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Abstract 10 

Novel urchin-like microparticles with photocatalytic activity and magnetically separable property 11 

were prepared by a layer-by-layer assembly process. Photocatalytic degradation was investigated 12 

using 2 types of mercury vapor lamps: an ozone generating lamp emitting at both 254 nm and 185 13 

nm as well as a germicidal lamp emitting at 254 nm only. This novel photocatalyst demonstrated 14 

superior photocatalytic activity in the mineralization of phenol under UVC illumination compared 15 

with the commercial P25, Degussa TiO2, especially in repeated usage. Importantly, this photocatalyst 16 

can be quickly separated for reuse by simply using a magnet. The merits of 3D spiny nanostructured 17 

TiO2 microparticle photocatalysts are high specific surface area, good permeability, reduced charge 18 

recombination rate and high catalytic activity while incorporation of magnetically separable property 19 

enables rapid and easy retrieval of suspended photocatalyst after use. 20 

 21 

Keywords: Photocatalyst, Advanced oxidation, Core shell, Magnetic, Spiny 22 
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Introduction 30 

Industrial activities produce huge amount of organic pollutants.1-5 Some of these pollutants pose 31 

serious threats to both the ecosystem and human being. Removal of these pollutants from waste 32 

streams is highly necessary, particularly under current’s stringent regulation. For example, phenol is 33 

a representative organic pollutant that can be found with considerable amount in effluents of various 34 

industries such as petrochemical processes3, 6, coal gasification2 and steel production7. Moreover, 35 

phenol is a persistent organic pollutant3, toxic even at very low concentration with high 36 

biorecalcitrance8, 9. Owing to the high solubility, satisfactory removal is difficult to attain with 37 

traditional treatments.4 Therefore, much attention have been paid to advanced oxidation processes 38 

(AOPs), characterized by the in suite generation of highly reactive hydroxyl radical and capable to 39 

destroy some recalcitrant organic molecules, in the past few decades.3 Heterogeneous photocatalysis 40 

employing semiconductor catalysts (TiO2, ZnO, Fe2O3 and ZnS) is a promising technology among 41 

various AOPs. Owing to its low cost, low toxicity and high stability, as well as extremely impressive 42 

ability to decompose organic pollutants, TiO2 becomes one of the most promising materials for the 43 

photocatalytic application in the environmental remediation aspect.10 Nevertheless, there are still lots 44 

of room for improvement. Suppressing the recombination of the photo-generated holes and electrons 45 

and then enhancing the photodegradation efficiency by incorporating precious metals into TiO2 has 46 

already been a classical example.11-13 However, the limited supply and the rapidly booming price of 47 

precious metals have rendered this methodology impractical for environmental application. 48 

Suppression of charge recombination can also be achieved by merely morphological manipulations. 49 

3D spiny TiO2 nanostructures have higher specific surface area, more sharp corners as well as edges 50 

that serve as active sites for reaction,14 higher permeability,15 higher porosity, lower density, higher 51 

light-harvesting capacity,16 and improved charge separation17 compared with nanoparticles normally 52 

with diameters of 5-50 nm which have been extensively used. Photocatalysts are usually prepared in 53 

free nanoparticle form because of the high specific surface area. However, the difficult and costly 54 
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post-treatment separation of nanoparticles from water is a severe problem restricting its industry 55 

utilization.18 These burdens can be easily avoided if the photocatalyst is magnetically separable. 56 

Magnetically separable property can be obtained by inclusion of ferromagnetic and ferrimagnetic 57 

materials and oxides of iron (Fe3O4 and γ-Fe2O3) are convenient choices. However, this could reduce 58 

the photocatalytic activity of the original photocatalyst if heterojunction is formed19, 20 because of the 59 

increased charge recombination rate.18 Encapsulating the magnetic materials with SiO2
18-20 can cope 60 

with the adverse effects of these materials because the SiO2 can insulate the photocatalyst from the 61 

oxides of iron. The reported photocatalyst in this paper is an attempt to combine the two 62 

above-mentioned characteristics, namely 3D spiny nanostructure and magnetically separable 63 

property, together. Over the last few years, publications concerning photocatalysts with the iron 64 

oxide @ SiO2 @ TiO2 core-shell structures were not uncommon.18, 21-23 Nevertheless, in most of 65 

these publications, the TiO2 layer of photocatalysts did not have a featured morphology. To the best 66 

of our knowledge, only Su et al.24 have reported a photocatalyst with interwoven TiO2 nanopetals on 67 

surface and magnetic recyclability simultaneously. On the other hand, so far there is no report about 68 

magnetically separable photocatalysts with 3D spiny morphology. Here, a novel photocatalyst with 69 

urchin-like Fe2O3 @ SiO2 @ TiO2 microparticle morphology and magnetically separable property, 70 

namely magnetically separable spiny TiO2 (MSST), has been developed and its photocatalytic 71 

efficiency of mineralizing phenol under UVC irradiation has been compared to that of the 72 

commercial P25, Degussa TiO2. 73 

Photocatalytic activities of photocatalysts in the related publications were usually assessed with 74 

UVA,22, 25 artificial solar light18 or visible light23, 26, 27 and these photocatalysts may be aimed at 75 

working under solar light mainly. This may be due to the fact that sunlight is a free and sustainable 76 

resource. However, the uncontrollable and unreliable nature of weather may preclude the industrial 77 

application of the solar light based systems. In other words, use of artificial light sources may be 78 

necessary. When it comes to artificial light sources, there has been a broad agreement that shorter the 79 
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light wavelength, the higher is the photodegradation efficiency.28-31
 Additionally, UVC is necessary 80 

for efficient mineralization of organic molecules.32 Thus, more attention should be placed on UVC 81 

light sources. Low pressure mercury arc lamps, including classical mercury vapor lamps, amalgam 82 

lamps and microwave discharge electrodeless lamps, emitting mainly at 254 nm, are now 83 

commercially available and widely used in water disinfection, seem suitable for practical 84 

photocatalytic applications. Some of these lamps, constructed with high purity quartz and producing 85 

non-negligible light emission at 185 nm, are capable to generate ozone in air and hydroxyl radical 86 

(•OH) in water.33
 Use of ozone generating mercury arc lamps is not uncommon in the researches 87 

concerning gaseous state photocatalytic degradation but the same is not true for the photocatalytic 88 

degradation in aqueous state. As far as we know, only our research group has compared the 89 

photocatalytic degradation of dyes in aqueous state catalyzed by suspended TiO2 using ozone 90 

generating mercury arc lamp emitting at both 185 nm and 254 nm (VUV lamp) and that using 91 

germicidal lamp emitting at 254 nm only (UV lamp).34 Therefore, it is worth exploring the 92 

photocatalytic efficiencies of these UVC light sources in mineralizing phenol. In this study, classical 93 

mercury vapor lamp with VUV output was adopted as the light source primarily. To investigate the 94 

significances of the radiation at 185 nm, experiment using the lamp with UV output only was also 95 

performed. 96 

 97 

Experimental 98 

Materials 99 

Anhydrous sodium acetate (NaAc), iron(III) chloride hexahydrate, polyethylene glycol (PEG) and 100 

tetraethyl orthosilicate (TEOS) were purchased from Aladdin reagents (Shanghai) Co. Ltd. Ethylene 101 

glycol and phenol were obtained from Oriental Chemicals & Lab supplies Ltd. Absolute ethanol, 102 

ammonia solution (33%), glycerol, sodium citrate dihydrate and tetrabutyl orthotitanate (TBOT) 103 

were purchased from Merck, Riedel-de Haen chemical, Fisher chemical, J&K chemical and 104 
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Shanghai Lingfeng chemical reagent CO. Ltd, respectively. All reagents were used as received 105 

without further purification. Barnstead Smart2pure UV water was used for solution preparation. 106 

 107 

Preparation 108 

Preparation of Fe3O4 nanospheres 109 

The Fe3O4 particles were prepared via a solvothermal method as reported previously.35 28.8 g of 110 

NaAc, 10.8 g of iron(III) chloride hexahydrate, 8 g of PEG, 5.76 g of sodium citrate dihydrate and 111 

320 ml of ethylene glycol were mixed together and stirred vigorously for 30 minutes. The mixture 112 

was transferred to a teflon lined stainless-steel autoclave with 500 ml capacity and 8 hours of heating 113 

at 200 °C was applied. The black precipitate formed was separated from the mother liquor by 114 

centrifugation and washed with water thrice and with ethanol twice, followed by magnetic separation. 115 

The nanospheres were finally dried at 60 °C under helium atmosphere for 6 hours. 116 

 117 

Fabrication of SiO2 coated Fe3O4 nanospheres (Fe3O4 @ SiO2) 118 

The Fe3O4 nanospheres were coated with amorphous SiO2 via a modified stöber method. The first 119 

step of coating procedure was dispersing 0.25 g of the Fe3O4 nanospheres in 30 ml water with 120 

ultrasonication and shaking. 30 ml of ethanol and 5 ml of ammonia solution were added to the 121 

suspension under further ultrasonication. A solution consisting 1 ml of TEOS and 30 ml of ethanol 122 

was poured into the suspension under further ultrasonication. The reaction was allowed to proceed 123 

for 2 hours under continuous ultrasonication and intermittent shaking. The resultant precipitate was 124 

collected by magnetic separation and washed with water thrice and with ethanol twice, followed by 125 

drying at 60 °C for 6 hours. 126 

 127 

Fabrication of MSST 128 

The nano-spiny TiO2 was planted onto the Fe3O4 @ SiO2 through a modified solvothermal process 129 
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reported by Tian et al.15 with subsequent calcination. Typically, 0.223 g of Fe3O4 @ SiO2 was 130 

ultrasonically dispersed into 30 ml of ethanol in a 100 ml autoclave lining. 12.6 g of glycerol was 131 

added into the suspension followed by vigorous stirring and ultrasonication. 2 ml of TBOT was 132 

dropped into the above mixture and subsequent vigorous stirring and ultrasonication were applied. 12 133 

hours of heating at 180 °C was applied to allow the reaction to occur. The black precipitate formed 134 

was separated from the mother liquor by filtering with a buchner funnel with suction and washed 135 

with ethanol 4 times, followed by drying at 60 °C for 3 hours. In order to convert the formed organic 136 

precursor of TiO2 into anatase phase, the dried precipitate was calcinated at 450 °C for 3 hours 137 

started with a heating rate of 7 °C/min. The Fe3O4 cores were oxidized to γ-Fe2O3 during the 138 

calcination. 139 

 140 

Characterization 141 

To characterize the size and morphology of the samples, images of transmission electron microscopy 142 

(TEM; Philips CM100, 100 kV) and scanning electron microscopy (FESEM; Leo 1530, 5 kV) were 143 

acquired. The distribution of elements in the sample microparticles was visualized with the 144 

transmission electron microscopy (TEM; FEI Tecnai G2 20, 200 kV) with attached energy dispersive 145 

X-ray spectroscopy (EDX). Powder X-ray diffraction (XRD) patterns were taken to characterize the 146 

crystal structures inside the samples on a Bruker AXS D8 Advance X-ray diffractometer. 147 

Measurement was performed with Cu Kα radiation (λ = 1.54 Å) in the range of 2θ = 20-90°. The 148 

scanning speed, tube voltage and anode current were 6 °/min, 40kV and 40mA, respectively. 149 

 150 

Measurement of photocatalytic activity 151 

The photocatalytic activities of the prepared samples in mineralizing phenol were evaluated at 152 

ambient temperature. In a typical test, a certain amount of photocatalyst containing 0.16 g of TiO2 153 

was dispersed ultrasonically in 152 ml of water and then 8 ml of 1000 mg/L phenol solution was 154 
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added into the suspension so that the initial phenol concentration was 50 ppm, the initial chemical 155 

oxygen demand (COD), due to phenol, of the solution was 120 mg/L and the TiO2 dosage was 1 g/L; 156 

considering that 0.611 g of MSST photocatalyst was obtained in a typical preparation with 0.223 g of 157 

inert template, the TiO2 loading of MSST was 64% and the experiments involving MSST were 158 

carried out with 0.250 g of photocatalyst composite so that the TiO2 dosage was 1 g/L eventually. 159 

The mixture was transferred to a cylindrical glass photoreactor shown in figure 1 with height of 220 160 

mm, inner diameter of 42 mm and effective volume of 160 mL. A lamp with waterproof quartz 161 

sleeve was placed coaxially inside the photoreactor. Continuous air purging at 0.3 L/min was applied 162 

to provide oxygen and agitation. Before switching on the VUV lamp, air purging was applied for 3 163 

minutes. The duration of illumination was 1 hour and the lamp used was a hot cathode low pressure 164 

mercury vapor lamp with VUV output (10 W, U-VIX brand, ZW10D15Y). 2.5 ml of sample was 165 

withdrawn from the reaction mixture every 10 minutes. The suspended photocatalyst was retrieved 166 

from the suspension by applying a magnetic field whenever possible or centrifugation. The extent of 167 

mineralization of phenol was monitored by COD analysis using Hach method 8000 with low range 168 

digestion vials. The recyclability of the photocatalysts was assessed by repeating the above 169 

photocatalytic activity test with the catalyst retrieved and the catalyst was rinsed with water once 170 

before the subsequent experiment. The cycle of test was repeated up to six times. For comparison 171 

purposes, an experiment was carried out with another UV lamp (10 W, U-VIX brand, ZW10D15W) 172 

without VUV output. 173 

 174 

Results and discussion 175 

TEM, EDX and SEM 176 

TEM images of the materials acquired from different stages of the preparation of the photocatalyst, 177 

with 12 hours of solvothermal process, were shown in figure 2. As shown in figure 2a, the prepared 178 

Fe3O4 nanospheres with diameters of ~280 nm were characterized by rough surface. After the Stöber 179 
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process, a layer of SiO2 coating with relatively smooth surface and an average thickness of 44 nm 180 

was found on the Fe3O4 nanospheres while the spherical morphology was maintained (figure 2b and 181 

S3 of supporting Information). The final material, i.e. the MSST photocatalyst, with urchin-like 182 

appearance and spiny surface morphology as revealed in figure 2c was obtained after the 12 hour 183 

solvothermal process with subsequent calcination. Inside the outermost spiny layer of TiO2, 184 

coalescence of γ-Fe2O3 @ SiO2 templates occurred. It seemed that multiple γ-Fe2O3 @ SiO2 185 

nanospheres agglomerated together to form micron sized lumps during the early stages of the 186 

solvothermal process. In other words, micron sized lumps of Fe3O4 @ SiO2 nanospheres formed 187 

before the formation of spiny structure. Depicted in figure 2d, within the cluster of nanospheres 188 

enclosed by the TiO2 shell, spiny material was seldom observed between the γ-Fe2O3 @ SiO2 189 

nanospheres. The evolution of this 3D hierarchical spiny structure in template-free condition has 190 

been described by Tian et al.15 and consisted of initial formation of interconnected sphere-like 191 

microparticles and the subsequent dissolution-recrystallization growth that formed the spines. In the 192 

situation presented in this article, heterogeneous nucleation of the transformation from the miscible 193 

titanium species to the precipitated material on the surface of the templates, namely Fe3O4 @ SiO2 194 

nanospheres, could occur at the initial stages of the solvothermal process. Similar to the 195 

template-free condition that the initially precipitated material had tendency to become interconnected, 196 

the same phenomenon would also happen to precipitated material with encapsulated Fe3O4 @ SiO2 197 

nanospheres so that grape-like micron sized clusters were formed. As the reaction proceeded, 198 

dissolution-recrystallization growth of the spiny material took place on the outer surface of the 199 

micron sized clusters. Finally, a photocatalyst with unusual urchin-like core-shell architecture was 200 

obtained. Elemental mapping of O, Si, Ti and Fe on the MSST photocatalyst was carried out with 201 

EDX (figure 2e). A double-shelled structure with TiO2 outermost shell and iron oxide core with 202 

sandwiched SiO2 layer has been successfully fabricated. SEM images of the calcinated MSST 203 

photocatalyst synthesized with 3, 6, 12, 18 and 24 hours of solvothermal process were also obtained 204 
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(figure S1a – e, supporting information). One can see that the stings on surface were not yet fully 205 

developed until the time of the solvothermal reaction reached 12 hours and the morphological 206 

evolution seemed halted later on. The SEM image of the material with 3 hours of solvothermal 207 

reaction showed that the nano-sized spheres were already agglomerated and buried in the titanium 208 

disposition. This again suggested that the micron sized lumps of Fe3O4 @ SiO2 nanospheres formed 209 

before the formation of the spiny structure. 210 

  211 

XRD analysis 212 

As shown in figure 3, the crystalline phases of the prepared MSST photocatalysts with different 213 

durations of solvothermal process (i.e. 3, 6, 12, 18 and 24 hours) were analyzed with XRD. 214 

Characteristic peaks of anatase TiO2 (PDF 84-1285, at 2θ = 25.3, 37.9, 48.0, 54.0, 55.0, 62.8, 68, 215 

70.4, 75.1 and 82.7 °) and γ-Fe2O3 (PDF 39-1346 at 2θ = 30.2, 35.7, 43.4 and 57.2 °) can be clearly 216 

identified in the XRD patterns of all the 5 samples. At 2θ = 27.5 °, a barely detectable peak possibly 217 

caused by the presence of trace rutile TiO2 was also found in the XRD patterns of the samples with 6 218 

- 24 hours of solvothermal process. The extent of broadening of the peaks related to anatase 219 

increased with the duration of the solvothermal process. According to the Scherrer equation, the 220 

average crystalline sizes of anatase phase in the samples were estimated using the 221 

full-width-half-maximum (FWHM) of the peak with the greatest intensity at 2θ = 25.3 ° and the 222 

results were presented on table 1. An interesting phenomenon that the crystalline size of anatase 223 

decreased with increasing time of solvothermal process was demonstrated. Despite of the fact that 224 

the anatase phase was formed during the calcination at 450 °C after the solvothermal process,15 the 225 

crystal structure of the final product depended on the condition of the solvothermal process. 226 

 227 

Photocatalytic activity 228 

The photocatalytic performances of the prepared MSST samples were evaluated by conducting 229 
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photocatalytic mineralization test on phenol. In order to investigate the effect of duration of the 230 

solvothermal process, the MSST photocatalysts with different solvothermal times (3, 6, 12, 18 and 231 

24 hours) were prepared and tested. Experiment using commercial P25 TiO2 was carried out for 232 

comparison. As shown in figure 4, phenol can be mineralized under the illumination of such an 233 

energetic VUV light in the absence of photocatalyst and full mineralization occurred after 95 minutes 234 

of illumination (shown in the next graph). Nevertheless, about 2 times faster mineralization can be 235 

achieved in the system with the photocatalysts and the best one had the mineralization completed 236 

within 42 minutes. The catalytic efficiency followed the order of MSST (6 or 12 hours of 237 

solvothermal process) > MSST (18 hours of solvothermal process) > MSST (3 or 24 hours of 238 

solvothermal process) > P25. Obviously, this micron sized MSST photocatalyst outperformed the 239 

P25 nanoparticles having a much smaller average particle size of 21 nm. The good photocatalytic 240 

activity of the MSST photocatalyst may be explained by its special morphology of the surface TiO2 241 

which resulted in enhanced charge separation, increased mass transfer, larger surface area and more 242 

active sites for reactions to take place. The most likely explanation of the inferior photocatalytic 243 

activity of the MSST with 3 hours of solvothermal process was that the nano-spiny TiO2 structure 244 

was not yet developed. The relatively weak performance of MSST with solvothermal processing 245 

time longer than 12 hours would be due to the large number of surface defects and recombination 246 

centers.36 Referring to the result of XRD analysis, the longer the solvothermal processing, the 247 

smaller was the crystalline size of the anatase. A possible explanation for this was increased loading 248 

of impurity. For this system, the most likely impurity was carbon. It has been reported that 249 

introduction of various impurities including carbon into TiO2 can decrease the crystalline size after 250 

calcination.37-42 Doped TiO2 usually possesses good visible light photocatalytic activity yet it is 251 

generally weak under UV light.43-46 In the absence of UV light, the control experiment carried out 252 

with MSST with 12 hours of solvothermal process demonstrated that there was no adsorption of 253 

phenol onto this photocatalyst. MSST with 12 hours of solvothermal process was selected for the 254 
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subsequent experiments because it showed good photocatalytic activity accompanied by fully 255 

developed nano-spiny morphology. 256 

 257 

Significance of photocatalyst and comparison of the mercury vapor lamps 258 

As shown in figure 5, the photocatalytic mineralization plots, i.e. COD vs time plots, were essentially 259 

linear in the presence of the MSST photocatalyst until the degree of mineralization was high 260 

especially for the VUV + MSST condition. In other words, the kinetics of mineralization was 261 

zero-order in COD. Afterwards, the mineralization rate started to be dependent on remaining COD or 262 

degree of mineralization. This phenomenon has been discussed elsewhere.47
 Briefly, in an AOP, 263 

concentration of radical species responsible for oxidation is unchanged in steady state and if the 264 

concentration of a material to be oxidized is high, the mineralization rate of this material will be 265 

proportional to the rate of radical generation only. However, if the concentration of the material 266 

becomes low, its concentration becomes important as competitive scavenging reactions become 267 

increasingly significant. Thus, transition of reaction kinetics is possible if the initial concentration of 268 

the material to be oxidized is high accompanied by high eventual degree of removal. In the 269 

experiments presented in this work carried out with impurity free solution, the competitive reaction 270 

could be various charge recombination reactions.48, 49
 The photolytic mineralization in the absence of 271 

photocatalyst under VUV light also demonstrated complex kinetic behavior while that under UV 272 

light showed 1st order kinetics with respect to COD and the rate constant was determined to be 0.239 273 

h-1. A calculated profile of VUV + MSST experiment, based on the assumption that in the VUV + 274 

MSST experiment, the overall mineralization was owing to the parallel reactions of the VUV 275 

photolysis and the UV + MSST photocatalysis and evaluated by the equation (1) below, was also 276 

included for discussion. 277 

����

�����	
��
= ����

��������
+ ����

����
− ����

���
 (1) 278 

Where 279 
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����

�����	
��
 = The calculated mineralization rate of the of the VUV + MSST experiment 280 

����

��������
 = The COD dependent mineralization rate of the UV + MSST experiment 281 

����

����
 = The COD dependent mineralization rate of the VUV only experiment 282 

����

���
 = The COD dependent mineralization rate of the UV only experiment 283 

In order to compare the efficiencies of the four aforementioned experiments with disparate kinetic 284 

behaviors, a simple figure-of-merit based on electric energy consumption as defined by Bolton et 285 

al.47 can be useful and informative. This is further justified by the fact that the main operating 286 

expense of photocatalytic degradation comes from electricity. The appropriate figure-of-merit, for the 287 

cases that the kinetics is phenomenologically zero-order in COD, is the electric energy per mass (EEM) 288 

defined as: 289 

��� =
�����

���� �!"
 (2) 290 

Where P is the rated power (kW) of the system, V is the volume (L) of water treated in time t (h), γi 291 

and γf are the initial and final COD (mg/L), and the factor of 106 converts mg to kg. 292 

Lower EEM values (in kwh/kg COD) correspond to more economical removal. Electric energy per 293 

order, designated for the 1st order reactions, was not adopted as complete COD removal was 294 

observed in most of the experiments and these experiments were obviously not the 1st order reaction. 295 

Referring to the plots, the EEM values of complete COD removal were listed on table 2. As shown in 296 

table 2, the EEM of the photolysis with VUV light only was 2.26 times larger than that of 297 

photocatalytic degradation in presence of MSST photocatalyst; using this photocatalyst, 56% of 298 

electricity cost of the aforementioned mineralization process can be cut. Thus, the MSST 299 

photocatalyst was obviously effective. The huge ratio of EEM values between the photocatalytic and 300 

photolytic experiments using UV lamp implied that the photocatalytic degradation was much more 301 

important than the photolysis under the 254 nm radiation. Comparing the EEM of photocatalytic 302 

degradation experiments in presence of MSST photocatalyst, VUV lamp was 43% more 303 
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energetically efficient than the UV lamp. Moreover, the photocatalytic mineralization under UV light 304 

showed higher COD concentration dependence compared to the corresponding experiment using 305 

VUV lamp. For removing 1st half of COD (i.e. from 120 to 60 mg/L), 20.7 and 23.7 minutes were 306 

needed for VUV lamp and UV lamp, respectively; using VUV lamp, the reaction rate was only 307 

14.5% higher compared to using UV lamp. The corresponding values for removing 2nd half of COD 308 

(i.e. from 60 to 0 mg/L) were 21.3 and 36.3 minutes; using VUV lamp, the reaction rate was 70.4% 309 

higher than that of using UV lamp; unlike the VUV lamp which showed relatively steady reaction 310 

rate throughout the course of mineralization, UV lamp demonstrated a remarkably reduced rate of 311 

reaction in advancing mineralization. A possible explanation is the concentration dependence of the 312 

adsorption of organic materials onto photocatalyst surface; lower concentration resulted in reduced 313 

surface coverage so that the photogenerated holes and hydroxyl radicals on the surface would have 314 

less chance of oxidizing the organic materials before undergoing charge recombination.48, 49 On the 315 

other hand, the photolytic mineralization under VUV light was mainly caused by hydroxyl radicals 316 

generated from photolysis of water33 in bulk and suffered less from the low concentration of organic 317 

materials. Hence, the steady reaction rate of the VUV + MSST experiment would be due to the aid of 318 

photolysis caused by VUV light. This was also supported by the nearly constant mineralization rate 319 

of the VUV photolysis experiment in which the 1st and 2nd half of COD were removed in 48.3 and 320 

46.7 minutes, respectively. Nevertheless, the rate of the actual VUV + MSST experiment was found 321 

slower than that of the aforementioned calculated profile, which had an 8.2% lower EEM, shown in 322 

figure 5. Based on the aforementioned findings, it seemed that (1) there was no appreciable synergy 323 

between the 185 nm and 254 nm light, (2) the advantage of VUV lamp over UV lamp in 324 

photocatalytic mineralization was the comparatively higher mineralization rate and this became more 325 

notable with advancing COD removal, (3) benefited from the effective photolytic degradation 326 

provided by the VUV light, the rate of mineralization in the VUV + MSST experiment in high degree 327 

of COD removal was relatively steady. 328 

Page 15 of 25 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

 329 

Magnetic separation and recyclability of the photocatalyst 330 

Figure 6 shows the results of repeated (i.e. 6 cycles) photocatalytic phenol mineralization catalyzed 331 

by the MSST (with 12 hours of solvothermal process) and the P25. The MSST was generally stable 332 

throughout the 6 cycles; no remarkable change in the rate of mineralization was observed. The same 333 

was not true for the P25. At the first time of use, 100% mineralization was attained within 60 minutes. 334 

This figure dropped gradually throughout the 6 cycles and finally reduced to 81%. For the 40 minute 335 

data, the trend was even more apparent. Besides, as shown in figure 7, the dispersed MSST can be 336 

separated from water within 5 minutes under a magnetic field generated by a small magnet while a 337 

high speed centrifuge was required for separating the P25 nanoparticles owing to its slow 338 

gravitational settling. These showed that the MSST photocatalyst was much more durable than the 339 

commercial P25 TiO2 which was deactivated quickly within several cycles of use and using the 340 

MSST was very convenient as it can settle quickly under magnetic field after use. 341 

 342 
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The captions of Figures and Tables 477 

Figure 1 The cylindrical glass photoreactor with light source 478 

Figure 2 Electron microscopy images: (a) TEM of the Fe3O4 nanospheres; (b) TEM of the Fe3O4 @ 479 

SiO2; (c) & (d) TEM of the MSST photocatalyst; (e) elemental mapping of the MSST 480 

Figure 3 XRD patterns of MSST with different durations of the solvothermal process 481 

Figure 4 Mineralization in presence of various photocatalysts 482 

Figure 5 Mineralization in various conditions 483 

Figure 6 Recyclability test of MSST and P25 484 

Figure 7 Magnetic separation of MSST and gravitational settling of P25 485 

Table 1 Estimated crystalline sizes of MSST with different durations of the solvothermal process 486 

Table 2 EEM values of various experiments 487 
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Figure 7 

 500 

 501 

Table 1 

Duration of the solvothermal process (hour) Crystalline size (nm) 

3 19.4 

6 19.2 

12 18.2 

18 16.7 

24 15.9 

 502 
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Table 2 

Experiment EEM (kWh/kg COD) 

VUV-MSST 365 

UV-MSST 521 

VUV only 825 

UV only (Estimated by extrapolation) >10500 

VUV-MSST calculated 335 

 504 
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