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Abstract 

In this study, magnetic graphene oxide-loaded Ce-doped titania (MGO-Ce-TiO2) 

hybridized composite was prepared by a facile method. The as-prepared samples 

exhibited good adsorption capacity, high visible-light photoactive and magnetic 

separability as a novel photocatalyst in the degradation of tetracyclines (TC). The 

intermediate products and photocatalytic route of TC were proposed based on the 

analysis results of LC-MS. Moreover, the repeatability of the photoactivity with the 

use of MGO-Ce-TiO2 was investigated in the multi-round experiments with the 

assistance of an applied magnetic field. Therefore, the prepared composite 

photocatalysts were considered as a kind of promising photocatalyst in a suspension 

reaction system, in which they can offer effectively recovery ability. The effect of 

MGO content on the photocatalytic performance was also studied, and an optimum 

content was obtained. 
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Tetracyclines, Photocatalysis 

1. Introduction 

Antibiotics chemicals are one of the most widely used drugs in human and animal 

treatment against infections. However, these antibiotics are difficult to be metabolized 

completely and their residues are expelled through urine and feces to the environment 

[1-3]. In recent years, more and more residues of pharmaceutical antibiotics have been 

detected in the environmental samples, including surface water, sewage water and 

soils [4, 5]. They have been proven to be a new class of potential contaminants, which 

may be chronically toxic to human and animals, disrupt indigenous microbial 

populations and domesticate multi-resistant bacterial strains [6-8]. Consequently, 

removal of antibiotics has been a subject which is necessary and significant. 

Tetracyclines (TC), the second most common antibiotics, have been widely used in 

animal treatment, aquiculture and livestock industry. Furthermore, it is found that 

conventional biological method cannot decompose TC due to their antibacterial nature. 

How to eliminate TC from environment has attracted the public concern and scientific 

interest. 

In the past decades, various technologies have been employed to remove and 

degrade TC, such as adsorption [9-11], electrochemistry [12, 13], ozonation [14, 15], 

and photocatalysis and so on. Among these methods, photocatalysis has been 

considered as a promising approach to thoroughly remove TC from water and 

wastewater. Titanium dioxide (TiO2) has been the most studied photocatalysts owing 

to its high efficiency, low cost, low toxicity and physical and chemistry stability [16, 
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17]. It has been devoted into the application of removal of TC. Reyes et al. [18] found 

that TC was significant mineralized in the presence of TiO2 (P25). Under UV light 

irradiation, about 50% of the initial concentration was eliminated after 10 min. 

Palominos et al. [19] investigated the photocatalytic performance of TiO2 in the 

photo-oxidation of TC under simulated solar light. The optimal condition of the 

photoreaction system was also obtained, consisting of the pH and the dosage of TiO2. 

Zhu et al. [20] reported the photocatalytic performance of nanosized TiO2 under 

different conditions and firstly analyzed the intermediates and possible pathways in 

the photocatalytic degradation of TC by nanosized TiO2. However, only being excited 

by UV light has been a restriction to TiO2, which cannot take advantage of the visible 

light in the solar light. Many attempts have been made to prepare doped TiO2 to 

improve the photocatalytic performance and/or extend the light adsorption region. 

Experimental evidence has disclosed that TC could be photodegraded by doped TiO2 

under visible light irradiation [21].  

For nanosized TiO2, it is difficult and requires high cost to separate it from the 

treated water. The TiO2-coated magnetic nanoparticles have been proposed as a means 

to overcome the separation problems [22, 23]. The magnetic TiO2 photocatalysts 

could suspend homogeneously in the solution and be separated easily from treated 

water by applying an external magnetic field. However, the magnetic TiO2 composite 

showed a low photoactivity and a high level of photodissolution when TiO2 

nanoparticles directly depositing onto the surface of magnetic particles [24, 25]. 

Graphene, a new member of carbon materials, has been used as a support material for 
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photocatalysts owing to its unique physical structure, large surface area, superior 

electrical conductivity and excellent adsorption capacity [26, 27]. These graphene- 

and graphene oxide (GO)-based photocatalysts always exhibited an enhanced 

photoactivity than the pristine ones, mainly because graphene and GO could suppress 

the recombination of photo-induced electron-hole pairs [28, 29]. Therefore, Graphene 

and GO could be good candidates as support templates to preventing magnetic 

particles directly coating on the TiO2 host. 

Herein, for the first time, we prepared a magnetically separable Ce-doped 

TiO2-GO composite with an enhanced photoactivity and recyclability. The synthetic 

process was completed at low temperature. TC was chosen as the targeted pollutant to 

determine the photocatalytic performance of the composite catalyst. 

2. Experimental section 

2.1. Preparation of Ce-doped TiO2 sol 

Ce-doped TiO2 sol was prepared by a sol-gel method under low temperature. 50 

mL of Tetrabutyl titanate (TBT) and a definite amount of Ce(NO3)3 were diluted in 16 

mL of isopropanol. Then the mixture liquid was added dropwise into 400 mL of acid 

water (pH = 2) under vigorous stirring. Then, the solution was kept at 75 °C under 

reflux condition for 24 h. After static settlement overnight, the milky Ce-doped TiO2 

sol was obtained. The mass ratio of Ce/TiO2 was 0.5%, 1%, 2% and 5%, respectively. 

The samples with Ce content of 1% exhibited the highest photoactivity towards 

methylene blue (not shown). Thus such optimized ratio of Ce was chosen in our 

experiment. The “Ce-TiO2” in the following refers to the samples with the mass ratio 
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of Ce/TiO2 = 1%. 

2.2. Preparation of Ce-doped TiO2-MGO hybrid photocatalyst 

GO was prepared by a modified Hummers method [30]. Magnetic GO (MGO) 

was synthesized by a two-step method as described in our previous work [31]. A 

definite amount of MGO was dispersed in the Ce-doped TiO2 sol by ultrasonic. Then, 

the mixture solution was dried in a rotatory evaporator at 60 °C under vacuum. The 

obtained powder was Ce-doped TiO2-coated MGO composite photocatalyst. The mass 

ratio of Ce-doped TiO2/MGO was 1%, 2%, 5%, 10% and 20%, respectively. The 

samples were denominated as MGO-Ce-TiO2-1%, MGO-Ce-TiO2-2%, 

MGO-Ce-TiO2-5%, MGO-Ce-TiO2-10% and MGO-Ce-TiO2-20%, respectively. 

2.3. Characterization 

The crystalline phases of the as-prepared samples were obtained by a powder 

X-ray diffractometer (XRD, Shimadzu, XD-3A) over the 2θ range 10-70° with Cu Kα 

radiation (λ=0.15418 nm). The morphologies and structures of the composites were 

observed using a transmission electron microscopy (TEM, Hitachi, H-7650). The 

UV-vis diffuse reflectance spectra (DRS) of the samples were obtained by a UV-vis 

spectroscopy (Shimadzu, UV-3600). An electrochemical station (Chenhua Instruments, 

CHI660D) was used for the recording of the photocurrent signal of the samples in 

Na2SO4 solution. The Brunauer-Emmett-Teller (BET) surface area of the samples was 

obtained on a BET analyzer (Micrometers, ASAP2020). 

2.4. Photocatalytic reactions 

The photoactivity of the prepared photocatalysts was performed by examining the 



 

 6 

photodegradation of TC under visible light irradiation by a 300 W Xe lamp (Beijing 

Zhongjiaojinyuan Technology Co., Ltd, CEL-HXF300) with a 400 nm cut-off glass 

filter. 50 mg of the photocatalysts was added into 100 mL of TC solution, whose 

initial concentration was 25 mg L
-1

. Prior to illumination, the resultant suspension was 

placed in the dark under stirring for 60 min to reach the adsorption-desorption 

equilibrium. At given time intervals, an aliquot of suspension was withdrawn. The 

concentration of TC was determined by a high performance liquid chromatography 

(HPLC, Waters, e2695). The photocatalytic performance of TiO2 (Degussa, P25) 

towards TC was also studied under visible light irradiation. 

2.5. Analytical methods 

The concentration of TC was analyzed by a HPLC (Waters, e2695) with a 

reversed-phase C18 column (4.6 mm×150 mm, 5 μm) at 25 °C. The wavelength of the 

UV-vis detector was set at 355 nm. Mobile phase was 0.01 M oxalic acid buffer 

(72%), methanol (8%) and acetonitrile (20%) with a flow rate at 1.0 mL min
-1

. The 

standard curve showed a good linearity between the concentration of TC and the peak 

area responses (R
2
=0.9999). 

Identification of the intermediates in the photodegradation of TC was analyzed by 

a liquid chromatography-mass spectrometry (LC-MS, Agilent, 6460 Triple Quad 

LC/MS series) in electrospray positive ion mode (ESI+) equipped with a C18 column 

(2.1 mm×50 mm, 1.8 μm). The mobile phase was a mixture of acetonitrile and formic 

acid (0.1%) with a flow rate of 0.25 mL min
-1

. The injection volume was 5.0 μL. The 

fragment voltage and capillary voltage was 135 V and 2800 V, respectively. MS was 
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scanned by mass range from m/z 50 to 800. 

3. Results and discussion 

3.1. Characterization of the catalysts 

The crystal structure and crystalline quality of Ce-TiO2 and MGO-Ce-TiO2 

samples were examined by XRD analysis and the diffractograms are shown in Fig. 1. 

All the samples had similar pattern, which was dominated by anatase phase. At 2θ = 

25.4°, the samples exhibited a strong peak, which represented (101) anatase phase 

reflections [32]. A little peak at 2θ = 30.7° was also detected, which was indexed to 

(121) plane of brookite phase. Furthermore, the diffraction peaks at 2θ = 37.7°, 47.7°, 

54.1° and 62.8° were corresponding to anatase phase [33]. For all samples, no obvious 

diffraction peak of cerium oxide, GO and Fe3O4 was observed, which might be due to 

the low content of Ce and MGO. 

Fig. 2(a) presents a typical TEM micrograph of MGO. From the figure, the 

gauze-like GO shows its sheet structure and corrugated edges. It can be also seen that 

the Fe3O4 nanoparticles have a uniform distribution on the surface of GO. The size of 

Fe3O4 particles is ranging from 15 nm to 35 nm. In Fig. 2(b), the Ce-TiO2 exhibits 

particle morphology with average diameter of 10 nm. They are depositing on the 

surface of GO or anchoring on Fe3O4 particles. The GO layers with large surface area 

could provide a substrate for the Ce-TiO2 particles to decrease the aggregation. 

Fig. 3 shows the UV-vis DRS spectra of the Ce-TiO2 and MGO-Ce-TiO2 

composites. The Ce-TiO2 exhibited an absorption threshold at ca. 425 nm, which for 

P25 is about 400 nm [34]. Higher visible-light absorbance was obtained for Ce-TiO2 
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than P25. For MGO-Ce-TiO2 composites, an obvious red shift in the absorption edge 

was observed, compared to the pristine Ce-TiO2. This result indicated that the 

introduction of MGO could favor to narrow the band gap of Ce-TiO2. It can be 

ascribed to the chemical bonding between Ce-TiO2 and GO, which is similar to the 

case of carbon materials-loaded TiO2 composites [34-36]. Furthermore, the absorption 

ability in visible light range was greatly enhanced correspondingly with the increase 

of the MGO content. It revealed that MGO-Ce-TiO2 composite had a stronger 

absorbance than naked Ce-TiO2, which could facilitate the photocatalytic performance 

to some extend. 

3.2. Photocatalytic performance of the prepared catalysts towards TC 

The photocatalytic activities of the samples for the degradation of TC were tested 

under visible light irradiation. The kinetic process of TC degradation in the presence 

of different samples was investigated. A pseudo first order kinetic model was used to 

describe the photocatalytic reaction as following: 

ktCC )/ln( 0          (1) 

where t is the reaction time, k is the apparent rate constant, C0 and C is the 

concentration of TC at t = 0 and at reaction time t after irradiation. The apparent rate 

constant k is the basic kinetic parameter which can reflect the photoactivity for 

different samples [37].  

The results of TC degradation are shown in Fig. 4 and Table 1. In a control 

experiment, the TC solution was irradiated under the visible light in the absence of 

any photocatalysts, and the disappearance of TC was negligible. Visible light 
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illumination in the presence of TiO2 (P25) resulted in a very limited photocatalytic 

decomposition of TC. Therefore, the photocatalytic activity of undoped TiO2 was 

extremely low under visible light irradiation. These results clearly indicated that the 

degradation of TC in the solution was caused by the photocatalytic reactions on 

Ce-doped TiO2 under visible light illumination. It can be seen that all the 

MGO-Ce-TiO2 composites presented better activities than Ce-doped TiO2 under the 

same condition. The results also showed that an increasing in the MGO content could 

promote obviously the photoactivity of hybridized samples. When the MGO content 

was relatively low (<10%), the photocatalytic performance increased monotonously. 

However, when the MGO content exceeded 10%, the removal rate of TC decreased. 

According to the results of TC degradation, an optimal loading amount of MGO on 

the Ce-doped TiO2 was approximately 10%. 

3.3. Origin of photocatalytic activity enhancement of MGO-Ce-TiO2 composites 

The photocatalytic process of semiconductors is intrinsically determined by four 

factors of photocatalysts, that is, the adsorption capacity, the specific surface area, the 

electronic properties and the light absorption ability. The enhancement of 

MGO-Ce-TiO2 nanocomposites in the photocatalytic reaction can be firstly attributed 

to the enhanced adsorptivity. The remaining concentration fractions of TC solution are 

shown as histograms after reaching the adsorption-desorption equilibrium by different 

samples, as shown in Fig. 5. The adsorption capacity of TC was enhanced by the 

presence of MGO. It can be also seen that the adsorption of TC molecules onto the 

MGO-Ce-TiO2 composites enhanced with the increase of MGO content, and the 
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MGO-Ce-TiO2-20% presented the best adsorptivity for TC. The adsorption may be 

driven by π-π stacking between pollutant molecules and the surface of GO [38, 39], 

thereby exhibited faster photodecomposition of contaminate. Under irradiation, the 

Ce-TiO2 nanocrystals was excited and the photogenerated radicals could fast transfer 

to the molecules adsorbed on the GO and take part in degradation reactions. Thus the 

adsorption-desorption equilibrium was broken, and more molecules could transfer 

from the solution to the interface of GO and be mineralized through a series of redox 

reaction [34]. On the basis of the above discussion, we proposed that adsorption 

capacity of GO could appreciably facilitate the photocatalytic reaction compared to 

bare Ce-TiO2. 

Another important influence of GO in the composites was that it could provide 

large surface area for the photocatalysts due to its unique two-dimensional structure. 

This has been reported by many previous researches [40-43]. The BET surface area of 

the samples was also investigated, and the results are shown in Table 1. It showed that 

the surface area of the composites increased when the amount of MGO increased 

from 0 to 20%. The layer-structured GO favored the crystals distribute evenly and 

also prevented the aggregation, which could lead to an enhanced photocatalytic 

activity. On the other hand, larger surface area could provide an increasing interfacial 

contact between the pollutant molecules and Ce-TiO2 nanoparticles, and thus offering 

more photo-reaction centers and accelerating the photocatalytic reaction. 

The electrical properties of the obtained samples were investigated by testing the 

photocurrents under the visible light. The transient photocurrent responses of the 
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samples were measured by depositing each sample on a FTO electrode versus 

Ag/AgCl reference electrode in Na2SO4 solution. Fig. 6 shows the curves of 

photocurrent intensity versus time for the samples with several on-off cycles of visible 

light irradiation. Under illumination, the current appeared promptly and reached a 

relatively steady stage. When the irradiation was interrupted, the photocurrent 

immediately fell to zero. It can be seen that the MGO-Ce-TiO2 hybridized composites 

exhibited much higher photocurrent densities than naked Ce-TiO2. The GO was 

believed to play a significant role in the electron transfer under an external bias, 

because the incorporation of GO ensured higher electronic conductivity and hence 

accelerated the separation of photoinduced electron-hole pairs and prolonged the 

transfer of electrons. The mechanism was shown in Fig. 7. Obviously, the 

photocurrent of MGO-Ce-TiO2-20% under visible light irradiation has been extremely 

enhanced as large as 6.6 times in comparison with Ce-TiO2. 

The light absorption ability is also an important influence factor in the 

photocatalytic reaction, especially for the visible light-induced photocatalytic process. 

From the above discussion about DRS result, the MGO-Ce-TiO2 displayed distinctly 

enhanced visible-light absorption than bare Ce-TiO2, and also exhibited a red shift in 

the absorption edge. However, the photoactivity of MGO-Ce-TiO2 hybrid depressed 

when the content of MGO exceeded the optimal value 10%, which might be caused 

by “shielding effect” [44, 45]. The excess content of MGO may shade the light and 

deteriorate the photocatalytic performance. MGO-Ce-TiO2-10% displayed the highest 

photoactivity because it kept a good balance in the above four aspects. 
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3.3. Reaction mechanism of TC by the prepared catalysts 

To clarify the photodegradation pathway of TC in the presence of MGO-Ce-TiO2 

composites, LC-MS analysis was employed to identify the intermediate products in 

the photocatalytic process. According to the removal rate in Table 1, 83% of TC was 

detoxified within 60 min. Mass spectrometry revealed numerous intermediates 

derived from the photocatalytic degradation of TC, the results shown in Table 2 and 

Fig. 8. It can be seen that a prominent ion with m/z 445 and the retention time of 

2.518 min was observed, and it was corresponding to the deprotonated TC molecular 

ion. On the other hand, the analysis permitted the recognition of some intermediate 

products, compounds with m/z value of 475, 400, 274, 238, 433, 301, 149, 438 and 

210 formed during the photodecomposition of TC in the presence of MGO-Ce-TiO2. 

In this work, the degradation intermediate products proposed are not completely 

consistent with the results of previous reports, which might be determined by the 

unique characteristic of MGO-Ce-TiO2. Based on the photodegradation intermediate 

products and previous works, the decomposition pathways were proposed as shown in 

Fig. 9, which outlines three routes. Generally, in a photocatalytic reaction, active 

hydroxyl radicals •OH are formed through the photo-generated holes combined with 

OH
-
 and H2O molecules. The •OH radicals were confirmed to play a very important 

role in the photodecomposition of organic pollutants, which could attack the organic 

compounds through indirect addition or substitution [20]. 

During the whole photodegradation process, the intermediates were mainly 

generated through two routes: the loss of functional group(s) and the open-ring 
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reactions [20, 46]. For Pathway I, the formation of Product 1 (m/z=400) was proposed 

to form via loss of N-methyl groups and dislodging hydroxyl group at the position C3, 

which was also reported by Niu et al. [47]. Product 1 was further degraded led to the 

generation of Product 2 (m/z=274) via loss of amino groups, because of breakage of 

naphthalene ring A [21]. Then Product 2 decomposed through the smash of ring B and 

the substitution of C-C single bond by hydroxyl group. The resulted Product 3 

(m/z=238) produced the Product 6 (m/z=149) via formation of carboxyl and 

dislodging hydroxyl groups. For Pathway II, Product 4 (m/z=433) was stemmed from 

TC degradation via loss of one N-methyl group due to the low energy of N-C bond 

[45, 48, 49]. Afterwards, Product 4 might undergo breakage of ring A and 

dehydroxylation reaction at C6 by oxidation of the •OH radicals to yield Product 5 

(m/z=301). For Pathway III, Product 7 (m/z=475) was formed from an initial 1, 

3-dipolar cyclic addition towards C11a-C12 double-bond, a rearrangement with the 

•OH radicals at C12 [15, 20] and oxidation of N-methyl to N-aldehyde group [20]. 

Then Product 7 might be transferred to Product 8 (m/z=438) through dislodging N-C 

bond and hydroxyl-substitution reaction by the attack of •OH radicals. Product 8 was 

transferred into Product 9 (m/z=210) via loss of methyl and hydroxyl group at C6 and 

the rupture of C-C single bond leading to the breakage of ring A and B. Product 5 and 

Product 9 were also further oxidized to form Product 6, which might be the last 

by-product before complete mineralization in the reaction system. 

3.4. Reusability of the prepared catalysts 

The regeneration of TiO2 was a key factor to develop the heterogeneous 
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photocatalysts for practical application. The used samples were isolated by a magnet 

and washed with water and ethanol for several times, and then added into the fresh TC 

solution to evaluate the stability of the samples. Fig. 10 shows satisfactory durability 

of the photoactivity for the MGO-Ce-TiO2-10% in four cycles of TC 

photodecomposition. MGO-Ce-TiO2-10% can still offer relatively high adsorption 

and photodegradation performance even after four cycles in comparison of in 

comparison with bare Ce-TiO2 in the first cycle. This might be ascribed to the 

separation method, which could reduce the mass loss compared to conventional 

method like centrifugation, sediment and filtration. We also observed the 

nanostructures of MGO-Ce-TiO2-10% after magnetic separation, as shown in Fig. 

11(a). No obvious change have been seen, because Fe3O4 nanoparticles involved in 

our system show the superparamagnetic property, which can favor the composites 

re-disperse in the water after magnetic separation. 

The gradual decrease of adsorption and photodegradation activity can be ascribed 

to two reasons. That is, small amounts of residual TC and other by-products still 

remain on the catalysts surface after the simple treatment by water and ethanol, which 

may ultimately lead to poisoning of catalysts. On the other hand, the TiO2 

nanoparticles may aggregate during the photocatalytic reactions. The morphology of 

MGO-Ce-TiO2-10% after four cycles is shown in Fig. 11 (b). From the image, it can 

be seen that partial graphene nanosheets have been damaged into small pieces and can 

not provide large support for nanoparticles, resulting to an aggregation similar to bare 

Ce-TiO2. 
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4. Conclusions 

    In summary, we have developed a simple and facile method for the preparation 

of magnetically separable MGO-Ce-TiO2 nanostructured photocatalyst. Compared 

with TiO2 or binary catalysts, the multiplex composite catalysts possessed high charge 

transferring properties of GO, superparamagnetic property of Fe3O4 and 

visible-light-activation of Ce-doped TiO2. Our work verified the introduction of GO 

could efficiently improve the photocatalytic performance of Ce-TiO2 in the 

degradation of antibiotic TC. Furthermore, the as-obtained samples could be removed 

from the treatment system by a magnet and displayed a good durability in several 

cycles. The degradation intermediate products were also studied by LC-MS analysis. 

On the basis of the identified intermediates, the photocatalytic degradation pathway of 

tetracycline was proposed. The as-obtained MGO-Ce-TiO2 has a number of promising 

aspects, which can be applied in the treatment of medical sewage or pharmaceutical 

wastewater in future. 
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Table 1 The BET surface area and the degradation data of TC for different samples under visible 

light irradiation. 

Table 2 The identified of TC and its possible intermediates during the photodegradation process by 

MGO-Ce-TiO2 under visible light irradiation. 

Figure captions: 

Fig. 1 XRD pattern of (a) Ce-TiO2, (b) MGO-Ce-TiO2-1%, (c) MGO-Ce-TiO2-2%, (d) 

MGO-Ce-TiO2-5% and (e) MGO-Ce-TiO2-10% 

Fig. 2 TEM images of (a) MGO and (b) MGO-Ce-TiO2-10% 

Fig. 3 Diffuse reflectance absorption spectra of the as-prepared sample 

Fig. 4 Linear transform ln(C0/C) = kt of the kinetic curves of TC photodegradation for different 

samples under visible light irradiation 

Fig. 5 Histograms of the remaining concentration fraction of TC after adsorption by (a) Ce-TiO2, 

(b) MGO-Ce-TiO2-1%, (c) MGO-Ce-TiO2-2%, (d) MGO-Ce-TiO2-5%, (e) MGO-Ce-TiO2-10% 

and (f) MGO-Ce-TiO2-20% 

Fig. 6 Photocurrents of different samples under intermittent visible light irradiation 

Fig. 7 Schematic illustration of charge transfer in MGO-Ce-TiO2 nanoparticles under visible light 

irradiation ( The size of particles and atoms in this picture were not in agreement with fact) 

Fig. 8 LC-MS analysis of TC and its intermediates in the photodegradation reaction in the 

presence of MGO-Ce-TiO2 

Fig. 9 Proposed possible pathways of photocatalytic degradation of TC under visible-light 

illumination in the presence of MGO-Ce-TiO2 

Fig. 10 Four cycling adsorption and photodegradation of TC over MGO-Ce-TiO2-10% 

Fig. 11 TEM images of MGO-Ce-TiO2-10% after (a) magnetic separation and re-dispersing in 

water and (b) four cycles of TC photodecomposition 
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Table 1 The BET surface area and the degradation data of TC for different samples under visible 

light irradiation 

Samples Removal percent of 

TC (%) 

Apparent rate 

constants k (min
-1

) 

BET surface area 

(m
2
 g

-1
) 

Blank 2.16 --- --- 

P25 10.90 0.00209 --- 

Ce-TiO2 29.31 0.00607 50.39 

MGO-Ce-TiO2-1% 35.48 0.00742 75.47 

MGO-Ce-TiO2-2% 46.13 0.01017 139.89 

MGO-Ce-TiO2-5% 63.12 0.01752 156.53 

MGO-Ce-TiO2-10% 82.92 0.03005 189.63 

MGO-Ce-TiO2-20% 72.74 0.02153 203.71 
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Table 2 The identified of TC and its possible intermediates during the photodegradation process by 

MGO-Ce-TiO2 under visible light irradiation 

Product 
Retention 

time / min 
Molecular weight Proposed structure 

TC 2.50 445 

 

1 16.70 400 

 

2 9.23 274 

 

3 12.04 238 

 

4 16.85 433 

 

5 15.23 301 

 

6 15.24 149 
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7 15.78 475 

 

8 16.66 438 

 

9 6.58 210 
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Fig. 1 XRD pattern of (a) Ce-TiO2, (b) MGO-Ce-TiO2-1%, (c) MGO-Ce-TiO2-2%, (d) 

MGO-Ce-TiO2-5% and (e) MGO-Ce-TiO2-10% 
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Fig. 2 TEM images of (a) MGO and (b) MGO-Ce-TiO2-10% 
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Fig. 3 Diffuse reflectance absorption spectra of the as-prepared samples 

 



 

 29 

 

  

Fig. 4 Linear transform ln(C0/C) = kt of the kinetic curves of TC photodegradation for different 

samples under visible light irradiation



 

 30 

 

 

Fig. 5 Histograms of the remaining concentration fraction of TC after adsorption by (a) Ce-TiO2, 

(b) MGO-Ce-TiO2-1%, (c) MGO-Ce-TiO2-2%, (d) MGO-Ce-TiO2-5%, (e) MGO-Ce-TiO2-10% 

and (f) MGO-Ce-TiO2-20%



 

 31 

 

Fig. 6 Photocurrents of different samples under intermittent visible light irradiation 
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Fig. 7 Schematic illustration of charge transfer in MGO-Ce-TiO2 nanoparticles under visible light 

irradiation (The size of particles and atoms in this picture were not in agreement with fact) 
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Fig. 8 LC-MS analysis of TC and its intermediates in the photodegradation reaction in the 

presence of MGO-Ce-TiO2
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Fig. 9 Proposed possible pathways of photocatalytic degradation of TC under visible-light 

illumination in the presence of MGO-Ce-TiO2 
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Fig. 10 Four cycling adsorption and photodegradation of TC over MGO-Ce-TiO2-10% 
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Fig. 11 TEM images of MGO-Ce-TiO2-10% after (a) magnetic separation and re-dispersing in 

water and (b) four cycles of TC photodecomposition 


