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Abstract 11 

A novel nanostructured ZnO-Fe3O4/TiO2 composite derived from MIL 125(Ti) was 12 

synthesized using mixed solvo-hydrothermal and sol-gel methods for efficient removal of 13 

Reactive Blue 21 (RB 21) from aqueous solutions under different conditions. The thermal 14 

stability, crystalline structure development, and superparamagnetic properties of the final 15 

composite were evaluated by thermogravimetric analysis, X-ray diffraction, and vibrating 16 

sample magnetometer instrument. The results approved that the as-synthesized ZnO-17 

Fe3O4/TiO2 possessed a very high thermal stability up to ~900 °C along with Zn-O, Ti-O, and 18 

Fe-O functional groups formation, which endowed superparamagnetic properties to this 19 

structure. A significant reduction of surface area from 603.96 (MIL 125(Ti)) to 51.48 m2/g 20 

(ZnO-Fe3O4/TiO2) was ascribed to the retailoring in construction, mesoporosity, and pore 21 

diameter development with a positive impact on the photocatalytic activities of the final 22 

product. The optimum condition with >99% RB 21 removal was assigned at pH, initial 23 
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concentration dye, catalyst dosage, and temperature of 2, 50 mg/L, 30 mg/100 mL, and 45 24 

°C, respectively. The thermodynamic studies disclosed that the adsorption process was 25 

nonspontaneous and endothermic. Furthermore, the synthesized ZnO-Fe3O4/TiO2 composite 26 

retained >95% of its initial removal potential after five successive adsorption/desorption runs. 27 

Accordingly, ZnO-Fe3O4/TiO2 can be proposed for the successful removal of RB 21 in the 28 

wastewater treatment process. 29 

 30 

Keywords: MIL 125(Ti); ZnO-Fe3O4/TiO2; Photocatalytic removal; Transition state theory 31 

 32 

1. Introduction 33 

In recent decades, wastewater problems have become one of the most environmental 34 

challenges due to the huge amounts of produced organic pollutants from human activates. 35 

Among those, the wastewater effluent of textile and paper industries has been received 36 

special attention regarding their environmental burdens and damages. Dye as an organic 37 

pollutant is the most abundant and hazardous pollutants in the effluent of dye manufacturing, 38 

textile, and paper industry. In this regard, reactive dyes are wildly utilized in the textile and 39 

paper industries for dying cotton fiber, because of their unique characteristics such as bright 40 

colors, better dyeing, and reducing energy consumption (Saeed and Abbas 2012). During 41 

these procedures, 15% of colors are discharged into the effluents. Accordingly, the 42 

wastewaters with a high concentration of colors change the ability of biological cycles 43 

through discharging into the aquatic environments by affecting the process of photosynthesis, 44 

the reduction of light penetration, the oxygenation of the water, and however, their 45 

outstanding carcinogenic, mutagenic, and toxicity potential (Nguyen and Juang 2013). 46 

Therefore, researchers have studied different methods for the treatment of colored wastewater 47 

comprising adsorption, ozonization, chemical oxidation, and reverse osmosis (Bhattacharya 48 
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et al. 2013). According to the literature (Chong et al. 2010), it should be highlighted that the 49 

application of conventional processes such as coagulation and absorption are not effective 50 

enough to remove the organic compounds from these effluents. Incomplete degradation of 51 

organic compounds and transferring them from one phase to another are considered as the 52 

main drawbacks of these approaches. Furthermore, the other methods including filtration, 53 

sedimentation, and membrane use are costly and these can also create secondary pollutants 54 

(Chong et al. 2010). Another prevalent method for splitting colored wastewater is advanced 55 

oxidation processes (AOPs) under UV irradiation accompanied by an efficient catalyst 56 

predominantly such as titanium dioxide (TiO2) or zinc oxide (ZnO). Some advantages of this 57 

method are as follows: non-toxicity, high efficiency, cost-effectiveness, and environmental-58 

friendly. In addition to all these benefits, this method mineralizes organic dyes completely 59 

into H2O, CO2, and mineral acids with no secondary pollutants formation. 60 

Towards finding a novel approach for encountering water pollutants, metal-organic 61 

framework (MOFs) consist of organic linkers and metal clusters are at the heart of focusing 62 

as a new class of porous crystalline materials for overcoming this challenge. That is due to 63 

the unique characteristics of these materials including large surface area, porosity, and 64 

crystalline structures. Hence, MOFs have been used in different fields namely, H2 storage 65 

(Proch et al. 2008), carbon dioxide capture, catalysis, and optical materials (Wang et al. 66 

2012). The researchers also suggested that MOFs have the ability to behave as 67 

semiconductors when exposed to light (Shi et al. 2018). This process provides a unique 68 

platform for light-harvesting and subsequently, a photo-induced catalysis, for H2 evolution 69 

(Wang et al. 2012), CO2 reduction (Fu et al. 2012), and organic pollutants degradation and 70 

transformation (Abedi and Morsali 2014). In this sense, MIL 125 (MIL = Material of Institute 71 

Lavoisier) is one of the most well-known MOF types. It is manufactured from composing of 72 

basic units of Ti8O8(OH)4-(O2C-C6H5-CO2)6 constructed from corner-sharing octahedral 73 
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titanium units, resulting in a porous three-dimensional quasi cubic tetragonal structure 74 

(Nasalevich et al. 2015). However, a limited number of investigations confirmed that the 75 

properties of MIL 125 could be improved under Ti modification entitled as MIL 125(Ti), 76 

which led to the amelioration of their stability, permanent porosity, and photocatalytic 77 

activities (Hendon et al. 2013). 78 

To date, the synergistic effects of MOFs coupled with CdS, Fe3O4, ZnO, and C3N4 have been 79 

addressed and their great advantages were distinguished (Chi et al. 2015; Cui et al. 2020). 80 

With a special interest in concerning ZnO as an effective semiconductor. Recently, ZnO has 81 

been widely applied in the photocatalytic processes due to its wide bandgap (3.3 eV), the 82 

exciting binding energy of 60 mV, chemical, and thermal stability (Yu et al. 2016). To 83 

achieve favorable characteristics such as high specific surface area and effective separation of 84 

charge carriers, tailoring of photocatalyst structures has been recognized as a promising 85 

strategy, for instance, the impact of hierarchical structure at different levels on photocatalytic 86 

reactions was previously addressed (Han et al. 2017). These multidimensional corresponding 87 

effects can be summarized as flows: the amplification of absorption capacity dealing with the 88 

light repeatedly scattering from the surface of multilevel structures, the decline of charge hole 89 

recombination that facilitates their availability on the surface of photocatalyst, and ultimately, 90 

the hierarchical structure increases the proportion of active catalyst site (Xiao et al. 2019). 91 

Besides, according to the literature (Hu et al. 2008), the application of the magnetic-based 92 

method can also boost the photocatalyst efficiency. In this context, the magnetic responsive 93 

catalysts show good recyclability in wastewater purification compared with traditional 94 

methods, such as centrifugation and filtration. Furthermore, because of less energy demand, 95 

pollutants separation by magnetic catalysts utilization are more profitable from environmental 96 

and economical perspectives (Rocher et al. 2010). Accordingly, to achieve a highly efficient 97 

photocatalyst towards the effective removal of organic dyes from aqueous solution, MIL 98 
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125(Ti) and ZnO-Fe3O4/TiO2 composite were synthesized via a solvothermal and 99 

hydrothermal method, respectively, in the present investigation. In fact, this study elucidates 100 

simple and novel methods to synthesize a porous TiO2 structure derived from MIL 125(Ti) 101 

and ZnO-Fe3O4/TiO2 composite for encountering with the emanated problems concerning the 102 

presemce of organic dyes in water resources. Afterwards, the optimization process was 103 

conducted under different effective variables comprising the effects of the catalyst dosage, 104 

pH condition, initial dye concentration, and temperature. Finally, the regenerability of as-105 

prepared ZnO-Fe3O4/TiO2 composite was investigated through five succeeding stages for the 106 

degradation of RB 21 dye in an aqueous solution under UV irradiation. The synthesized ZnO-107 

Fe3O4/TiO2 and their intermediates were analyzed by different characterization tests and 108 

thermodynamic studies were also carried out to promote the knowledge regarding the 109 

performed removal reactions. 110 

 111 

2. Experimental 112 

2.1. Materials 113 

Terephthalic acid (C8H6O4), titanium isopropoxide Ti(O-(CH2)3-CH3))4, N, N-114 

dimethylformamide (C3H7NO), methanol, ethanol, zinc acetate (Zn(OCO-CH3)2.2H2O), 115 

ethylene glycol (C2H6O2), diethanolamine (C4H11NO2), ferric nitrate (Fe (NO3)3.9H2O), 116 

potassium hydroxide. All chemicals used in this study were analytical grade purchased from 117 

Sigma Aldrich, USA. 118 

 119 

2.2. Synthesis of Fe3O4 nanoparticles 120 

Fe3O4 nanoparticles were synthesized by the sol-gel method with some modifications 121 

(Hasanpour et al. 2013). In a typical process, a mixture of 50 mL ethylene glycol and 4.04 g 122 

ferric nitrate nonahydrate was stirred at 40 ºC for 2 h to give a brown sol. Afterward, the 123 
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temperature of the mixture was increased to 80 ºC for 12 h to achieve a gel formation. Then, 124 

the gel was centrifuged and dried at 110 ºC in an oven for 20 h. Finally, the light brown 125 

powder was annealed in a vacuum furnace for 2 h at 400 ºC to attain Fe3O4 magnetic 126 

nanoparticles.    127 

 128 

2.3. Synthesis of ZnO-Fe3O4 nanocomposites 129 

To synthesize ZnO-Fe3O4 nanocomposite (Hasanpour et al. 2013), a mixture of 0.49 g Fe3O4 130 

nanoparticles and 3.93 g zinc acetate was dissolved in 50 mL ethanol. The mixture was 131 

stirred at 70 ºC for 1 h. Then, a solution of 5 mL ethanol and 1.58 mL of diethanolamine was 132 

added dropwise to the initial mixture and stirred for 10 h in a magnetic stirrer at 70 ºC until a 133 

dark brown sol was achieved. In continuation, the solid was separated with an external 134 

magnet and dried at 90 ºC in a vacuum oven for 24 h. 135 

    136 

2.4. Synthesis of MIL 125(Ti) 137 

MIL 125(Ti) was synthesized by the solvothermal method (Hendon et al. 2013). For this 138 

purpose, 3 g terephthalic acid was dissolved in a mixture of DMF (45 mL) and methanol 139 

(5mL). Then, 1.60 mL titanium isopropoxide was added into the mixture dropwise and stirred 140 

at room temperature for 1 h until achieving a clear solution. The solution was transferred into 141 

a 100-mL Teflon-lined autoclave and kept at 150 ºC for 48 h. After cooling to room 142 

temperature, a white powder was washed with DMF and methanol, respectively. Finally, the 143 

white powder was dried at 70 ºC for 12 h in a vacuum. After that, the white powder was 144 

collected and kept at 200 ºC for 2 h in a muffle furnace for removing the unreacted materials.  145 

 146 

2.5. Synthesis of ZnO-MIL 125(Ti) 147 
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ZnO-MIL 125(Ti) was synthesized according to the previous literature report (Xiao et al. 148 

2019). In typically, 0.098 g MIL 125(Ti) was added gradually to a beaker containing 40 mL 149 

zinc acetate 0.2 M and was stirred for 30 min. After that, a solution of potassium hydroxide 150 

was added dropwise into the initial solution and stirred for another 30 min. Then, the mixture 151 

was transferred into a 100-mL Teflon-lined autoclave and kept at 200 °C for 12 h. In the next 152 

step, the resultant was centrifuged for 15 min at 5,000 rpm and washed with anhydrous 153 

ethanol several times. Finally, the solid was freeze-dried at -50 ºC under vacuum pressure 10 154 

Pa for overnight. The powder was calcined at 600 ºC for 2 h in a muffle furnace under 155 

atmospheric conditions. ZnO sample was also synthesized by the same procedure through the 156 

hydrothermal method without the addition of MIL 125(Ti).       157 

 158 

2.6. Synthesis of ZnO-Fe3O4/MIL 125(Ti)  159 

ZnO-Fe3O4/MIL 125(Ti) was synthesized by the hydrothermal method (Xiao et al. 2019). 160 

Given this, a 0.098 g of MIL 125(Ti) and 0.098 g ZnO-Fe3O4 was stirred into a 56 mL 161 

deionized water at room temperature for 1 h until becoming a homogenous mixture. After 162 

this section, the homogenous mixture was transferred into a Teflon-lined autoclave and kept 163 

at 200ºC for 12 h. Then, the resultant was cooled down to room temperature, centrifuged, and 164 

washed with deionized water several times. Afterward, the solid was freeze-dried at -50ºC 165 

under vacuum pressure 10 Pa for 24 h. Finally, the white powder of ZnO-Fe3O4/MIL 125(Ti) 166 

was collected and annealed at 600ºC for 2 h at a 5 ºC/min rate in a muffle furnace. Fig. 1 167 

schematically elucidates the process of ZnO-Fe3O4/TiO2 synthesis through several 168 

succeeding stages. 169 

 170 

2.7. Characterization 171 
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Scanning electron microscopy (SEM, Korea, SEC-SNE-4500) was used to study the 172 

morphology of synthesized composites and the analysis of elements in the synthesized 173 

composites was carried out using an energy-dispersive X-ray (EDX) spectrometer. The X-ray 174 

diffraction (XRD, Holland, PW1730) pattern was used to study the crystalline structure of 175 

composites by using Cu kα radiation in the 2θ range from 10º to 80º. Specific surface area 176 

and pore size distribution of synthesized nanostructures were calculated by Brunauer-177 

Emmett-Teller (BET) and MP plot method (made by Japanese BELSORP MINI II), 178 

respectively. The magnetic properties of the synthesized magnetite composites were 179 

evaluated using a vibrating sample magnetometer (VSM) instrument (Kavir Kashan 180 

company, Iran).  Fourier Transform Infrared (FTIR) spectrum in scanning range from 400 181 

to4000 cm-1 (FT-IR, America, AVATAR) was used to study the functional groups of the as-182 

synthesized materials. Thermal stability of the synthesized materials was determined by  183 

Thermogravimetric analysis TGA (TA, America, Q600) between 25-900 ºC at a heating rate 184 

of 10 ºC/min under air atmosphere.  185 

 186 

2.8. Photocatalytic experimental details 187 

To evaluate the photocatalytic activity test, a 0.01 g of Reactive Blue 21 was dissolved in 100 188 

mL deionized water, and 25 mg of the catalyst was added in solution under different pH 189 

condition (2, 3, 4, 5, 6, 7, 8, and 9) in ambient temperature. Afterward, the suspension was 190 

stirred in a dark condition for 30 min to educate absorption equilibrium. An 8W UV lamp 191 

(λ<400 nm) was used as an irradiation source. Then, the mixture was irradiated for 30 min on 192 

the magnetic stirrer at room temperature and the air saturation process was simultaneously 193 

taken place. After the reaction, the samples were prepared at a certain time and the mixture 194 

was centrifuged for 5 min at 5000 rpm to remove the catalyst. In continuation, 1 ml of the 195 

mixture was added to 9 mL deionized water. Finally, the samples were analyzed by a UV-vis 196 
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spectrophotometer at 624 nm (Unico 4802). Likewise, other considered experimental 197 

parameters comprising pH (adjusted by the application of 0.1 M HCL and 0.1 M NaOH), dye 198 

concentration (50, 100, 150, and 200 mg/l), catalyst dosage (10, 15, 20, 25, and 30 mg), and 199 

temperature (15, 25, 35, and 45 °C) were investigated. The photocatalytic removal efficiency 200 

of dye using as-synthesized catalysts was computed by: 201 Photocatalytic removal efficiency = 𝐶𝑜−𝐶𝑡𝐶𝑡 × 100    (1) 202 

where, 𝐶0 stands the initial concentration of RB 21, and 𝐶𝑡  shows the final concentration of 203 

RB 21under UV-light irradiation at different times.  204 

 205 

2.9. Thermodynamic kinetics  206 

The activation energy, the minimum energy needed to occur the reaction, was calculated by 207 

the Arrhenius equation as follows: 208 k𝑎𝑝𝑝 = 𝐴𝑒−𝐸𝑎/𝑅𝑇        (2) 209 

Where Kapp is the apparent rate constant (min-1), A is the frequency factor (min-1), Ea the 210 

activation energy (kJ mol-1), R is the ideal gas constant (8.314 J K-1 mol-1), and T is the 211 

temperature (K). The linear equation can be written from the logarithm of equation (1): 212 𝐿𝑛 𝐾𝑎𝑝𝑝 = 𝐿𝑛𝐴 − 𝐸𝑎𝑅𝑇        (3) 213 

To calculate the transition state theory (TST), the Eyring equation was used to investigate the 214 

temperature dependence of apparent rate constant: 215 𝑘𝑎𝑝𝑝 = 𝑘𝐵𝑇ℎ exp (− ∆‡𝐺𝑅𝑇 )       (4) 216 

Where KB shows the Boltzmann’s constant that is equal to 1.3805×10-23 J K-1, h is Planck’s 217 

constant (equal to 6.6261×10-34 J S) and also ∆‡𝐺 is the standard Gibbs free energy change of 218 

activation (kJ mol-1). The properties of standard enthalpy (∆‡𝐻) and standard entropy (𝑇∆‡𝑆) 219 
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changes of activation at TST are brought together with the changes in the standard Gibbs free 220 

energy of activation equation: 221 ∆‡𝐺 = ∆‡𝐻 − 𝑇∆‡𝑆        (5) 222 

Replace equation (5) into equation (4) demonstrates: 223 k𝑎𝑝𝑝 = 𝑘𝐵𝑇ℎ exp (∆‡𝑆𝑅 ) exp (−∆‡𝐻𝑅𝑇 )      (6) 224 

The linear form of Eyring’s equation is as follows: 225 𝐿𝑛 (𝑘𝑎𝑝𝑝ℎ𝑘𝐵𝑇 ) = ∆‡𝑆𝑅 − ∆‡𝐻𝑅𝑇        (7) 226 

Furthermore, the plot of dimensionless values of ln (𝑘𝑎𝑝𝑝ℎ 𝑘𝐵𝑇)⁄  against 1 𝑇⁄  provides a 227 

straight line and ∆‡𝐻 and ∆‡𝑆 are observed from the slope and the intercept, respectively. The 228 

following expressions give an additional method to estimate the frequency factor and 229 

activation energy:   230 𝐴 = 𝑘𝐵𝑇ℎ exp (∆‡𝑆𝑅 )        (8) 231 𝐸𝑎 = ∆‡𝐻 + 𝑅𝑇        (9) 232 

 233 

3. Results and discussion 234 

3.1. Morphology characterization  235 

The surface morphology of prepared samples was studied by SEM-EDX analysis (Fig. 2 and 236 

3). The SEM images of MIL 125(Ti) were demonstrated in Fig. 2a. Regarding this, two kinds 237 

of MIL 125(Ti) with the different morphology of circulating plat and decahedron shapes were 238 

recognized. Furthermore, in the different ratio concentrations of reactants, the different 239 

shapes of MIL 125(Ti) were synthesized (Hu et al. 2014). Based on the archived results, 240 

when the concentration of reactants was decreased, a disk shape morphology appeared, while 241 

by increasing the concentration of reactants, the disk shape particles grew to octahedral and 242 

decahedral morphologies of Ti-based MOF (Xiao et al. 2019). Therefore, different 243 
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morphologies of MIL 125 could be obtained by performing suitable ranges of reactants 244 

concentration levels. The attained shapes of as-prepared MIL 125(Ti) was a disk-like and 245 

decahedral structure with a smooth surface. The decahedral structures of MIL 125 are proved 246 

by previous report (Yang et al. 2017). The SEM image of MIL 125(Ti)/ZnO showed a 247 

nanosheet structure for the as-synthesized composite which was observed in Fig. 2b. 248 

Furthermore, the Energy Dispersive X-ray (EDX) analysis of MIL 125(Ti)/ZnO proved the 249 

presence of Ti and Zn metals in as-synthesized composite (Xiao et al. 2019), as illustrated in 250 

Fig. 3a. The SEM image of spherical Fe3O4 nanoparticles and ZnO-Fe3O4 particles are shown 251 

in Fig. 2c and d, respectively. According to Fig. 2c, Fe3O4 nanoparticles were sphere-shaped 252 

and clustered in a fine category with a range size of 200 nm. Fig. 2d elucidated that the 253 

magnetization process of ZnO particles was successfully occurred along with some 254 

agglomeration formation and the increase of the particle size. The EDX analysis of ZnO-255 

Fe3O4 indicated that the Fe3O4 and magnetic ZnO successfully synthesized (Fig. 3b). The 256 

result was in close agreement with previous experimental results (Nemati et al. 2017). TiO2 257 

particles (Fig. 2e) were synthesized for comparison with the final composite. The particles of 258 

TiO2 disclosed a spherical shape in strict accordance with the previous report (Salamat et al. 259 

2017). Fig. 2f shows the structure and surface morphology of the ZnO-Fe3O4/TiO2 260 

composite. According to the SEM results, the mixed particles with different sizes and shapes 261 

were distinguishable. The rough surface and change of particle size confirmed the successful 262 

modification of the synthesized MOF via the ZnO-Fe3O4 particle application. However, the 263 

presence of Zn, Fe, and Ti metals was confirmed by the EDX analysis of ZnO-Fe3O4/TiO2 264 

composite (Fig. 3c).  Therefore, due to the presence of different metals and particles in the 265 

structure of the ZnO-Fe3O4/TiO2 composite, no harmony among the size and shapes of its 266 

components was identified.  267 

 268 
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3.2. XRD pattern analysis       269 

The XRD analysis was used to study the crystalline structure of prepared samples (MIL 125 270 

(Ti), MIL 125(Ti)/ZnO, Fe3O4, ZnO, ZnO-Fe3O4, TiO2, and ZnO-Fe3O4/TiO2) as shown in 271 

Fig. 4. In the as-synthesized MIL 125(Ti), the diffraction peak was found at 2θ= 10.1°, 272 

12.06°, 15.8°, 16.96°, 18.41°, 19.96°, and 23.11° which could be ascribed to the reflection 273 

from the (200), (211),(103), (222), (312), (400), and (204) planes (Zhao et al. 2019). 274 

Furthermore, these crystal plans indicated that the metal ions (TiO6) and organic linker 275 

(BDC) linked together and manufactured the disk and octahedral shapes. These results were 276 

in close agreement with the previous experimental report (Oveisi et al. 2018). The XRD 277 

pattern of bare ZnO and MIL 125/ZnO composite confirmed the development of crystals in 278 

their structures. The strong diffraction peaks at 31.76°, 34.61°, 36.41°, 47.71°, 56.76°, 279 

63.01°, 66.56°, 68.16°, 69.16°, and 72.91° could be indexed to the (100), (002), (101), (102), 280 

(110), (103), (112), (200), (112) and (201) planes, respectively, according to databases No. 281 

36-1451 (Xiao et al. 2019). Regarding the Fe3O4 particles, the significant peaks at 2θ= 282 

30.76°, 36.01°, 43.83°, 54.21°, 57.61°, 63.11°, 71.71°, and 74.76°, indicating the crystalline 283 

structure of Fe3O4 that can be indexed with JCPDS card No. 19-0629 (Nurul Ulya et al. 284 

2019). However, the ZnO-Fe3O4 crystalline structure indexed by JCPDS card No. (No. 36-285 

1451) with plans (100), (101), (102), (110), (103), and (112). These results illustrated that the 286 

ZnO-Fe3O4 composite was successfully synthesized (Saffari et al. 2015; Nemati et al. 2017). 287 

Finally, XRD patterns of TiO2 particles and ZnO-Fe3O4/TiO2 composite demonstrated the 288 

consistency of the anatase phase for the porous TiO2 derived from MIL 125(Ti) (Wang et al. 289 

2016). However, the linking between ZnO-Fe3O4 and MIL 125(Ti) in the as-synthesized 290 

samples was constituted. The XRD pattern of ZnO-Fe3O4/TiO2 involved the crystalline 291 

structure of TiO2 (at 24.41° and 25.61°), ZnO (at 33.41° and 70.21°), and Fe3O4 (at 30.66°, 292 

35.91°, 41.06°, 57.91° and 62.81°) (Dung et al. 2017). As a result, the XRD patterns 293 
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confirmed that the desired structures were successfully synthesized in each case and the 294 

crystallite phases were favorability developed in their structures.  295 

 296 

3.3. FT-IR analysis 297 

The infrared spectra of as-prepared samples are displayed in Fig. 5. According to Fig. 5a, the 298 

observed absorption peaks at 1393.95 cm-1 and 1660.42 cm-1 in the MIL 125(Ti) belonged to 299 

the symmetrical stretching vibration of OCO and aromatic carboxylic acids. Also, the peaks 300 

at the range of 1488-1610 cm-1 and a broad wavenumber range at 400-800 cm-1 illustrated the 301 

aromatic C-C ring vibrations and Ti-OC group vibrations, respectively (Yang et al. 2017). 302 

The spectrum of ZnO/MIL 125(Ti) composite represented a bond peak at around 855 cm-1 303 

was assigned to the Ti-O-Zn stretching group in the composite (Fig. 5b). The low absorption 304 

at 1093 cm-1 was ascribed to a carboxylic acid (C=O stretching mode). Furthermore, a broad 305 

absorption peak around 1387 cm-1 confirmed the contribution of Ti-O and Ti-O-C groups in 306 

the MIL 125(Ti)/ZnO composite, indicating the presence of the TiO2 layer. The other peaks 307 

at 1570 cm-1 may be described as the asymmetric and symmetric stretching vibration of the 308 

carboxylic group (C=C) formed from the reaction of the intermediate (Karkare 2014). Fig 5c 309 

and d indicated the FT-IR spectra of pure Fe3O4 particles and ZnO-Fe3O4 composite, 310 

respectively. In Fig 5c, the absorption bands at 580 cm-1 and 448 cm-1 was illustrated the Fe-311 

O stretching mode of octahedral sites in the Fe3O4 particles (Yang et al. 2015). The 312 

absorption bands around at 458, 690, and 1410 cm-1 in Fig 5d concerning the ZnO-Fe3O4 313 

were originated from the vibration modes of Zn-O, Fe-O, and –CH3, respectively. The results 314 

of Fe3O4 and ZnO-Fe3O4 appeared that all functional groups associated with the Fe3O4 and 315 

ZnO-Fe3O4 were available in the structure of as-synthesized ZnO-Fe3O4 composite 316 

(Hasanpour et al. 2013). The FTIR spectrum of the final composite i.e. ZnO-Fe3O4/TiO2 is 317 

shown in Fig. 5e. Given this, the peak at 471 and 547 cm-1, in turn, indicated the stretching 318 
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and bending vibration of Zn-O and Ti-O, however, the absorption peak dealing with Fe-O 319 

appeared at 547 cm-1 (Rong et al. 2006). Furthermore, the emanated bond at around 3400 cm-
320 

1 could be assigned to the hydroxyl groups stretching vibration in all samples. Furthermore, 321 

the peak at around 2900 cm-1 can be ascribed to the acetate bonds in the ZnO-Fe3O4 and 322 

ZnO-Fe3O4/TiO2 composites.  323 

 324 

3.4. BET surface area and porosity analysis  325 

To evaluate the porosity and specific surface area of the as-prepared MIL 125(Ti) and ZnO-326 

Fe3O4/TiO2 derived from MIL 125(Ti), the BET analysis was conducted. The N2 adsorption-327 

desorption and the MP-Plots are shown in Fig. 6a,b. Besides, the corresponding information 328 

concerning the BET analysis of the MIL 125 and ZnO-Fe3O4/TiO2 is disclosed in Table 1. 329 

According to Fig. 6a, the as-prepared MIL 125(Ti) elucidated a pattern of hybrid I/IV 330 

isotherm and hysteresis loop at P/P0> 0.4, indicating the predominant formation of 331 

microporous structures along with restricted development of mesoporous ones, based on the 332 

IUPAC classification (Nowrouzi et al. 2018). This assertion can be confirmed regarding the 333 

depicted patterns by the BJH and MP plot of MIL 125(Ti) that demonstrated the majority of 334 

developed porosities possessed a diameter less than 2 nm. Table 1 also represents that an 335 

approximately 81% contribution of microporous structures in the as-synthesized MIL 336 

125(Ti). However, the N2 adsorption-desorption isotherm of ZnO-Fe3O4/TiO2 demonstrated a 337 

V isotherm model with a hysteresis loop at P/P0>0.6 (Fig. 6b), indicating the ZnO-338 

Fe3O4/TiO2 composite was mainly involved in the mesoporous structure. The mesoporous 339 

structure dedicated >99% of the total available porosity in the ZnO-Fe3O4/TiO2 structure to 340 

itself with a very negligible contribution of microporosity (Table 1). The specific surface area 341 

was considerably decreased by proceeding from the MIL 125(Ti) to ZnO-Fe3O4/TiO2 with an 342 

amount of 603.96 and 51.481 m2.g-1, respectively. This outstanding surface area decrement 343 



15 

accompanied by the extreme development of mesoporosity in the ZnO-Fe3O4/TiO2 structure 344 

was strongly associated with the redecoration of its manufacturing components during the 345 

several successive processes which were initiated with the MIL 125(Ti) contribution. 346 

Although these processes led to a significant reduction of surface area in the ZnO-Fe3O4/TiO2 347 

in comparison with the MIL 125(Ti), the mean pore diameter promoted from 2.13 to 29.03 348 

nm, accordingly. The obtained characteristics results for the MIL 125(Ti) were in accordance 349 

with previous study (An et al. 2017) finding. 350 

 351 

3.5. TGA analysis 352 

Thermal stability properties of the as-synthesized samples in each step at different times and 353 

temperatures were represented in Fig. 6c. The TGA curve indicated a three-step weight loss 354 

in the MIL 125(Ti). The first weight loss under the calcination process was observed at 100 355 

ºC, which was due to the available OH groups (water) in the MIL 125(Ti). In the range of 356 

100-300 ºC, the second slow loss weight belonged to the removal of DMF molecules and 357 

unreacted organic chemicals captured by the MIL 125(Ti) pores which were degraded under 358 

heat treatment. The MIL 125(Ti) above 300-400 ºC started to undergo a phase transition and 359 

structural reorganization to TiO2 structure. It was confirmed that the MIL 125(Ti) 360 

instantaneously decomposed to TiO2 at 450 ºC and the formed structure was stable at 500-361 

900ºC (Chi et al. 2015).  Regarding the obtained results, the amount of weight loss after 362 

calcination of the MIL 125(Ti)/ZnO was not significant. It suggested a complete 363 

decomposition of the MIL 125(Ti) structure during the hydrothermal 'process, which led to 364 

the removal of any soluble species after calcination. The investigation of thermal stability of 365 

pure Fe3O4 and ZnO-Fe3O4 composite showed a 12.80% and 11.56% loss weight, 366 

respectively. This decrement mass can be related to the removal of H2O groups and unreacted 367 

organic compounds from the as-prepared samples (Madhubala and Kalaivani 2018). 368 
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Accordingly, The TGA analysis of the ZnO-Fe3O4/TiO2 composite indicated a 5% loss 369 

weight in the range of 50-550 ºC. This weight loss can be dealt with by the degradation of 370 

available OH groups and organic compounds in the structure of this composite. In addition, 371 

the results of the TGA curve of the ZnO-Fe3O4/TiO2 composite showed higher thermal 372 

stability and a lower loss weight of this composite compared with the ZnO-Fe3O4 and MIL 373 

125(Ti) (Fig. 6c).  It can be ascribed in association with the presence of ZnO-Fe3O4 groups on 374 

the surface of MIL 125(Ti) and interaction between them, correspondingly (Hong et al. 375 

2008). 376 

 377 

3.6. Magnetic properties 378 

The magnetic properties of the as-prepared magnetic samples (Fe3O4 particles, ZnO-Fe3O4, 379 

and ZnO-Fe3O4/TiO2 composite) were measured by the vibrating sample magnetometer 380 

method (VSM) at room temperature (Fig. 6d). The magnetic hysteresis loops of Fe3O4, ZnO-381 

Fe3O4, and ZnO-Fe3O4/TiO2 confirmed that all samples were magnetics. Based on the VSM 382 

analysis, the saturation value is 63.77 emu/g for Fe3O4 particles, 22.37 emu/g, and 23.95 383 

emu/g were obtained for the ZnO-Fe3O4 and ZnO-Fe3O4/TiO2 respectively. The reduction of 384 

magnetization properties in the ZnO-Fe3O4/TiO2 composite was related to the existence of 385 

nonmagnetic particles (TiO2 derived from the MIL 125(Ti)). It confirmed that the final 386 

composite was successfully encapsulated with the ZnO-Fe3O4 particles. Moreover, regarding 387 

the VSM curve, the as-synthesis magnetic composite comprising Fe3O4, ZnO-Fe3O4, and 388 

ZnO-Fe3O4/TiO2 possessed superparamagnetic properties at room temperature. Therefore, 389 

they can be easily separated from an aqueous environment by performing an external 390 

magnetic field (Dung et al. 2017). 391 

 392 

3.7. Photocatalytic activity 393 
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The photocatalytic efficiency of the as-synthesized ZnO-Fe3O4/TiO2 composite was analyzed 394 

by the degradation of RB 21 aqueous solution in a quartz tube under UV-irradiation (8 W 395 

lamp). In Fig. 7a-d, the photodegradation of RB 21 in the different operational conditions 396 

including the various pH, initial dye concentration, catalyst dosage, and temperatures was 397 

studied. 398 

 399 

3.7.1 pH effects 400 

In the photocatalytic process, the pH of the solution plays an important role in the 401 

degradation of various organic pollutants. The amphoteric behavior of semiconductor 402 

oxidants is effective on the surface charges of the photocatalysts (Sakthivel et al. 2003). 403 

Therefore, the effect of pH was investigated in the range of 2-9 with an initial dye 404 

concentration of 100 mg/L, 25 mg of photocatalyst at ambient temperature (25°C) under UV 405 

light for 120 min. The results demonstrated that the degradation of RB 21 in an acidic 406 

environment took place with higher efficiency than the alkaline and neutral. As shown in Fig. 407 

8a-b, by increasing pH from acidic to alkaline, the removal rate of dye decreased. The effect 408 

of pH can be explained by the interaction between H+ species and the surface load of the 409 

ZnO-Fe3O4/TiO2 composite. In acidic pHs, the surface of the photocatalyst has a positive 410 

charge and H+ radicals act as strong oxidants (Song et al. 2010).  411 

 412 

3.7.2. The photocatalyst dosage effects  413 

The effect of catalyst dosage changes on the RB 21 removal efficiency is shown in Fig. 8c-d. 414 

As shown, with increasing the photocatalyst dosage from 10 to 30 mg, the photocatalytic 415 

activity increased, which can be explained as follows: the presence of more photocatalyst 416 

particles in the dye solution leads to the turbidity enhancement that reduces the photocatalytic 417 

activities (Zhu et al. 2012). The obtained results elucidated that by increasing the 418 
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photocatalyst dosage, the amount of dye removal from the aqueous solution increased. It is 419 

noteworthy to mention that the increase of catalyst dosage concentration was followed but at 420 

doses higher than 30 mg, the amount of dye removal decreased. It could be inferred that the 421 

optimum dosage at the applied condition was 30 mg and at the higher catalyst concentration, 422 

the increase of aqueous turbidity possessed a negative effect on the photocatalytic activities. 423 

In this condition, the catalyst overdosage prevented from the photocatalyst particles hitting 424 

influenced by the received light photons (Matthews 1987). 425 

 426 

3.7.3. The initial dye concentration effects 427 

The initial concentration of RB 21 is another effective parameter in the photocatalytic 428 

reactions. Based on the literature (Mahvi et al. 2009), by increasing the dye concentration, the 429 

decolorization rate constant (k) decreases. This effect can be ascribed concerning two 430 

different mechanisms: First, at the high concentrations of RB 21, active sites may be 431 

occupied by the dye ions that reduce the production of free radicals on the catalyst surface 432 

(Ilinoiu et al. 2013). Second, at high concentrations as well, the input photons absorb by the 433 

dye molecules and do not collide with the photocatalytic particles, hence the photocatalytic 434 

degradation efficiency decreases, consequently (Zhu et al. 2012). In this study, concentrations 435 

of 50, 100, 150 and 200 mg/l (at pH= 3, temperature= 25, and photocatalyst dosage= 0.3 g) of 436 

RB 21were analyzed for 120 minutes under UV light. According to the results, with 437 

increasing the concentration of dye, the removal efficiency was decreased (Fig. 8e-f). This is 438 

due to the reduction of free radicals production arising from the photocatalyst application. 439 

Furthermore, because of RB 21 concentration increment, the overall amount of adsorbed 440 

input UV radiations by the dye molecules increased (Sakthivel et al. 2003). 441 

 442 

3.7.4. The temperature effects 443 
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The temperature effects on the photocatalyst removal efficiencies were analyzed in the range 444 

from 15 °C to 45 °C under constant conditions of other parameters (Fig. 8g-h). Given this, 445 

with temperature increasing, the electron-hole recombination (e-/H+) and viscosity of the 446 

solution decreased, resulting in the increment of mobility and diffusion of molecules. Thus, 447 

the rate of photocatalytic degradation of organic pollutants increased, correspondingly 448 

(Byrappa et al. 2006).  449 

 450 

3.8. Thermodynamic studies 451 

The Arrhenius and Eyring plot by the application of ZnO-Fe3O4/TiO2 at the different 452 

temperatures are plotted in Fig. 8. Besides, the kinetic and activation parameters of ZnO-453 

Fe3O4/TiO2 are demonstrated in Table 2. According to the results, the positive value of 454 

enthalpy (Δ‡H) demonstrates that the photocatalytic process is possible due to the 455 

electrostatic interaction between the hydrophobic species on the photocatalyst surface and 456 

organic pollutants. Moreover, the positive value of Gibbs free energy (Δ‡G>0) at all 457 

temperatures and the decrement trend of Δ‡G with the increase of temperature illustrates that 458 

the RB 21 adsorption process was nonspontaneous. It should be highlighted that the negative 459 

entropy change values (Δ‡S) showed that the interaction between potential-determining ions 460 

with the active surface sites was less hydrated at the solid/liquid interface (Salamat et al. 461 

2017). Besides, the other corresponding parameters such as Ea, and R2 were calculated for the 462 

photodegradation process of RB 21 by ZnO-Fe3O4/TiO2 catalyst application (Table 2). 463 

However, the temperature effects from 288  to 318 K were investigated. Based on the results, 464 

the photocatalytic reaction of the ZnO-Fe3O4/TiO2 composite for RB 21 degradation followed 465 

from a pseudo-first-order kinetic with the maximum removal efficiency at 318 K.  466 

 467 

3.9. Reusability experiments 468 
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The reusability of as-synthesized ZnO-Fe3O4/TiO2 composite was investigated at a constant 469 

condition (pH= 3, initial dye concentration= 50 mg/L, catalyst dose= 30 mg at ambient 470 

temperature) as shown in Fig. 9. After ending the first reaction, the catalyst was aggregated 471 

with an external magnetic field and dried at 70 ºC for 12h, and then used for the second run. 472 

The result revealed that after 5 cycles the photocatalytic efficiency of the ZnO-Fe3O4/TiO2 473 

composite was higher than 95% with no significant decrease during the successive runs. 474 

Further analysis also demonstrated that the photocatalytic activity of ZnO-Fe3O4/TiO2 was 475 

considerably enhanced in comparison with its structural components i.e. the MIL 125(Ti), 476 

ZnO-Fe3O4, and ZnO. Given these results, the ZnO-Fe3O4/TiO2 derived from the MIL 477 

125(Ti) could be effectively utilized as a useful photocatalyst under UV irradiation for the 478 

degradation of RB 21. However, the stability of the ZnO-Fe3O4/TiO2 composite under 479 

successive practical runs confirmed that it can be proposed as a promising composite in the 480 

wastewater treatment process from an economic perspective. 481 

 482 

4. Conclusion 483 

The synthesis of novel and efficient ZnO-Fe3O4/TiO2 heterostructure is proposed through a 484 

hydro-carbothermal method towards the removal of RB 21 from aqueous solutions in this 485 

study. The results elucidated the contribution of functional groups i.e. Zn-O, Ti-O, and Fe-O 486 

in the tailoring of the ZnO-Fe3O4/TiO2 structure. Furthermore, by going forward from the 487 

MIL 125(Ti) to the ZnO-Fe3O4/TiO2 formation through succeeding processes, the 488 

mesoporosity and mean pore diameter developed and thermal stability significantly increased 489 

as desired properties with positive impacts on the ZnO-Fe3O4/TiO2 photocatalytic activities. 490 

According to the optimization process, the removal efficiency potential of ZnO-Fe3O4/TiO2 491 

was considerably enhanced (>95%) in acidic pH and high temperature (45 ºC). The 492 

thermodynamic investigation also revealed that the RB 21 adsorption from aqueous solution 493 



21 

was taken place through nonspontaneous and exothermic processes. Besides, after five 494 

successive adsorption/desorption runs, the synthesized ZnO-Fe3O4/TiO2 elucidated >95% of 495 

its initial removal potential, indicating its notable efficiency from a practical perspective. 496 

Summing up, the synthesized ZnO-Fe3O4/TiO2 can be recommended as a promising 497 

nanocomposite for efficient removal of RB 21 from wastewater towards moving forward to a 498 

clean environment. 499 
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Figures

Figure 1

Schematic diagram of ZnO-Fe3O4/TiO2 synthesis



Figure 2

SEM image of MIL 125(Ti) (a), MIL 125(Ti)/ZnO (b), Fe3O4 (c), ZnO-Fe3O4 (d), TiO2 (e) NPs and ZnO-
Fe3O4/TiO2 (f)



Figure 3

Energy Dispersive X-ray (EDX) analysis of MIL125(Ti)ZnO (a), ZnO-Fe3O4 (b), and ZnO-Fe3O4/TiO2 (c).
(Above �gures are reorganized and corrected)



Figure 4

XRD patterns of the as-synthesized samples (a) TiO2, (b) ZnO, (c) MIL 125 (Ti), (d) Fe3O4, (e) ZnO-Fe3O4,
and (i) ZnO-Fe3O4/TiO2



Figure 5

FT-IR spectra of the as synthesized samples (a) MIL 125(Ti), (b) MIL 125(Ti)/ZnO, (c) Fe3O4, (d) ZnO-
Fe3O4, and ZnO-Fe3O4/TiO2



Figure 6

N2 adsorption/desorption isotherms and MP-Plots of the (a) MIL 125(Ti) (b) ZnO-Fe3O4/TiO2, (c) TGA
curves, and (d) VSM analysis of the as-synthesized samples



Figure 7

Photocatalytic removal e�ciency of RB 21 via as-synthesized ZnO-Fe3O4/TiO2 at different pH (a-b),
photocatalyst dosage (c-d), initial dye concentration (e-f), and temperature (g-h).



Figure 8

Effect of different temperatures on photocatalytic activity (a) Arrhenius plot (b) Eyring plot

Figure 9



Consecutive cycles of RB 21 adsorption/desorption using the as-synthesized ZnO-Fe3O4/TiO2.


