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Abstract

A series of polymer ionic liquid (PIL)-based polyoxometalate (POM) salt is and synthesized through self-assembly method. Whereafter, supported catalysts are prepared by adding graphene oxide during the self-assembly process. The presence of polymer ionic liquid of hybrid not only can increase the lipophilicity via abundant carbon chains, but also immobilized the hybrid on the surface of GO through specific π-π complexation, improving the stability during desulfurization process. Two group materials are characterized and used as catalysts for the removal sulfides in oil. By contrast, the supported catalyst has better performance. Then, the response surface methodology is used to analyze the influence of reaction conditions on removal thiophene and explore the optimum conditions. And the maximum sulfur removal efficiency of T, BT and DBT can achieve to 98.47, 99.98 and 99.28 %, respectively. Besides, the catalyst can be easily recovered and reused without significant decrease in activity after ten cycles.
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1. Introduction

Fuel oil has become the world's most important source of energy since the mid-1950s. Its products underpin modern society, mainly supplying energy to power industry, heat homes and provide fuel for vehicles and aeroplanes to carry goods and people. With the increase of fuel consumption, a series of environmental problems such as acid rain, fog and haze have been a global warming [1,2]. One of the main causes of acid rain and haze is emission of sulfur compounds from burning fuel[3]. In order to reduce pollution and protect the environment, the fuel containing the sulfide needs to be treated before use. Deep desulfurization of fuel oil is of high importance to reduce sulfur oxide emissions and solve current environmental problem[4]. 

In recent years, oxidative desulfurization (ODS) has attracted wide attention due to its mild reaction condition and low equipment investment[5,6]. Oxidative desulfurization technology is a process of oxidizing sulfides into corresponding sulfones using oxidizing agent under the presence of catalyst. After this process, the sulfone will be removed by extraction or other methods to achieve the purpose of desulfurization. The desulfurization process can be simplified by combining extraction desulfurization with oxidation desulfurization[7,8]. Hence, in this work, we choose the method of extraction oxidative desulfurization (EODS) for fuel desulfurization. 

Polyoxometalate (POM), as a kind of cluster type compound of metallic oxide, has many unique features such as super acid, pseudo-liquid phase, structural control and oxidation-reduction quality[9-13]. However, the application of polyoxometalate in catalytic systems has some difficulties including small specific surface area, recovery, recyclability and separation impediments, and also can cause equipment corrosion[14]. To overcome these shortcomings, the POM can be modified by poly ionic liquid to synthesize POM-based polymeric hybrid, and some carriers with large specific surface area are selected to synthesize the supported catalyst[15,16]. Poly Ionic Liquid (PIL), as called ionic liquid polymer, consists of a polymer skeleton and an ionic ligand[17]. The structure of PIL presents non-crystalline form and its structure can be adjusted by changing the polymer skeleton[18]. Besides, the PIL possesses advantages on mechanical property, good conductivity and chemical stability[19,20]. In this work, polymer ionic liquid with imidazolyl and different chain lengths and Dawson-type POM are selected as raw materials to synthesize polymer ionic liquid (PIL)-based polyoxometalate (POM) salts, then graphene oxide with large specific surface area is applied as carrier to prepare supported catalyst. The materials before and after loading are characterized and used as catalysts for the extraction oxidative organic sulfides in fuel oil. In addition, the effects of reaction conditions on removal thiophene and optimum conditions are explored by combining Design-Export soft and experiment. Besides, the best catalyst also has high activity for oxidation of benzothiophene and dibenzothiophene, and the reusability of catalyst and possible mechanism are discussed.

2. Experimental

2.1 Materials

The raw materials and related information are listed in Table 1. All chemicals used in this work are analytical grade and applied without any further purification.

Table 1 the base information of all used materials
	
	Name
	Chemical formula
	Purity (%)
	Supplier

	Polymer ionic liquid
	1-Vinylimidazole
	C5H6N2
	99%
	Aladdin

	
	Ethyl bromide
	C2H5Br
	99%
	Aladdin

	
	Propyl bromide
	C3H7Br
	99%
	Aladdin

	
	Butyl bromide
	C4H9Br
	99%
	Aladdin

	
	Amyl bromide
	C5H11Br
	99%
	Aladdin

	
	Hexyl bromide
	C6H13Br
	99%
	Aladdin

	
	Azodiisobutyronitrile
	C8H12N4
	99%
	J&K Chemical

	GO
	Graphite
	C
	99.8%
	Aladdin

	
	Sodiumnitrate
	NaNO3
	99%
	supplier

	
	Potassium permanganate
	KMnO4
	99.5%
	supplier

	
	Hydrogen peroxide
	H2O2
	30%
	supplier

	Model fuel
	N-octane
	C8H18
	99.9%
	supplier

	
	Thiophene
	C4H4S
	99%
	supplier

	
	Benzothiophene
	C8H6S
	99%
	Aladdin

	
	Dibenzothiophene
	C12H8S
	99%
	Aladdin


2.2 Preparation of catalyst 

The flow diagram of catalyst preparation is showed in scheme 1.
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Scheme 1 the preparation process of catalyst

2.2.1 Synthesis of 1-vinyl-3-ethylimidazolium bromide ([VimEt]Br) 

A type of ionic liquid (IL) was synthesized by the following method: 1-Vinylimidazole (2.70 mL, 0.03 moL) and bromoethane (2.98 mL, 0.04 moL) were added into a flask and stirred constantly. Then, the mixture was heated at 70 ℃ and reacted for 24 h. After the reaction, the excess bromoethane was removed via rotary evaporation. The product was obtained and marked as [VimEt]Br. The synthetic method of 1-vinyl-3-propylimidazolium bromide ([VimPr]Br), 1-vinyl-3-butylimidazolium bromide ([VimBu]Br), 1-vinyl-3-amylimidazolium bromide ([VimAm]Br) and 1-vinyl-3-hexylimidazolium bromide ([VimHe]Br) is similar to above method, only the bromoethane was replaced by bromopropane, bromobutane and n-amyl bromide, respectively.

Anal. Calcd for [VimEt]Br: C, 41.40; H, 5.46; N, 13.79. Found: C, 41.98; H, 5.45; N, 5.44. 1H NMR (400 MHz, CDCl3) δ 10.74 (s, 1H), 7.82 (s, 1H), 7.65 (s, 1H), 7.40 (s, 1H), 5.95 (s, 1H), 5.35 (s, 1H), 1.47 (m, 2H), 0.94 (t, 3H)
Anal. Calcd for [VimPr]Br: C, 44.26; H, 6.04; N, 12.90. Found: C, 44.29; H, 6.01; N, 12.87. 1H NMR (400 MHz, CDCl3): δ 10.74 (s, 1H), 7.82 (s, 1H), 7.65 (dd, 1H), 7.40 (m, 1H), 5.95 (m, 1H), 5.35 (m, 1H), 4.47 (t, 2H), 2.01 (m, 2H), 1.60 (s, 3H).
Anal. Calcd for [VimBu]Br: C, 46.77; H, 6.54; N, 12.12. Found: C, 46.73; H, 6.52; N, 12.10. 1HNMR: (400 MHz, CDCl3): 10.69 (s, 1H), 7.89 (s, 1H), 7.63 (dd, 1H), 7.45 (m, 1H), 5.94 (m, 1H), 5.33 (m, 1H), 4.32 (t, 2H), 2.19 (m, 2H), 1.92 (m, 2H), 0.96 (t, 3H).
Anal. Calcd for [VimAm]Br: C, 48.99; H, 6.99; N, 11.43. Found: C, 49.01; H, 6.97; N, 11.46. 1H NMR (400 MHz, CDCl3) δ 10.94 (s, 1H), 7.81 (s, 1H), 7.53 (s, 1H), 7.46 (dd, 1H), 5.99 (m, 1H), 5.35 (m, 1H), 4.38 (t, 2H), 1.93 (m, 2H), 1.38 (t, 4H), 0.84 (t, 3H).

Anal. Calcd for [VimHe]Br: C, 50.97; H, 9.39; N, 10.81. Found: C, 50.99; H, 9.40; N, 10.83. 1H NMR (400 MHz, CDCl3) δ 10.86 (s, 1H), 7.88 (s, 1H), 7.55 (s, 1H), 7.43 (dd, 1H), 5.95 (m, 1H), 5.35 (m, 1H), 4.34 (t, 2H), 1.90 (m, 2H), 1.26 (t, 6H), 0.80 (t, 3H).

2.2.2 Synthesis of polymer ionic liquid (PIL) 

In a typical synthesis, the [VimEt]Br (1.010 g, 5 mmoL), 20 mg AIBN as initiator and 20 mL DMF as solvent were poured into 50 mL round-bottom flask. The polymerization reaction was proceeding at 70 ℃ for 5 h under nitrogen atmosphere. When the reaction system was cooled to room temperature, 20 mL ethyl acetate was added in the flask and then the product was precipitated. The polymer was gained and named P[VimEt]Br. Other polymers (P[VimPr]Br, P[VimBu]Br, P[VimAm]Br and (P[VimHe]Br) were synthesized by the same process. 

2.2.3 Synthesis of polymer ionic liquid-based polyoxometalate salts

The polyoxometalate H8P2Mo16V2O62·14H2O (HMo16V2) was synthesized following in our previous work[21]. Before using, the HMo16V2 was dried at N2 atmosphere at 373 K for 2 h and then at 473 K for 1h. The P[VimEt]Br obtained in step 2.2.2 and 10 mL deionized water were transferred to 100 mL round bottom flask and stirred completely. Then, an aqueous solution of 1.1270 g (0.625 mmoL) HMo16V2 in 20 mL deionized water was added slowly to the reactor. The mixture was stirred for 24 h at room temperature, and then the polymer polyoxometalate salt (P[VimEt]Mo16V2) was obtained by separating and drying at 60 ℃ under vacuum. Other salts (P[VimPr]Mo16V2, P[VimBu]Mo16V2, P[VimAm]Mo16V2 and P[VimHe]Mo16V2) were synthesized by the same process.

2.2.4 Synthesis of supported catalyst

The graphene oxide (GO) was prepared by hummers method with minor modification. 23 mL H2SO4 (98%), 1 g graphite and 0.5 g NaNO3 were added into a 250 mL reaction flask and stirred in an ice bath. Next, 3.0 g KMnO4 was slowly poured into the mixture and the reactants were maintained in an ice bath for 30 min. The reaction temperature was raised to 35 ℃, and 46 mL deionized water was added. Keep raising the temperature to 98 ℃. After 15 min, the temperature was reduced to 60 ℃. Then, 140 mL deionized water and 10 mL H2O2 were added in turn, and yellow solution was obtained. After 2 hours, the product was isolated by centrifugation, washed with deionized water and dried via freeze-dryer. 

The process of synthesis of supported catalysts is similar to that of polymer polyoxometalate salt, just adding GO in the initial reaction period. The synthesis process is as follow: 0.50 g GO was placed in 20 mL deionized water under sonication for 30 min. The polymer ionic liquid (0.5 mmoL based on the content of bromide ion) and an aqueous solution of 0.1127 g HMo16V2 in 10 mL deionized water were added in turn, and stirred for 24 h at room temperature. The target product was obtained by filtering, washing and drying. 
2.3 Analytical methods

The compounds were tested by mass spectrometer (AXIMA-CFR plus MALDI-TOF Mass Spectrometer) to confirm the molecular weight. Before the test, about 10 mg sample was dissolved in 1 mL methanol, and then the upper liquid was taken for testing after centrifuge. The structure of matter was dissolved in deuterium oxide and detected by using nuclear magnetic resonance (AVANCE III 400 MHz). Infrared spectrometer (TENSOR 27) was used to investigate the functional group of samples. The stability of catalyst was carried out via using thermal Analyzer (STA449F3) with the heating rate of 10 ℃/min under nitrogen atmosphere. The morphology of samples was measured through scanning electron microscope and Transmission electron microscopic (Sigma 500 and Philips TecnaiG2 F20). Before the analysis, the mixture of sample and ethyl alcohol was fully dispersed through ultrasonic for 30 min. After degassing at 423 K for 6 h, physical property parameters including special surface area, bore diameter and pore volume were obtained on TriStar II 3020. The elemental composition and chemical state in the sample were determined by X-ray photoelectron spectroscopy (ESCALAB 250 XI) using Cu Kɑ radiation. The data of sulfur concentration were collected on gas chromatograph (Agilent 7890), and the oven, injection and detector temperatures were 150 ℃, 150 ℃ and 250 ℃, respectively.
2.4 Extraction oxidative desulfurization process

The model fuel with the sulfur concentration of 1000 ppm was obtained by dissolving 633 μL thiophene into 250 mL n-octane. The extraction-oxidation desulfurization process was carried out on a three necked bottle with condenser and thermometer. In a typical process, 0.04 g catalyst, 40 mL model fuel and 10 mL DMF as extractant were added into the reactor with the stirring speed of 600 rpm at ambient temperature. At the reaction process, the air, as oxidant, was pumped through the air pump with the airflow rate of 1.0 L/min. In order to monitor desulphurization rate, the upper fuel phase was sampled every 30 min and detected by gas chromatograph (Agilent 7890). The sulfur removal efficiency was obtained by calculating through the Eq. 1.

X % = (1- Ct/C0) × 100%                  (1)

In addition, to explore the efficiency of the catalyst, two controlled trials were carried out. One experiment was operated at the same condition without any catalyst. Another was tested by mixing the 40 mL model fuel and 10 mL DMF to explore the extraction capacity of extractant. 

2.5 Experimental design

The desulphurization reaction is a multivariable process, which effected by various conditions such as reaction temperature, catalyst mass, oxygen flux and stirring speed. Hence, the effect of the above conditions on desulfurization efficiency was investigated utilizing Box-Behnken design (BBD) method under response surface methodology in Design-Expert 8 software. The four-factor and three-level design model were summarized in Table 2.

Table 2 Factors and levels used for Box-Behnken design.
	Factor
	Units
	Coded Levels

	
	
	-1
	0
	1

	A:Temperature
	℃
	30
	60
	90

	B:Mass
	g
	0.05
	0.08
	0.11

	C:Oxygen flux
	L/min
	0.5
	1.0
	1.5

	D:Stirring speed
	rpm
	200
	600
	1000


The responses of desulfurization rate were used to develop an empirical model that correlates to the independent variables using polynomial equation as displayed in Eq. 1[22]. 
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        (Eq. 1)

Where Y is the predicted response variable; β0, βi, βii and βij represent the absolute term, linear, square value and the interaction effects, respectively. xi and xj are independent variables. 

In addition, the significance of each conditional parameter and the interaction among them were researched by the Analysis of Variance (ANOVA). The influence trend of single factor on desulfurization efficiency and the optimum conditions were carried out by response surface analysis.
3. Results and discussion

3.1 Characterization analysis

3.1.1 FT-IR analysis

The FT-IR spectra of the prepared PIL are showed in Fig. 1a. The strong peak at 1654 cm-1 can be attributed to the vibration of C=C. The peaks at 1554 and 1458 cm-1 are associated with the stretching vibration of imidazole ring. The characteristic peak corresponding to C-N appears at 1173 cm-1. Fig. 1b shows the FT-IR patterns of polymer ionic liquid-based polyoxometalate salts. Due to the overlap between HMo16V2 and PIL, some characteristic peaks of HMo16V2 which should appear in the range 750−1100 cm-1 cannot be identified. But, the peak at 1065 cm-1 is obvious which caused by the stretching vibration of P-O of the HMo16V2. As seen from the Fig. 1c, two peaks at 1733 cm-1 and 1623 cm-1 are designated to the stretching vibration of C=O and C-OH of GO, respectively, confirming the polymer ionic liquid-based polyoxometalate salts is supported by the GO. Fig. 1d is a comparison chart, which shows the change of functional groups of the compounds. In conclusion, the result of IR pattern initially demonstrates that the two group materials are successfully synthesized. 
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Fig. 1 FT-IR spectra of PIL(a), polymer salts (b), supported salts (c) and comparison (d)

3.1.2 X-ray photoelectron spectroscopy analysis

The surface chemical elements of different samples are examined by X-ray photoelectron spectroscopy (Fig. 2). The XPS spectrum of GO appears two peaks, C 1s and O 1s, located at 285 and 533 eV. The peaks of C 1s and O 1s are handled utilizing peak-differentiating and imitating analysis. The high resolution of C 1s exhibits several peaks with different chemical state, including C=C (284.2 eV), C-C (284.4 eV), C-O (286.4 eV), C=O (287.1 eV), and C-OOH (288.2 eV). Three peaks are showed in O 1s spectrum, which are C-O-C (531.4 eV), C-OH (532.7 eV) and C=O (535.1 eV). The result shows that the GO is synthesized successfully. The XPS spectrum of P[VimAm]Mo16V2 shows that the elements including C 1s, O 1s, Mo 3d and V 2p can be detected. The high resolution of C 1s exhibits characteristic peaks at 284.1, 284.7, 285.5 and 286.5 eV, corresponding to the C-C, C=C, C=N and C-N, and these peaks are caused by the presence of PIL. The high resolution of O 1s is consists of three characteristic peaks which are associated with M=O (528.7 eV), M-O-M (529.8 eV), and P-O (531.3 eV). Meanwhile, the peaks of Mo 3d and V 2p are also be detected. The characteristic peaks of Mo 3d 3/2 and Mo 3d 5/2 appear at 231.2 eV and 234.3 eV, respectively. The peaks locked at 514.5 and 516.6 eV are assigned to the V 2p 1/2 and V 2p 3/2. The analysis shows that the sample of P[VimAm]Mo16V2 contains the characteristic elements of P[VimAm]Br and HMo16V2. The full spectrum of P[VimAm]Mo16V2/GO indicates that the characteristic elements of both P[VimAm]Mo16V2 and GO can be observed at the same time. A cursory observation shows that the C 1s and O 1s of P[VimAm]Mo16V2/GO is the overlapping peak of P[VimAm]Mo16V2/GO. Although several peaks are covered after fitting, it can be seen that the high resolution of C 1s contains the characteristic peaks of P[VimAm]Mo16V2 and GO. The same is true for the high resolution of O 1s. In addition, the peaks of Mo 3d and V 2p are also observed at the spectrum of P[VimAm]Mo16V2/GO. In summary, the target products of P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO are obtained. 
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Fig. 2 XPS survey scan of GO, P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO (a) and high-resolution spectra of C 1s, O 1s, Mo 3d and V 2p (b)
3.1.3 Morphology and microstructure analysis

The morphology of GO, P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO is analyzed by SEM and displayed in Fig. 3a-c. The figure shows that pure GO presents a smooth surface and a thin layer structure with wrinkles (Fig. 3a). The morphology of P[VimAm]Mo16V2 showed an irregular cross-linking state, which due to the polymer itself cross-links to form a disordered structure (Fig. 3b). The morphology of P[VimAm]Mo16V2/GO shows that the P[VimAm]Mo16V2 is deposited on the surface of GO, suggesting that the P[VimAm]Mo16V2 is supported on the surface of GO (Fig. 3c). Further, the microstructure of the above three substances is examined by high resolution transmission electron microscope (Fig. 3d-e). It can be verified from the high-resolution transmission diagram of GO that the lamellar structure of GO is pure with almost no impurities (Fig. 3d). The microstructure of P[VimAm]Mo16V2 displayed that it presents a disorder and irregular structure (Fig. 3e). The P[VimAm]Mo16V2/GO image confirms that the surface of GO is modified by the P[VimAm]Mo16V2 (Fig. 3f). Due to the Π-Π adsorption effect between imidazole ring and GO, the hybrid salt can be stable on the surface of graphene.
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Fig. 3 SEM and TEM images of GO (a, d), P[VimAm]Mo16V2 (b, e) and P[VimAm]Mo16V2/GO (c, f)

3.1.4 BET analysis

The pore structure and specific surface area of catalysts are related to the performance of catalyst. So, the N2 adsorption-desorption isotherms are carried out to test the physical properties of material including specific surface area, pore diameter and pore volume, as shown in Fig. 4 and Table 3. The isotherm of two samples is identified as type Ⅱ, which is caused by the weak gas-solid interactions on the solid surface. The H3-type hysteresis loop (according to IUPAC classification) further verified the layered structure of the material. When the P[VimAm]Mo16V2 loaded on the GO, the specific surface area increases from 16.4411 m2/g to 71.8936 m2/g. That is, the addition of GO can increase the specific surface area of the material, which is conducive to improving the performance of the catalyst. And this conclusion is verified in later experiments.
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Fig. 4 N2 adsorption-desorption isotherms of P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO

Table 3 Physical property parameters of pure P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO

	sample
	SBET (m2/g)
	Vp (cm3/g)
	D (nm)

	P[VimAm]Mo16V2
	16.4
	0.05
	11.2

	P[VimAm]Mo16V2/GO
	71.9
	0.18
	10.2


3.1.5 Thermal stability analysis
The thermal stability of catalyst is an important factor in industrial application. The thermal stability of P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO are carried out and showed in Fig. 5. It can be seen that the decomposition temperature of P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO are about 270 ℃ and 290 ℃. The weight loss between decomposition temperature and 800 ℃ is mainly caused by the decomposition of the polymer ionic liquid component in the sample. The test result indicates that the two samples possess good thermal stability, and thermal stability of supported catalyst was improved by 7 %.
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Fig. 5 TG curves of P[VimAm]Mo16V2 and P[VimAm]Mo16V2/GO

3.2 The desulfurization test

3.2.1 Effect of different catalyst on desulfurization

At the onset of the experiments, the extraction behavior of DMF and the oxidation property of O2 are tested (Fig. 6 and Table 4). As can be seen from the extraction test, when the model oil fully mixed with the extractant for 60 min, the extraction capacity of DMF can reach a maximum of 32.33 %. In the absence of catalyst, the conversion rate of thiophene is very low only 27.51 %. The catalytic performance of two kinds of samples is explored and showed in Fig. 6. The result shows that the catalysts synthesized in this work have a positive role to improve the desulfuration property. Through the comparison and analysis, we can find that the efficiency of removal thiophene increases with the increasing of the length of the carbon chains of the polymeric ionic liquid. In addition, the performance of catalysts supported by GO is superior to that of unsupported, and the catalyst P[VimAm]Mo16V2/GO possesses the best desulphurization performance. The maximum thiophene removal efficiency can achieve to 95.98 % catalyzed by P[VimAm]Mo16V2/GO. It may be because the hydrophobicity of polyoxometalate modified by polyionic liquids with appropriate carbon chain length can be improved, and the dispersion and specific surface area of catalysts can be enhanced by supporting the GO. And in the subsequent experiments, P[VimAm]Mo16V2/GO is selected as the catalyst.
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Fig. 6 The desulfurization effect of different conditions

Table 4 The desulfurization effect of different conditions

	Test
	Efficiency(%)
	Test
	Efficiency(%)

	DMF
	32.33
	O2
	25.51

	P[VimEt]Mo16V2#
	82.69
	P[VimEt]Mo16V2/GO#
	90.43

	P[VimPr]Mo16V2#
	84.88
	P[VimPr]Mo16V2/GO#
	92.11

	P[VimBu]Mo16V2#
	85.85
	P[VimBu]Mo16V2/GO#
	93.59

	P[VimAm]Mo16V2#
	88.76
	P[VimAm]Mo16V2/GO#
	95.98

	P[VimHe]Mo16V2#
	87.88
	P[VimHe]Mo16V2/GO#
	94.31


# this test was carried out with DMF as extractant and O2 as oxidant 
3.2.2 Optimization of the reaction conditions

Under the response surface methodology, 29 trials are listed in randomized order and showed in Table 5. Among them, the central trial is repeated five times to analysis and verify for errors. In addition, the actual data based on the experimental plan and the predicted results are listed in Table 5. In Fig. 7, all the data are distributed near the 45° line, indicating that the experimental results are in agreement with the predicted data.  
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Fig. 7 Comparison between experiment results and predicted data

Table 5 BBD experiment design and response result for desulfurization of thiophene

	Run
	Factors
	Sulfur removal (%)

	
	A:Temperature

(℃)
	B:Mass

(g)
	C:Oxygen flux

(L/min)
	D:Stirring speed

(rpm)
	Experimental
	Predicted

	1
	60.00
	0.08
	1.00
	600.00
	97.89
	97.38

	2
	60.00
	0.11
	1.00
	1000.00
	96.12
	96.66

	3
	90.00
	0.05
	1.00
	600.00
	93.97
	94.32

	4
	60.00
	0.08
	0.50
	200.00
	92.21
	91.90

	5
	60.00
	0.08
	1.00
	600.00
	97.67
	97.38

	6
	60.00
	0.11
	0.50
	600.00
	93.86
	94.10

	7
	60.00
	0.08
	1.50
	200.00
	93.03
	93.37

	8
	30.00
	0.08
	1.00
	200.00
	88.23
	88.88

	9
	60.00
	0.05
	1.00
	1000.00
	94.59
	94.28

	10
	60.00
	0.05
	1.50
	600.00
	95.05
	94.90

	11
	60.00
	0.11
	1.00
	200.00
	90.98
	91.17

	12
	30.00
	0.08
	1.00
	1000.00
	93.46
	93.77

	13
	30.00
	0.08
	0.50
	600.00
	91.87
	91.63

	14
	60.00
	0.08
	0.50
	1000.00
	95.98
	95.67

	15
	90.00
	0.08
	1.00
	1000.00
	97.18
	96.62

	16
	60.00
	0.05
	0.5
	600.00
	92.19
	92.73

	17
	30.00
	0.05
	1.00
	600.00
	89.66
	89.68

	18
	30.00
	0.08
	1.50
	600.00
	93.57
	93.36

	19
	90.00
	0.08
	1.00
	200.00
	92.97
	92.76

	20
	60.00
	0.08
	1.50
	1000.00
	98.01
	98.35

	21
	60.00
	0.08
	1.00
	600.00
	97.07
	97.38

	22
	60.00
	0.08
	1.00
	600.00
	96.93
	97.38

	23
	60.00
	0.11
	1.50
	600.00
	96.51
	96.07

	24
	90.00
	0.08
	1.50
	600.00
	96.95
	97.07

	25
	90.00
	0.05
	1.00
	600.00
	94.11
	94.32

	26
	30.00
	0.11
	1.00
	600.00
	92.76
	92.22

	27
	60.00
	0.08
	1.00
	600.00
	97.35
	97.38

	28
	60.00
	0.05
	1.00
	200.00
	91.67
	91.01

	29
	90.00
	0.08
	0.50
	600.00
	94.57
	94.66


The analysis of variance (ANOVA) results is outputted by the software, which can illustrate the importance of the model (Table 6). The results show that the P-value of model is less than 0.0001 and the F-Value is 79.30, which implies the model is significant. At the same time, The P-value of four single variables less than 0.0001 demonstrated that the four variables are significant. Besides, the F-value and p-value of "Lack of Fit" show that the implies the “Lack of Fit” is significant, and the model is not easily disturbed by noise. 

Table 6 Analysis of variance (ANOVA) results for removal thiophene

	Source
	Sum of Squares
	df
	Mean Square
	F-Value
	p-value
Prob > F
	

	Model
	176.02
	14
	12.57
	79.30
	< 0.0001
	significant

	A-Temperature
	29.56
	1
	29.56
	186.44
	< 0.0001
	

	B-Mass
	4.78
	1
	4.78
	30.18
	< 0.0001
	

	C-Oxygen flux
	9.72
	1
	9.72
	61.32
	< 0.0001
	

	D-Stirring speed
	56.55
	1
	56.55
	356.69
	< 0.0001
	

	AB
	0.28
	1
	0.28
	1.74
	0.2080
	

	AC
	0.014
	1
	0.014
	0.091
	0.7676
	

	AD
	0.13
	1
	0.13
	0.82
	0.3812
	

	BC
	0.024
	1
	0.024
	0.15
	0.7029
	

	BD
	0.66
	1
	0.66
	4.14
	0.0613
	

	CD
	0.12
	1
	0.12
	0.75
	0.4015
	

	A2
	38.46
	1
	38.46
	242.59
	< 0.0001
	

	B2
	22.42
	1
	22.42
	141.42
	< 0.0001
	

	C2
	6.70
	1
	6.70
	42.26
	< 0.0001
	

	D2
	27.15
	1
	27.15
	171.26
	< 0.0001
	

	Residual
	2.22
	14
	0.16
	
	
	

	Lack of Fit
	2.12
	9
	0.24
	11.23
	0.0080
	significant

	Pure Error
	0.10
	5
	0.021
	
	
	

	Cor Total
	178.24
	28
	
	
	
	


In addition, output equation in terms of coded factors is made out (Eq. 2). The influence of all reaction conditions is not at the same degree, which can be assessed by the absolute value of the coefficient. That is, the influence of stirring speed on desulfurization efficiency is the greatest, followed by temperature and oxygen flux. The influence of catalyst mass is the smallest.

Y=97.38+1.68*A+0.64*B+1.04*C+2.19*D-0.63*A*B+0.56*B*D-2.51*A2-2.24*B2-0.70*C2-1.87*D2                               (Eq. 2)
3.2.3 Effects of main operating variables on desulphurization efficiency

The influence of variables on desulfurization efficiency is informed with the catalyst of P[VimAm]Mo16V2/GO and showed in Fig. 8. Fig. 8a shows the effect of reaction temperature on removal thiophene. It can be seen that the desulfurization efficiency increased and then decreased with the increase of reaction temperature. That is, the optimal reaction temperature is 70 ℃. High temperature can increase the number of activated molecules, and promote the rate of reaction. However, at the same time, accelerated evaporation of solvents at high temperature can cause the reduction of efficiency. The effect of catalyst mass on removal thiophene efficiency is showed in Fig. 8b. The sulfur removal efficiency increases with the increase of mass of catalyst. But when the amount of catalyst exceeds 0.09 g, the efficiency begins to drop, which is due to the existence of mass transfer resistance. Oxygen, as an oxidant, has an important effect on the reaction efficiency. Fig. 8c shows that the increase of oxygen can help the reaction efficiency grow. The Fig. 8d shows the influence of stirring speed on the removal thiophene efficiency. The increase of stirring rate can improve the contact probability between catalyst and sulfide, and then improve the reaction efficiency. In theory, the conversion rate should remain stable when the rotational speed reaches the optimal value. But, the evaporation of solvent is accelerated with the increase of stirring rate, which has negative effect on the removal thiophene effect. Therefore, the optimal stirring rate is 870 rpm.
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Fig. 8 Effects of reaction variables on removal thiophene

3.2.4 Interaction between different operating parameters

The effect of interaction of any two variables on removal thiophene degree is analyzed by contour plot (Fig. 9). And, the contour plots of two variables are obtained at the medium value of other variables. It can be seen from the contour plots that the interaction effects of four conditions including temperature to mass, temperature to oxygen flux, temperature to stirring speed, mass to oxygen flux, mass to stirring speed and oxygen flux to stirring speed are significant to removal organic sulfide. The contour plot of interaction temperature and mass is showed in Fig. 9a, indicating the variation of two conditions has noticeable impact on the reaction efficiency. However, when the reaction condition is far away from the optimal value, it has a negative effect. A similar conclusion can be obtained in other figures. The contour plot result further analyzed the influence of reaction conditions on desulfurization rate, which is consistent with the result of single variable analysis.
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Fig. 9 Contour plots of the EODS efficiency for (a) temperature vs. mass, (b) temperature vs. oxygen flux, (c) temperature vs. stirring speed, (d) mass vs. oxygen flux, (e) mass vs. stirring speed, (f) oxygen flux vs. stirring speed

3.2.5 Optimization

Based on the response surface analysis results, the optimized reaction conditions are gained and showed in Table 7. The theoretical optimal conditions are set as: temperature: 70 ℃, catalyst mass: 0.09 g, oxygen flux: 1.5 L/min, stirring speed: 870 rpm. Under the optimal conditions set by the system, the theoretical maximum value of desulfurization rate can reach to 98.90 %. In order to evaluate the accuracy of the model, a comparison test was carried out under the same conditions. The test result indicates that the experimental value of removal sulfur was 98.47 %, which is consistent with the predicted value. 
Table 7 Experimental and predicted results of EODS process
	Reaction variables
	Predicted value (%)
	Experimental value (%)

	Catalyst mass (g)
	Temperature (℃)
	Oxygen quantity (L/min)
	Stirring speed (rpm)
	
	

	0.09
	70
	1.5
	870
	98.90
	98.47


3.2.6 Desulfurization efficiency of different thiophenic compounds 

As we all know, the actual fuel includes a variety of thiophene sulfides, such as thiophene, benzothiophene and dibenzothiophene. In order to comprehensively evaluate the performance of catalyst, the catalyst P[VimAm]Mo16V2/GO was applied to the various model fuels with different organosulfur compounds. Before the tested, the model fuels were obtained by dissolving T, BT or DBT in normal octane with thiophenic content of 1000 ppm, respectively. The test conditions were set as: temperature: 70 ℃, catalyst mass: 0.09 g, oxygen flux: 1.5 L/min, stirring speed: 870 rpm. The results show that the order of desulfurization efficiency of different organosulfur compounds over P[VimAm]Mo16V2/GO is as below: BT > DBT > T (Table 8). There are two main reasons for the difference in efficiency: electron density and steric hindrance. The electron density on the sulfur atom decreases in the order of DBT > BT > T. Higher atomic density promotes the oxidation of sulfur, and improves the sulfur removal efficiency. But, the steric hindrance of DBT caused by the two methyl groups has a negative effect on contact between sulfur atom and oxygen, which resulting the removal effect of DBT was lower than BT. All in all, the catalysts showed good catalytic activity in the three simulated oils. Hence, the catalyst P[VimAm]Mo16V2/GO has good industrial application potential.
Table 8 The desulfurization efficiency of different organosulfur compounds

	sample
	T (%)
	BT (%)
	DBT (%)

	P[VimAm]Mo16V2/GO
	98.47
	99.98
	99.28


3.2.7 Reusability test of catalyst

In order to explore the practical application value of catalysts, the reusability of catalysts in three different model fuels was explored under the optimum reaction condition. The catalyst was separated from the model oil, washed with octane, and dried in vacuum oven. As can be seen from Fig. 10, the catalyst possesses good reusability. The catalytic activity of P[VimAm]Mo16V2/GO can reach 90.06 %, 91.98 % and 91.02 % for T, BT and DBT after the catalyst was regenerated ten times. And the slight decrease in desulfurization rate may be caused by deactivation of catalyst.
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Fig. 10 the reusability test of catalyst P[VimAm]Mo16V2/GO

3.3 Comparison with other researches

In order to further analyze the advantages of catalyst, it is compared with other catalysts based on polyoxometalate under EODS system. It can be seen from Table 9 that the polymer ionic liquid-based polyoxometalate salts possess high catalytic activity, and the materials supported on GO have great industrial application prospects. 
Table 9 Comparison with various catalysts under EODS system
	Catalyst
	Extractants
	Reaction time (min)
	Efficiency(%)
	References

	PMo-SiO2
	—
	180
	85
	23

	Phosphomolybdic acid/HTMAB
	Alcohol
	150
	96.3
	24

	 [Ala]3PW
	([HMIM]BF4
	180
	98.2
	25

	Co-Pc/PMoV(I)
	—
	600
	97.6
	26

	P[VimAm]Mo16V2/GO
	DMF
	150
	98.47
	This work


4. Conclusion

In this study, a series of polymer ionic liquid-based polyoxometalate salts were synthesized and then loaded on the surface of graphene oxide. The materials before and after loading were characterized and used as catalysts in the extraction oxidative desulfurization process. Desulfurization experiments showed that the increase of carbon chain length of the polymer ionic liquid can increase the hydrophobicity of the catalyst and contribute to the improvement of the performance of the catalyst. And, the catalysts supported on graphene oxide have better catalytic activity than unsupported, which is due to large specific surface area has a positive effect on the catalyst activity. The optimum reaction conditions were explored by response surface methodology, and the actual maximum desulfurization efficiency can reach to 98.47 %. Besides, the catalyst P[VimAm]Mo16V2/GO possesses application prospect for its excellent reusability. In addition, the possible mechanism of EODS was proposed based on the results of gas chromatograph.
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