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Highlights 25 

 MGST could be regenerated five times without obvious loss in removal and photolysis 26 

efficiency. 27 

 MGST could remove more than 80% of aromatic compounds from coking wastewater and 28 

tap water. 29 

 MGST could be applied in the environmental remediation due to its effective enrichment, 30 

easy separation, perfect photodegradation activity and sustainability. 31 

 32 
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Abstract 48 

Magnetic graphene oxide-SiO2-TiO2 (MGST) composite was prepared for the absorption 49 

and further photodegradation of PAHs to reduce the risk of PAHs in the water environment. 50 

Magnetic graphene oxide (MGO) was obtained by introducing Fe3O4 to graphite oxide (GO). 51 

Furthermore, the suitable SiO2 layer was wrapped on the MGO for further modification with 52 

TiO2. Finally, the functional MGST composite with uniform morphology was obtained. The 53 

prepared MGST was confirmed by XRD, FTIR and XPS, its morphology was observed by SEM 54 

and TEM. Naphthalene, phenanthrene and pyrene were selected as models. It was found that 55 

the adsorption capacity of MGST showed the order of naphthalene (NAP) < phenanthrene (PHE) 56 

< pyrene (PYR). Moreover, the regeneration of MGST was conducted by photolysis, the 57 

photodegradation of naphthalene was studied and mechanism was proposed. The successive 58 

adsorption-desorption studies indicated that MGST kept its adsorption and photodegradation 59 

capability almost constant during 5 cycles, which demonstrated its high stability and good 60 

sustainability. Importantly, MGST was able to remove more than 80% of aromatic compounds 61 

from coking wastewater and tap water, indicating its promising potential for practical 62 

application. 63 
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Introduction 70 

Polycyclic aromatic hydrocarbons (PAHs) are a class of fused-ring organic pollutants. With 71 

the rapid development of economy, the ecosystem has been deteriorating severely in recent 72 

years and the PAHs have been detected in many water bodies. It is very serious since PAHs can 73 

bring damage to people even at very low concentrations. It has strong carcinogenic, teratogenic, 74 

mutagenic, as well as phototoxic effects, which causes great harm to both environment and 75 

human(Ji et al., 2017; Yang et al., 2018). PAHs have been listed as one of the most critical 76 

contaminants by the European Food Safety Authority (EFSA) and the United States 77 

Environmental Protection Agency (US-EPA) (Purcaro et al., 2013). Therefore, elimination of 78 

PAHs from water source has become one of the research hotspots in environmental science 79 

(Chen et al., 2016). 80 

Several technologies, such as bioremediation (Goswami et al., 2018; Gupta et al., 2015), 81 

photocatalytic degradation (Yu et al., 2015) and adsorption (Hung et al., 2020; Oliveira et al., 82 

2020; Wickramasinghe and Shukla, 2018), have been applied to the treatment of PAHs in 83 

environment. Adsorption with the advantages of low cost, high removal efficiency, facile 84 

operation (Ying et al., 2019) and easy regeneration has become a main method for treating 85 

PAHs. Recently, biomass adsorbent (Xi and Chen, 2014), mesoporous organosilica (Vidal et al., 86 

2011), metal-organic frameworks (Gao et al., 2016), and various carbon materials (Dappe et al., 87 

2015; Ge et al., 2016; Glomstad et al., 2016; Zhang et al., 2013) have been used to remove 88 

PAHs. Compared with other materials, graphene-based adsorbents have encouraging adsorption 89 

capacities due to their higher specific surface area and large π-electron system in the plane of 90 

the substrate (Huang et al., 2018). Yang et al. used reduced graphene oxide/iron oxide 91 

http://www.baidu.com/link?url=vnyzNN0mJuRFYjDinhzBRcnZWRmLr3rb82pr5MpApdNEYj8fwxO29dijLrTHAnLtGI_jjzDOMpkiWn1sh1czdcV-D7Ddds5E6U30wCtQIya


(GO/FeO•Fe2O3) composites to absorb PAHs and investigated the adsorption mechanism (Yang 92 

et al., 2013). Balati et al. prepared graphene oxide-9-aminoanthracene (GO-9-AA) for PAHs 93 

removal (Balati et al., 2017). However, these adsorption processes mainly focus on the 94 

enrichment of PAHs and have not eliminated them completely, which may cause secondary 95 

pollution.  96 

Herein, Fe3O4 magnetic graphene oxide-SiO2-TiO2 (MGST) was prepared and evaluated as 97 

potent adsorbent for PAHs removal. After adsorption, photolysis was applied to degrade the 98 

adsorbed PAHs on MGST and regenerate the adsorbent. In order to separate adsorbent from 99 

solution easily, Fe3O4 magnetic graphene oxide (MGO) is synthesized first since it can be easily 100 

separated from the liquid environment by magnetic field without the need for additional 101 

procedures (Sheikhmohammadi et al., 2019). As an economical, non-toxic and chemically 102 

stable semiconductor, TiO2 is considered as the most common photocatalyst for the degradation 103 

of organic pollutants (Benotti et al., 2009; Shen et al., 2021) and modified on the surface of 104 

MGO. However, if TiO2 nanoparticle connects with magnetic particles directly, its 105 

photocatalytic activity will be weakened. This is attributed to the occurrence of Fabry-Perot 106 

oscillations when the electrons and holes in TiO2 are transferred directly to Fe3O4 core. Thus, 107 

the SiO2 layer is needed between Fe3O4 and TiO2. Furthermore, it is essential to determine the 108 

appropriate amount of SiO2 while too much SiO2 can decrease the magnetism of MGST and 109 

further weaken the π-π interaction between MGST and PAHs. On the other hand, too less SiO2 110 

will lead to Fabry-Perot oscillations and reduce the photodegradation efficiency.  111 

After preparation, adsorption and photodegradation were investigated to evaluate the 112 

performance of adsorbent and explore the removal and photodegradation mechanism. The 113 



influence of pH and adsorbent dosage on the removal were investigated, both adsorption 114 

isotherms and thermodynamics have been analyzed to elucidate the adsorption mechanism. In 115 

addition, the photolysis was performed using naphthalene as a model to study the 116 

photodegradation mechanism, the efficiencies of regeneration and photodegradation were 117 

examined. Finally, MGST has been used to remove naphthalene, phenanthrene and pyrene from 118 

real water samples. 119 

1. Materials and methods 120 

1.1 Materials 121 

Graphite powder was obtained from Sinopharm Chemical Reagent Co., Ltd. Concentrated 122 

H2SO4 (98%), KMnO4, HCl (36%), H2O2 (30%) solution, absolute alcohol, FeCl3·6H2O, 123 

FeCl2·4H2O and ammonia (25%) were purchased from Beijing Chemical Reagent Company 124 

(Beijing, China). Tetrabutyl titanate (TBOT, 97%) and tetraethyl orthosilicate (TEOS, 98%) 125 

were the products of Shanghai Macklin Biochemical Co., Ltd. PAHs (naphthalene, 126 

phenanthrene and pyrene) were obtained from Sigma-Aldrich. All chemicals used were of 127 

analytical grade without further purification in this work. 128 

1.2 Characterization 129 

Room temperature X-ray diffraction (XRD) data were collected on Rigaku smartlab using 130 

Cu Kα radiation over a 2θ range from 20° to 80° at a scanning rate of 10° min-1. Thermo Nicolet 131 

360-FTIR spectrometer was used to record FTIR spectra from 400 to 4000 cm-1. Raman spectra 132 

were observed from 1000 cm-1 to 1900 cm-1 on a Laser Micro-Raman spectroscope (Renishaw 133 

In Via) by using 532 nm laser excitation. The magnetic property of samples were investigated 134 

at room temperature by a vibrating sample magnetometer (VersaLab) under an applied field of 135 



30 kOe. X-ray photoelectron spectroscopy (XPS) spectra were collected at room temperature 136 

with Thermo ESCALAB 250Xi. The absorption spectra and the concentration of PAHs in 137 

aqueous solution were detected by a UV–visible spectrophotometer (UV-2550 SHIMADZU). 138 

1.3 Preparation and characterization of MGST  139 

1.3.1 Synthesis of Fe3O4 magnetic graphene oxide (MGO) 140 

Graphite oxide was prepared from nature graphite powder using an improved Hummers method 141 

(Marcano et al., 2010), and magnetic graphene oxide (MGO) was synthesized based on our 142 

previous method. 143 

1.3.2 Synthesis of MGO-SiO2 (MGS) 144 

MGO (0.5 g) was dissolved in absolute alcohol (49.5 ml) in a 100 mL flask, the flask was 145 

cooled by immersion in an ice-water bath, then some amount of distilled water and TEOS were 146 

added. After vigorous stirring for 10 minutes, the ice-water bath was removed. Next to this, 2.0 147 

ml of ammonia was added into the mixture and the mixture was kept stirring at room 148 

temperature for 12 h. The product (MGS) was collected using the magnet and washed with 149 

absolute alcohol until the supernatant was neutral. The products with different amount of TEOS 150 

(the weight ratio of MGO/TEOS is 1: 2, 3, 4, 5, respectively) were labeled as MGS-1 (2, 3, 4 151 

or 5), respectively.  152 

1.3.3 Synthesis of MGS-TiO2 (MGST)   153 

MGS-4 was selected as the suitable precursor for the synthesis of MGST. MGS-4 (0.2 g) 154 

was added to a 500 mL flask containing 200 ml of absolute alcohol and 1 ml of TBOT, and 1.5 155 

mL of H2O was slowly added into the mixture with vigorous stirring for 30 min. Then, the flask 156 

was heated to 60 °C and remained at this temperature for 3 h. After cooling down to the room 157 



temperature, the obtained material was washed with deionized water and ethanol three times. 158 

Finally, the product was filtrated and freeze-dried. The obtained black powder was MGST.  159 

1.3.4 Characterizations of the photocatalysts 160 

The XRD patterns of synthesized samples are shown in Fig. S1(a). The six characteristic 161 

peaks of Fe3O4 located at 30.1, 35.5, 43.1, 53.4, 57.0 and 62.6 can be observed in these 162 

samples, which are consistent with the database in JCPDS file (PCPDFWIN v.2.02, PDF No. 163 

85-1436). In addition, the XRD of MGST shows two new peaks at 25.25° and 47.98°, which 164 

are corresponding to the (101) and (200) planes of TiO2. FTIR spectra of four samples are given 165 

in Fig. S1(b). For the curve a, the broad and strong band in the range of 3500-3200 cm−1 relates 166 

to O-H stretching vibration. Simultaneously, the peaks at 1724 cm-1 and 1225 cm-1 are ascribed 167 

to the stretching vibration of C=O and C-O-C of epoxy group, respectively. Moreover, the peak 168 

appeared at 1616 cm−1 should be assigned to the C=C skeletal vibration, while the peaks located 169 

at 1049 cm-1 and 1350 cm-1 are attributed to stretching vibration of C-O and O=C-O groups, 170 

respectively (Wang et al., 2009). In the spectrum of MGO, the adsorption peak arising at 552 171 

cm-1 (Fe-O bond vibration) illustrates the existence of Fe3O4 (Junyong et al., 2013). The curve 172 

of MGS shows peak at 1055 cm-1 which is associated with symmetric vibration of Si-O-Si. In 173 

that of MGST (curve d), the peak of 941 cm−1 derives from Si-O-Ti vibration, indicating the 174 

successful coating of TiO2 on MGS. Furthermore, the existence of GO in the composite can be 175 

detected by Raman Spectroscopy. In Raman spectrum (Fig. S1(c)), the peaks situated at 1350 176 

and 1590 cm−1 are ascribed to the typical D and G bands of GO. Compared with that of GO, 177 

the ID/IG value of MGST increases from 0.71 to 0.85, it illustrates the appearance of defects 178 

which results from the intruding of Fe3O4, SiO2 and TiO2 (Yang et al., 2018). This also can be 179 



confirmed by the fact that D peak of MGST has a shift to the higher frequency (blue-shift) 180 

compared with that of GO. According to these experimental results, it can be known that MGST 181 

was successfully synthesized.  182 

 183 

Fig. 1. SEM of GO (a), MGO (b), MGS (c), MGST (d) and EDS mapping images of MGST 184 

(e). 185 

SEM image of samples are present in Fig. 1. As depicted in Fig. 1(a), the GO consists of 186 

one to several layers. In the image of MGO (Fig. 1(b)), there are small magnetite nanoparticles 187 

uniformly scattered on the pleated sheet of GO. After TEOS added in the preparation, it can be 188 

clearly seen from Fig.1(c) that SiO2 spheres are coated onto the MGO. In Fig. 1(d), it shows 189 

that TiO2 nanocubes decorated on MGS, which can be verified by TEM analysis (Fig. 2). 190 



Elemental distribution of MGST can be examined using the elemental mapping, EDS elemental 191 

mapping in Fig.1(e) indicates a uniform distribution of O, Ti, Fe and Si elements in the MGST.  192 

In addition, the SEM images of MGS-1 (2,3,4 and 5) are displayed in Fig. S2. From images 193 

of MGS-1,2 and 3, it can be clearly seen that the SiO2 particles coated on MGO were not 194 

uniform (Fig. S2(a), (b), (c)), even partial surface of MGO was not covered. While the 195 

modification of MGS-4 (Fig. S2(d)) and MGS-5 (Fig. S2(e)) were relatively uniform. 196 

Compared with MGS-4, too much SiO2 particles decorated on the surface of MGS-5, which 197 

may lead to reduce in both magnetism and adsorption capacity.  198 

 199 

Fig. 2. TEM images of GO (a), MGO (b), MGS (c) and MGST (d). 200 

To further detect the surface composition of MGST, XPS measurement was performed, the 201 

relative atomic percentages of the main elements were obtained by XPS analysis and the results 202 

are reported in Table S1, the obtained XPS spectrum are shown in Fig. S3. The wide-scan of 203 

XPS spectrum (Fig. S3(a)) displays peaks at 103.08, 286.08, 459.08, 532.08 and 711.08 eV, 204 

these are ascribed to Si 2p, C 1s, Ti 2p, O 1s and Fe 2p binding energies, respectively. The high-205 



resolution C 1s spectrum of MGST (Fig. S3(b)) shows three peaks at 284.76, 285.83 and 288.38 206 

eV, which can be assigned to C-C/C=C, C-O and C=O bonds. Peaks appeared at 724.68 and 207 

710.98 eV in Fig. S3(c) correspond to the binding energies of Fe 2p1/2 and Fe 2p3/2. The peak at 208 

103.08eV (Fig. S3(d)) confirms the existence of SiO2, and the peaks centered at 458.78eV and 209 

464.88eV in Fig. S3(e) are resulted from Ti 2p3/2 and Ti 2p1/2 respectively (Zhang et al., 2015).  210 

To examine magnetic property, the magnetic hysteresis loops of Fe3O4 and MGST were 211 

measured and shown in Fig. S3(f). The saturation magnetization intensity of Fe3O4 is 72.48 212 

emu g-1, while that of MGST is 5.78 emu g-1 due to the presence of non-magnetic GO, SiO2 and 213 

TiO2. However, MGST can still be separated by a magnet within 5 minute and can be re-214 

dispersed with slight shaking, suggesting its potential applications in recycling. 215 

1.4 Adsorption experiments 216 

The adsorption experiments was carried out in a conical flask with 40 ml of PAHs solution 217 

and some amount of MGST. The stock solution of PAHs was prepared by dissolved PAHs in 218 

methanol, while the working solution was obtained by diluting stock solution with 0.1 mol L-1 219 

CaCl2 and simultaneously keeping the volume of methanol less than 0.1% to avoid the 220 

cosolvent effect.  221 

The pH value was adjusted by 0.1 M NaOH or 0.1 M HNO3. The concentration of PAHs in 222 

the supernatant was measured by a UV-vis spectrophotometer. The removal percentage (%) and 223 

the adsorption capacity qe (mg g−1) can be calculated as follows： 224 

Removal percentage (%)= %100
-

0

e0 
C

CC

                                       (1)
 225 

 
m

- e0 VCC
qe 

                                                            (2)
 226 

https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E9%94%A5%E5%BD%A2%E7%93%B6
https://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.1.4320&q=%E9%94%A5%E5%BD%A2%E7%93%B6


Where qe (mg g-1) is the equilibrium amount of PAHs adsorbed on MGST, Co and Ce (mg L-1) 227 

are the initial and equilibrium concentration of PAHs in solution, respectively. V (ml) is the 228 

volume of the solution, m (mg) is the mass of MGST. 229 

1.5 Photodegradation and analysis of degradation process 230 

The photodegradation was carried out in a photochemical reaction chamber 231 

(CEAULIOHT) which is consist of several 50-ml tubes and a xenon lamp (CEL-LAX, 300 W). 232 

The reaction intermediates during photodegradation were analyzed using a GC-MS system 233 

(Agilent 7890 A GC with 5975 C Series mass spectrometry) equipped with an Agilent DB 234 

EUPAH column (122–5532, 30 m × 250 μ m× 0.25 μm). The oven temperature was 235 

programmed from 50 oC (2 min hold), then increased to 300 oC (20 oCmin-1, 5 min hold). EPR 236 

spectrometer (Bruker E500) was applied to detect free radicals which were trapped by DMPO 237 

at ambient temperature. The operating parameters of EPR were set as follows: center field, 7005 238 

G; sweep width, 14000 G; sample g-factor, 2; microwave frequency, 9.38 GHz; modulation 239 

frequency, 100 kHz; power, 0.6325 mW. 240 

2. Results and discussion 241 

2.1. Adsorption 242 

2.1.1. Optimization of MGS 243 

In order to get a suitable amount of SiO2, we examined the adsorption properties of 244 

the MGS. The remove efficiency of seven samples for naphthalene (NAP) (1 mg L-1) are 245 

showed in Fig. S4(a). It can be found that the removal capacities of MGO is higher than 246 

that of GO. This could be ascribed to the increased layer spacing of GO after modification, 247 

the increased layer spacing can accommodate more PAHs molecules. It can be further 248 



confirmed by the higher removal efficiencies of MGS than that of MGO. Among all MGS, 249 

MGS-1 has the highest removal efficiency, followed by MGS-4. Taking into account the 250 

uniformity and thickness of SiO2 paticles, MGS-4 was chosen as precursor for preparation 251 

MGST.  252 

2.1.2. Effect of adsorbent dosage 253 

An optimum adsorbent dose is an essential factor for practical application. To evaluate the 254 

optimum dosage, 0.05-0.5 g L-1 MGST was added to 40.0 mL of solution containing 1 mg L-1 255 

PAHs. As displayed in Fig. 3(a), the removal efficiency of NAP increases from 24 % to 84.63 % 256 

with increasing amount of MGST from 0.05 to 0.4 g L-1, the optimum dosage is 0.4 g L-1. On 257 

the other hand, the removal efficiency decreased to 78% with addition of 0.5 g L-1 MGST. The 258 

excessive amount of adsorbent can cause unfavorable agglomeration, thus reduces the effective 259 

adsorption sites and causes a decrease in removal efficiency (Hao et al., 2010). Additionally, 260 

the removal efficiencies for phenanthrene (PHE) and pyrene (PYR) respectively reach the 261 

highest level with 0.2 g L-1 and 0.1 g L-1 of MGST, and higher than that of NAP. In view of their 262 

structure, they have different number of aromatic rings. Since more aromatic rings will have 263 

stronger π-π effect, it is reasonable that the optimum amounts of MGST have the trend of PYR< 264 

PHE <NAP while the order of removal efficiencies is NAP> PHE> PYR.   265 



 266 

Fig. 3. Effect of adsorbent dosage (a) and pH (b) on the adsorption of PAHs. The experiments 267 

were conducted at 1 mg L-1 of PAHs and 25 oC. 268 

2.1.3. Effect of pH on adsorption 269 

The effect of solution pH is another significant factor that needs to be investigated. The 270 

adsorption of NAP, PHE and PYR on MGST over the pH range of 3.0-9.0 is presented in Fig. 271 

3(b), it seems that the acidity has no evident effect on the adsorption. The removal efficiency 272 

almost keeps constant in the examined pH range. This result is consistent with the adsorption 273 

of NAP on graphite and rGOs (Sun et al., 2013).  274 

2.1.4. Comparison of MGST with precursors 275 

The adsorption capacity of various samples was evaluated using NAP as model. From Fig. 276 

S4(b), it is clearly seen that the removal capacity of MGO, MGS and MGST are higher than 277 

that of GO and MGS shows the best performance. It is speculated that the presence of TiO2 on 278 

the surface may weaken π-π interaction between NAP and adsorbent, which leads to the lower 279 

adsorption capacity of MGST than that of MGS.  280 

2.1.5. Adsorption isotherms 281 



To understand the adsorption of PAHs on MGST, Langmuir and Freundlich isothermal 282 

models were applied to analyze the experimental data. These two models can be expressed by 283 

the following equations 284 

m

e

me

e

qqq

C

K

C

L


1                                                    (3) 285 

eFe C
n

Kq ln
1

lnln                                                        (4) 286 

Where qm represents the maximum monolayer adsorption capacity of adsorbent and KL (L mg-
287 

1) is the Langmuir adsorption constant. Moreover, the type of the Langmuir isotherm can be 288 

predicted if the adsorption is favorable or unfavorable based on the dimensionless constant RL 289 

which is defined as follows: 290 

01

1

CK
R

L

L 
                                                            (5) 291 

The RL describes the type of isotherm to be irreversible (RL = 0), favorable (0 < RL < 1), 292 

linear (RL = 1) or unfavorable (RL > 1). In this study, the values of RL varying from 0.6750 to 293 

0.8762 suggests a favorable adsorption between PAHs and MGST.  294 

The Freundlich model, an empirical equation, is usually used to describe adsorption on 295 

heterogeneous surface. KF is Freundlich constant indicating adsorption capacity and n is an 296 

empirical parameter associated with the intensity of adsorption. The value of n will be in the 297 

range of 1–10 if the adsorption process is favorable. The values of KF and n are collected in 298 

Table 1, the data of n also implies a favorable adsorption, being in accordance with that of RL.   299 

 300 

 301 



Table 1 Isotherm parameters of PAHs adsorption on MGST 302 

All the Langmuir and Freundlich parameters are listed in Table 1. From the Table 1, it can be 303 

concluded from r2 that the both models fit well with the adsorption and the Freundlich model 304 

fits the experimental data much better than that of Langmuir, indicating the presence of 305 

heterogeneous adsorption sites on the surface of MGST. It might be due to the defects in two-306 

dimensional structure of MGST, which is illustrated in the Raman spectroscopy. 307 

In view of adsorption capacity of MGST, the adsorption of PAHs has been compared and 308 

depicted in Fig. 4. It indicates that adsorption amount of PAHs has a rapid increase with 309 

increasing benzene number, i.e. PYR > PHE > NAY. 310 

 311 

Fig. 4. The adsorption capacity of MGST for examined PAHs. 312 

 Langmuir Freundlich 

 qm (mg g-1) KL (L mg-1) RL r2 KF (mg g-1) n r2 

NAP 27.00 0.1413 0.8762 0.9887 3.8710 1.4615 0.9890 

PHE 60.44 0.2392 0.8070 0.9923 10.381 1.5081 0.9926 

PYR 125.02 0.4815 0.6750 0.9976 73.565 1.2722 0.9983 



Additionally, the comparison of adsorption capacities of MGST estimated from the Langmuir 313 

isotherm with those of reported various adsorbents were performed and the the results were 314 

listed in Table 2. It is obvious that the qm values of MGST are much higher than some of other 315 

adsorbents, suggesting that MGST has a potential application in removing PAHs from the 316 

wastewater. 317 

Table 2 Comparison of adsorption capacity of various adsorbents for PAHs 318 

Adsorbent Adsorption Capacity (mg g−1) 

NAP         PHE         PYR 

References 

GNS 

GO 

126±4.43     142±4.79     442±13.7 

3.67±0.143   6.39±0.146  

7.81±0.116 

(Wang et al., 2014) 

GO-9-AA 78.07         －           － (Balati et al., 2017) 

C60, Fullerene 2.3           －           － (Cheng et al., 2004) 

Multilayer 

Graphene 

－           28.1          － (Zhao et al., 2014) 

Activated carbon 58.36         －           － (Cabal et al., 2009) 

RHAC 63.6         50.4          104.5 (Yakout et al., 

2013) 

MCAC-500W 189.43        －           － (Ge et al., 2015) 

MA-CAC －            61.96        － (Ge et al., 2016) 

MGST 27.00         60.44       125.02 Present work 

2.1.6. Adsorption mechanism 319 



Analysis of the structure of MGST and PAHs, the π-π stacking, one type of electron donor-320 

acceptor (EDA) interactions, is considered to be the main reason for the adsorption of PAHs by 321 

MGST. π-π EDA interaction is specific and non-covalent, which exists between electron-rich 322 

and electron-poor compounds (Yang et al., 2013). Since the π-electron depleted region of the 323 

MGST is mainly caused by surface defects and PAHs have the π-electron-rich aromatic rings, 324 

MGST can form π-π stacking with PAHs. This interaction has been used to interpret the 325 

adsorption of aromatic compounds on MGO (Kozlov et al., 2012).  326 

2.1.7. Thermodynamic parameters 327 

In order to examine the thermodynamic behavior of removal of PAHs by MGST, the 328 

thermodynamic parameters were estimated from these equations:  329 

KRTG ln0                                                           (6) 330 

R

S

RT

H
K

00

ln





                                                      
(7) 

331 

where R is the gas constant (8.314 J (mol K)-1), T (K) the absolute temperature, K (qe/Ce) the  
332 

thermodynamic equilibrium constant at various temperatures. 
333 

Thermodynamic parameters evaluated at three temperatures have been given in Table 3. 
334 

The negative values of ΔG0 indicate that the adsorption is thermodynamically spontaneous, the 
335 

decreasing of ΔG0 with the rise of temperature states that the adsorption is more favorable at 
336 

high temperatures. The positive ΔH0 values suggest the adsorption is endothermic, and the 
337 

positive values of ΔS0 implies the increasing randomness at the solid/liquid interface during the 
338 

adsorption of PAHs on MGST. At the same temperature, the ΔG0 value is more negative with 
339 

increasing number of benzene rings, and the values of ΔH0 and ΔS0 increase simultaneously. It 
340 

corroborates that the adsorption is more favorable when the PAHs have more aromatic rings. 
341 



Table 3 Thermodynamic parameters of PAHs adsorption onto MGST at different temperatures 
342 

2.2. Analysis of photodegradation 343 

In this study, photodegradation is applied to eliminate the adsorbed PAHs from MGST and 344 

the photolysis process is monitored by GC-MS. There are five intermediates detected during 345 

the photodegradation of naphthalene, including 1-naphthol (A), 1, 4-naphthalene quinone (B), 346 

1,2-benzenedialdehyde (C), 1,2-benzenedicarboxylic acid (D) and 1,2-phenyldimethyl ester (E), 347 

which is in accordance with the previous results (Farhadian et al., 2016; Yang et al., 2018). By 348 

the EPR method, hydroxyl and superoxide radicals are captured in the photolysis (Fig. 5(a)). 349 

Based on the results of EPR and GC-MS, the plausible degradation mechanism of 350 

naphthalene is expressed in Fig. 6. The orbital wave function of naphthalene can be calculated 351 

by Hückel molecular orbital method (HMO), then the free valence of each carbon can be 352 

estimated (Fig. 5(b)). The reaction will occur at the carbon atom with a higher free valence. 353 

Since the free valence of α carbon is larger than that of β carbon atom, α carbon is easily attacked 354 

by hydroxyl or superoxide free radicals. In the photodegradation, ·OH radicals first attack α 355 

carbon atom of naphthalene, then ·O2
- radicals react with the opposite carbon, and subsequently 356 

release ·HO2
- and produce 1-naphthalenol. Another procedure may be as follows: 357 

photogenerated pores directly oxidized naphthalene molecules to naphthalene cation radicals, 358 

PAHs 

ΔG/kJ·mol−1 

ΔH0/kJ·mol−1 ΔS0/J·mol-1·K-1 

298K 303K 313K 

NAP -4.13 -4.84 -5.80 28.56 109.90 

PHE -8.07 -9.00 -10.14 32.05 134.99 

PYR -11.63 -12.69 -14.55 60.63 242.58 



which interact with ·O2
- and decompose into 1, 4-naphthalene quinone (B). 1,2-359 

benzenedialdehyde (C) might be obtained through the opening of aromatic ring and losing 360 

acetylene (C2H2), 1,2-benzenedialdehyde was further oxidized into 1,2-benzenedicarboxylic 361 

acid (D). And 1,2-benzenedicarboxylic acid (D) could be further become 1,2-phenyldimethyl 362 

ester (E). During the photolysis, ·OH and ·O2
- species are responsible for the degradation of 363 

naphthalene. 364 

 365 

Fig. 5. DMPO spin-trapping EPR spectra of MGST in methanol (line-a) and in water (line-b) 366 

(a), the carbon position of the naphthalene molecule (b). 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 



 376 

 377 

Fig. 6. Possible pathways for the formation of primary intermediates during the 378 

photodegradation of naphthalene. 379 

2.3. Reusability of MGST 380 

The reusability of adsorbent is of significance in practical water remediation. In this work, 381 

photolysis has been used as a desorption method to remove adsorbed PAHs and regenerate the 382 

adsorbent. The removal efficiencies of PAHs within five adsorption-desorption cycles are 383 

displayed in Fig. 7(a). In the five circles, the competitive adsorption efficiency of MGST 384 

follows the order of PYR > PHE > NAY and decreases slightly in the sequence of NAY > PHE > 385 

PYR. In these five desorption, photodegradation ratio is presented in Fig. 7(b), it is seen that 386 

the photolysis capability almost kept constant. This result is important and demonstrates that 387 

MGST has a good photocatalysis activity and can be regenerated by illumination. These results 388 

corroborate that MGST can be reused at least 5 times in successive removal processes without 389 

any significant loss in the adsorption and photodegrdation efficiency, showing its good 390 

sustainability. 391 



 392 

Fig. 7. The removal efficiency of MGST (a) and photodegradation ratio of NAP on MGST 393 

(b) during five cycles. 394 

2.4. Real water matrix  395 

It is known that many aromatic compounds exist in coking wastewater, the coking 396 

wastewater and tap water which spiked with 1.0 mg L-1 of PAHs were used to evaluate the effect 397 

of water matrix. The COD value of the coking wastewater is about 200. The experimental data 398 

in Table 4 indicates that the removal efficiency for overall aromatic compounds from coking 399 

wastewater is about 93% and the removal percentages for PAHs from tap water are above 80 %. 400 

This result demonstrates that the PAHs can be removed by MGST from different water matrix. 401 

 402 

Table 4 Removal of PAHs from real water samples 403 

 Coking plant wastewater Tap water (pH 7.5) 

(pH 8.5), COD(mg·L-1)  NAP (mg·L-1)  PHE (mg·L-1) PYR (mg·L-) 

Initial concentration 200 1 1 1 

After adsorption 13. 76 0.188 0.091 0.045 

Removal efficiency (%) 93.12 81.2 90.9 95.5 

2.5. Material stability 404 



   In order to evaluate the stability of adsorbent, 20 mg MGST was put into 50 ml of aqueous 405 

solution of pH=2 for two weeks. The concentration of constituent elements of MGST in the 406 

solution was measured at different time intervals. From the data in Table S2, the leaching of Fe, 407 

Si and Ti are negligible, declaring that MGST has a good chemical stability. 408 

3. Conclusion 409 

Magnetic graphene oxide with photocatalytic ability (MGST) was synthesized for the 410 

sustainable treatment of PAHs. This adsorbent has been characterized by XRD, FTIR, Raman, 411 

SEM, TEM, VSM and XPS. Both adsorption and photodegradation were investigated in detail 412 

to understand the removal of PAHs by MGST. It has been found that MGST showed an efficient 413 

adsorption for PAHs (qm for naphthalene, phenanthrene and pyrene is 27.00, 60.44 and 125.02 414 

mg·g-1, respectively.), and had an encouraging photodegradation activity at the same time. Five 415 

intermediates were identified which suggested that the ·OH and ·O2
- radicals played a primary 416 

role in photodegradation of naphthalene. Additionally, regeneration experiment showed that 417 

there is no obvious decrease in the removal and photodegradation efficiency within five cycles. 418 

Overall, MGST could be applied in the environmental remediation because of its effective 419 

enrichment, easy separation, perfect photodegradation activity and durability. 420 
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