ideal approach for the synthesis of magnetic nanoparticles such as
ZFO to obtain high activity, stability, and magnetic recyclability for
photocatalytic dye degradation.
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