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Abstract[footnoteRef:2]  [2:  Abbreviations: BC, butylene carbonate; BO, butylene oxide; CO2, carbon dioxide; RSM, response surface methodology; BBD, box-Behnken design; OFAT, one factor at a time; ANOVA, analysis of variance; S, significance; NS, not significance; HS, highly significance; CHFS, Continuous hydrothermal flow synthesis; Ce-LA-Zr/GO, Ceria lanthana and zirconia graphene oxide; Ce-La-Zr-O, Ceria and lanthana doped zirconia; BET, Brunauer–Emmett–Teller; GO, graphene oxide; FID, Flame ionization detector; GC, Gas chromatograph; MEL Chemicals, Magnesium Elektron Limited Chemicals; PO,  propylene oxide; PC, propylene carbonate; t,  time; scCO2, Supercritical CO2; SCF, Supercritical fluid, NGP, Natural graphite powder; HCL, Hydrochloric acid; H2SO4, Sulphuric acid; NaNO3, sodium nitrate; K2O2, potassium hydroxide pellet; H2O2, Hydrogen peroxide; C3H6O, Acetone; C8H18, Octane; KMnO4, Potassium permanganate; CH3OH, Methanol; Ce(NO3)3·6H2O, Cerium(III) nitrate hexahydrate; La(NO3)3⋅6H2O, Lanthanum (III) nitrate hexahydrate; ZrO(NO3)2·xH2O, Zirconium (IV) oxynitrate hydrate; DMC, dimethyl carbonate; RC, reactor controller; IV, inlet valve; TC, thermocouple; PG, pressure gauge; SM, stirring motor; GOV, gas outlet valve; GIV, gas inlet valve; SV, sampling valve; SCFP, supercritical fluid pump; CIV, CO2 inlet valve; CC, CO2 Cylinder.] 

The synthesis of butylene carbonate (BC) through the reaction of butylene oxide (BO) and carbon dioxide (CO2) has been investigated using highly efficient graphene-inorganic heterogeneous catalyst, cerium- lanthana-zirconia and graphene oxide represented as Ce– La– Zr–GO nanocomposite. The systematic multivariate optimisation of BC synthesis via CO2 utilisation using graphene-inorganic nanocomposite has been developed using Box-Behnken Design (BBD) of Response Surface Methodology (RSM). The BBD has been applied to optimise the single and interactive effect of four independent reaction variables, i.e. reaction temperature, pressure, catalyst loading and reaction time on the conversion of BO and BC yield. Two quadratic regression models have been developed representing an empirical relationship between each reaction response and all the independent variables. The predicted models have been validated statistically and experimentally, where a high agreement has been observed between predicted and experimental results with approximate relative errors of ±1.45% and ±1.52% for both the BO conversion and BC yield, respectively. The implementation of RSM optimisation process for the conversion of BC through the reaction between BO and CO2, has offered a new direction in green chemical processin terms of waste reduction, maximising production of value-added chemicals and effectively utilise CO2 gas emissions.
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1. Introduction
The rapid deterioration of the global environment due to continuous release of CO2 into the atmosphere is considered as a global concern for protection of environment. Hence, there is a wide intentions for the emission of CO2 to be drastically reduced. The usage of fossil fuels as primary sources of energy requires serious shifting to alternative green fuels in order to reduce the amount of released CO2 into the atmosphere. In addition, the valorisation of CO2 has drawn much attention not just because of the potential use of CO2 as a cheap, abundant, safe, renewable C1 source for the formation of valuable chemicals, but also contributing to the quest of preventing global warming [1,2]. CO2 is a stable compound due to exceptional distance bond of 0.116 nm between carbon and oxygen (C=O), which is shorter than the normal bond length [3]. This bond distance provides CO2 compound with unique properties, where it is hard to be activated and requires high energy to transform into another compound [4,5]. The use of high energy as precursor materials for the formation of oxidised low energy synthesis is one of few effective methodologies for CO2 utilisation [6].

The valorisation of emitted CO2 into a value-added chemical such as BC, does not only provide a solution to global warming but also offers a greater application in the processing industry. BC is an essential chemical that finds its application in automobile and used as a solvent for degreasing, lubricants and lithium battery [7]. Due to its high polarity, BC can be used to produce plasticisers a well as a precursor material to produce another cyclic carbonate [8].

The use of graphene as a supported heterogeneous catalyst has been gaining tremendous interest due to its excellent properties such as superior specific tensile strength, high surface area and extremely high electrical and thermal conductivities [9,10]. Graphene exists in 2D-carbon materials form with zero-dimensional fullerenes and stacked into three layers of graphite which are curled into carbon nanotubes of one dimensional. The application of graphene could not be limited to energy storage device, but have wider application prospects in drug carriers, semiconductor materials, photoelectric, and electronic information [11]. There have been reported success on the use of graphene as a supported heterogeneous catalyst for the synthesis of propylene carbonate [12] and dimethyl carbonate (DMC) [13].

Optimisation is the bedrock of saving the overall process cost by maximising the employability of the available resources in order to achieve optimal results [14]. This process promotes the reduction of process waste and maximise the production output.Conventionally, the use of optimisation on process parameter reveal the response effect of each process parameter at a time. On the application of the traditional method, only the investigated response is varied at one factor at a time (OFAT) where the other factors are at a constant level. This disseminates the effect of a single factor on the response where the optimum value of each parameter is only valid at a constant value of the other parameters [15]. Accordingly, the experimental design using either full or partial factorial design has been developed to overcome the aforementioned optimisation restrictions and to define the real optimum conditions by varying all the process parameters simultaneously. In addition, using an experimental design technique avoid the essential need of performing a large number of experiments that consume chemicals and materials [16].

In recent times, several experimental design techniques have been implemented for process optimisation including response surface methodology (RSM), Taguchi method, artificial neural network (ANN) and Fuzzy modelling [17,18]. RSM is a powerful optimisation process that has been extensively used to optimise different applications processes [19–22]. RSM is used to combine the effect of process variables with the assistance of fewer experimental data [23]. Thus, this method is most effective and efficient that has proven to have reduced cost and less labour intensive.

RSM method employs the use of a mathematical algorithm on the results produced from the designed experiments. It is also used to develop regression models and to validate them using several statistical techniques [24]. The application of RSM could be summarised for development of mathematical model representing the process variables function in the process response, illustrate the effect of process variables and their interactions on the response and optimise the process variables to achieve the desired goal for the process response [25].

In this study, a systematic multivariate optimisation has been implemented for the synthesis of BC using a graphene-based heterogeneous catalyst. The effect of each process variables including temperature, pressure, reaction time and catalyst loading has been evaluated on process response. RSM using BBD has been used to investigate the effect of process variables and their interactive effect on the response. A quadratic model has been developed representing the interrelationship between process variables and each response. The developed mathematical models have been validated using analysis for variance (ANOVA). The developed optimum conditions have been validated statistically and experimentally.

2. Experimental Methods
2.1 Materials
Natural graphite powder (NGP), hydrochloric acid (HCl), sulphuric acid (H2SO4), sodium nitrate, potassium hydroxide pellet (KOH), hydrogen peroxide (H2O2), acetone (C3H6O), octane (C8H18) and potassium permanganate (KMnO4) were purchased from Fisher Scientific UK Ltd. Methanol (CH3OH), cerium(III) nitrate hexahydrate (Ce(NO3)3 6H2O), lanthanum (III) nitrate hexahydrate (La(NO3)3⋅6H2O), zirconium (IV) oxynitrate hydrate (ZrO(NO3)2·xH2O), butylene oxide (C4H8O), butylene carbonate (C5H8O3) were purchased from Merck Co. Ltd, UK. The catalyst used for the experiments is lanthana doped zirconia (Ce-La-ZrO2). The above-mentioned catalyst was supplied by MEL Chemical Company Ltd. The liquid CO2 cylinder (99.9%) equipped with a dip tube was purchased from BOC Ltd., UK. All chemicals were used without further pre-treatment or purification.

2.2. Catalyst Preparation and Characterization
The catalyst ceria, lanthana, zirconia doped graphene (Ce-La-Zr/GO) has been prepared according to Onyenkeadi et al. [8], by using continuous hydrothermal flow synthesis (CHFS) process. The graphene used as a dopant was prepared by Hummers and Offeman's method. Ce-La-Zr/GO has been assessed and analysed based on their activity and selectivity towards optimisation of butylene carbonate synthesis. The particle size distribution of the catalyst used for this study was carried out using Malvern Mastersizer and the catalyst BET surface area was measured by using a micromeritics Gemini VII analyser (nitrogen adsorption and desorption method). The physical and chemical properties of Ce-La-Zr/GO catalyst is summarised in Table 1.

[bookmark: _Toc528474721]Table 1. Physical and chemical properties of synthesised ceria, lanthana doped zirconia (Ce-La-Zr-O) and ceria, lanthana, zirconia doped graphene (Ce-La-Zr/GO) inorganic nanocomposite catalysts
	Catalyst Properties
	
	Catalyst

	
	Ce-La-Zr-O
	 Ce-La-Zr/GO

	
	
	

	Physical form
	Pale-yellow powder
	Black 
powder

	Composition (%)
	CeO2:17±2 La2O3: 5±1
ZrO2: 78±3
	Ce: 2.98
La:1.19
O: 34.99
 C: 47.29
 K: 0.8
 Zr: 12.75

	BET surface area (m2 g-1)
	55
	115

	Pore volume  (cm3 g-1)
	0.29
	0.047

	Particle size (nm)
	1700
	5.78±3.9

	True Density (g cm3)
	4.40
	 3.05

	Operating Temperature (K)
	673  
	443 

	
	
	


2.3. Experimental Design 
RSM was used to design the experiments via BBD, which is based on three levels for each process variable. The three levels represent the maximum, minimum and the average range of each variable. Four independent variables were studied including temperature, pressure, catalyst loading and time that were coded as A, B, C and D, respectively. In this study, the levels of the independent variables were coded as -1, 0 and 1 as shown in Table 2.
[bookmark: _Toc528474722]Table 2. Experimental design variables and their coded levels
	Factor
	Code
	Levels

	
	-1
	0
	+1

	Temperature (oC)
	A
	100
	135
	170

	Pressure (bar)
	B
	60
	75
	90

	Catalyst loading (w/w)
	C
	5
	10
	15

	Time (h)
	D
	16
	20
	24



[bookmark: OLE_LINK6]Twenty-nine runs were performed in a randomised manner to minimise the effect of unexplained inconsistency in the responses [26]. The analysed reaction variables were temperature (A, oC), pressure (B, bar), catalyst loading (C, w/w) and time (D, h) while reaction responses were BO conversion (Y1, %) and BC yield (Y2, %). The results of the experimental runs were reported in an uncertainty matrix as shown in Table 3.
[bookmark: _Toc528474723]
Table 3. Experimental design matrix with the actual and predicted responses
	Run 
	Temperature (oC)  (B)
	Pressure (bar) (C)
	Catalyst loading (w/w)
	Time (min) (D)
	Actual BO Conversion %
	Predicted BO Conversion %
	Actual BC Yield %
	Predicted BC Yield %

	1
	170
	75
	15
	20
	86
	87.96
	64
	64.38

	2
	135
	75
	10
	20
	84
	84.00
	64
	64.00

	3
	135
	90
	10
	24
	90
	97.29
	65
	66.04

	4
	135
	75
	15
	16
	69
	67.83
	35
	35.46

	5
	100
	75
	5
	20
	54
	55.79
	23
	24.88

	6
	135
	60
	10
	24
	75
	72.96
	40
	41.04

	7
	135
	90
	10
	16
	70
	75.79
	35
	36.21

	8
	135
	60
	5
	20
	66
	58.87
	37
	33.50

	9
	100
	60
	10
	20
	42
	46.33
	16
	14.62

	10
	135
	60
	10
	16
	68
	64.46
	35
	36.21

	11
	135
	90
	15
	20
	88
	91.37
	65
	66.50

	12
	135
	75
	5
	24
	67
	68.17
	33
	32.29

	13
	135
	90
	5
	20
	86
	81.21
	36
	35.00

	14
	135
	60
	15
	20
	77
	78.04
	44
	43.00

	15
	135
	75
	10
	20
	84
	84.00
	64
	64.00

	16
	170
	90
	10
	20
	86
	81.67
	45
	46.13

	17
	135
	75
	15
	24
	89
	85.33
	65
	64.29

	18
	170
	75
	5
	20
	54
	59.29
	26
	28.88

	19
	170
	75
	10
	16
	68
	62.38
	38
	33.33

	20
	100
	75
	15
	20
	58
	56.46
	31
	30.38

	21
	100
	75
	10
	16
	52
	52.88
	23
	24.33

	22
	170
	75
	10
	24
	90
	85.38
	64
	60.67

	23
	135
	75
	10
	20
	84
	84.00
	64
	64.00

	24
	100
	75
	10
	24
	58
	59.88
	29
	31.67

	25
	100
	90
	10
	20
	90
	82.67
	55
	51.13

	26
	135
	75
	10
	20
	84
	84.00
	64
	64.00

	27
	170
	60
	10
	20
	75
	82.33
	54
	57.63

	28
	135
	75
	10
	20
	84
	84.00
	64
	64.00

	29
	135
	75
	5
	16
	52
	55.67
	26
	26.46





2.4 Statistical Analysis
The mathematical model was defined via multiple regression analysis using the general quadratic model as shown in Equation (1).
 			          (1)
where Y is the predicted response (i.e. BO conversion and BC yield), bo is the model coefficient constant, bi, bii, bij, are coefficients for intercept of linear, quadratic, interactive terms respectively, while xi, xi are independent variables (i≠j). n is number of independent variables and ɛ is the random error.
The adequacy of the predicted models was checked by several statistical validations including coefficient of correlation (R2), adjusted coefficient of determination (R2adj) and the predicted coefficient of determination (R2pred). The statistical significance of the predicted models was analysed by ANOVA using Fisher’s test, i.e. F-value and p-value, at 95% confidence interval. Design Expert 11 software (Stat-Ease Inc., Minneapolis, MN, USA) was used to perform the initial experimental design, model prediction, statistical analysis and optimisation. 

2.5 Experimental Procedure
The synthesis of BC was conducted in an autoclave of 25 mL stainless steel high pressure equipped with mechanical stirrer, thermocouple, heating mantle and controller as shown in Figure 1. The required amount of BO and catalyst were placed in the high-pressure reactor. The reactor was heated and stirred continuously at a specified reaction temperature and stirring speed. At a steady desired reaction temperature and stirring speed, supercritical CO2 at a known pressure was pumped from the cylinder using the supercritical fluid pump into the reactor and left for a certain reaction time. The time at which the liquid CO2 was charged into the reactor was considered as the starting time (t=0). After the reaction, the autoclave reactor was quenched using an ice bath to stop the reaction.
The reactor was depressurised and the reaction mixture was filtered. The recovered catalyst was washed with acetone and dried in an oven while the products were analysed using a gas chromatography (GC) equipped with a flame ionization detector (FID) with a capillary column using octane as an internal standard. The effect of process variables and their interaction such as catalyst types, CO2 pressure, reaction temperature, catalyst loading and reaction time were studied for the optimisation of the reaction conditions. The reusability of the catalyst studies was also conducted to evaluate the stability of the catalyst. 
[image: ]
[bookmark: _Toc528474665]Figure 1. Schematic representation of the experimental set-up for the synthesis of styrene carbonate using a high-pressure reactor (Autoclave reactor). Key: RC, reactor controller; IV, inlet valve; TC, thermocouple; PG, pressure gauge; SM, stirring motor; GOV, gas outlet valve; GIV, gas inlet valve; SV, sampling valve; SCFP, supercritical fluid pump; CIV, CO2 inlet valve; CC, CO2 cylinder.

2.6 Method of Analysis 
A shimadzu GC was used for characterisation and identification of experimental samples. The GC consists of the capillary column of dimension (30 m x 320 µm x 0.25 µm) and the FID detector. A ramp method was used to distinguish all the components existing in the sample mixture and the initial temperature was set at 323 K. The injection and detector temperatures were sustained isothermally at 553 K with a split ratio of 50:1 while the injection volume of 0.5 µL was chosen as a part of the GC method. The sample for analysis was injected via an auto-injector. The temperature of the oven was set at 323 K for 5 min after which the sample injected was ramped to 553 K at the rate of 25 K/min. The total run time for each sample was  ̴ 14min. After each run, the temperature of the oven was cooled down to 323 K for consecutive sample runs. The internal standard used was octane. A chromatograph of sample mixture analysed using GC revealed the residence times of ̴ 4, ̴7 and  ̴12 min for octane, BO and BC peak respectively.

3. Results and Discussion
3.1 Proposed Reaction Mechanism
The cycloaddition reaction of BO and CO2 to the formation of BC in the presence of Ce-La-Zr/GO catalyst can be seen in Figure 2. The proposed reaction mechanism has been initiated by adsorption of CO2 through the cycloaddition reaction of BC on the basic site of mixed metal oxide catalyst to produce a carboxylate anion and BO was likewise activated by desorption on the acidic site. The use of high temperature and supercritical pressure along with mixed metal oxide catalyst has aided in ring opening of BO through the carboxylate anions leads to the formation of oxyanion species.  The dissociation of Ce-La-Zr/GO from oxyanion species intensifies the closure of the ring and desorption of BC as a product formed. The side products formed from BC synthesis are well below the detection limit of the GC-FID used in the analysis.
[image: ]
[bookmark: _Toc528474666]Figure 2. Synthesis of butylene carbonate (BC) using a Ce-La-Zr/GO catalyst. (a) Reaction scheme and (b) Plausible reaction mechanism.
3.2 Development of Regression Model 
The responses for randomised experiments in terms of BO conversion and BC yield have been reported as shown in Table 3. It has been observed from the experimental results that BO conversion ranges from 42 to 90%, while BC yield ranges from 16 to 65%. Multiple regression analysis of the experimental data has been performed using Design Expert software. The software has fitted four models for each response i.e. linear, two factors interactions (2FI), quadratic and cubic polynomials. Amongst the predicted fitted models for each response, the model with highest fitting has been chosen based on several statistical validations. It has been observed that the experimental data of both responses are highly fitting with the quadratic polynomial models. Accordingly, two quadratic models have been developed representing the empirical relationship between process responses (BC yield and BO conversion) and reaction variables as shown in Equations 2 and 3.

Y1 = 84.00 + 8.75 A + 8.92 B + 7.33 C + 7.50 D - 9.25 AB + 7.00 AC + 4.00 AD - 2.25 BC 
+ 2.25 BD + 1.25 CD – 11.63 A2 + 0.87 B2 – 7.50 C2 – 7.25 D2 			             (2)

Y2 = 64.00 + 9.50 A + 6.25 B + 10.25 C + 8.67 D – 12.00 AB + 7.50 AC + 5.00 AD 
+ 5.50 BC + 6.25 BD + 5.75 CD – 14.50 A2 – 7.13 B2 – 12.38 C2 – 12.00 D2 	             (3)

Where, Y1 and Y2 represent response variables including BO conversion and BC yield, respectively. While A, B, C, and D represent the independent variables i.e. temperature, pressure, catalyst loading and time, respectively. Further, AB, AC, AD, BC, BD and CD represent the interaction between independent variables. Finally, A2, B2, C2 and D2 represent the excess of each independent variable.
The developed models have demonstrated the effect of each independent variable, variables interactions and excess of each variable on the response. The positive sign of each variable coefficient represents the synergetic effect of the variable on the response, however, the negative sign represents the antagonistic effect on the response.

3.3 Models Adequacy Checking 
The models have been examined for adequacy to inspect the fitting accuracy of the predicted results with the experimental results. Different statistical validation techniques have been applied to investigate the accuracy of the predicted models. The significance of the predicted models and the independent variables have been examined using ANOVA at 95% confidence level as shown in Tables 3 and 4. The main test that has been used to examine the significance of the model and the variables is the p-value, where the value smaller than 0.05 of this test indicates the significance of the examined parameter.



[bookmark: _Toc528474724]Table 4. Analysis of variance of developed model for BO conversion

	
	Sum of square
	df
	Mean Square
	F Value
	p-value
	Significance

	Model
	5194.09
	14
	371.01
	11.31
	< 0.0001
	HS

	A-Temperature
	918.75
	1
	918.75
	28.02
	0.0001
	HS

	C-Pressure
	954.08
	1
	954.08
	29.10
	< 0.0001
	HS

	C-Catalyst Loading
	645.33
	1
	645.33
	19.68
	0.0006
	HS

	D-Time
	675.00
	1
	675.00
	20.58
	0.0005
	HS

	AB
	342.25
	1
	342.25
	10.44
	0.0060
	HS

	AC
	196.00
	1
	196.00
	5.98
	0.0283
	S

	AD
	64.00
	1
	64.00
	1.95
	0.1842
	NS

	BC
	20.25
	1
	20.25
	0.62
	0.4451
	NS

	BD
	42.25
	1
	42.25
	1.29
	0.2754
	NS

	CD
	6.25
	1
	6.25
	0.19
	0.6691
	NS

	A2
	876.59
	1
	876.59
	26.73
	0.0001
	HS

	B2
	4.97
	1
	4.97
	0.15
	0.7030
	NS

	C2
	364.86
	1
	364.86
	11.13
	0.0049
	S

	D2
	340.95
	1
	340.95
	10.40
	0.0061
	S

	Residual
	459.08
	14
	32.79
	
	
	

	Lack of Fit
	459.08
	10
	45.91
	0.44
	0.56
	NS

	Pure Error
	0.000
	4
	0.000
	
	
	

	Cor Total
	5653.17
	28
	
	
	
	



[bookmark: _Toc528474725]Table 5. Analysis of variance of developed model for BC yield

	
	Sum of square
	df
	Mean Square
	F Value
	p-value
	Significance

	Model
	7446.55
	14
	531.90
	68.68
	< 0.0001
	HS

	A-Temperature
	1083.00
	1
	1083.00
	139.85
	< 0.0001
	HS

	C-Pressure
	468.75
	1
	468.75
	60.53
	< 0.0001
	HS

	C-Catalyst Loading
	1260.75
	1
	1260.75
	162.80
	< 0.0001
	HS

	D-Time
	901.33
	1
	901.33
	116.39
	< 0.0001
	HS

	AB
	576.00
	1
	576.00
	74.38
	< 0.0001
	HS

	AC
	225.00
	1
	225.00
	29.05
	< 0.0001
	HS

	AD
	100.00
	1
	100.00
	12.91
	0.0029
	HS

	BC
	121.00
	1
	121.00
	15.62
	0.0014
	HS

	BD
	156.25
	1
	156.25
	20.18
	0.0005
	HS

	CD
	132.25
	1
	132.25
	17.08
	0.0010
	HS

	A2
	1363.78
	1
	1363.78
	176.11
	< 0.0001
	HS

	B2
	329.29
	1
	329.29
	42.52
	< 0.0001
	HS

	C2
	993.34
	1
	993.34
	128.27
	< 0.0001
	HS

	D2
	934.05
	1
	934.05
	120.62
	< 0.0001
	HS

	Residual
	108.42
	14
	7.74
	
	
	

	Lack of Fit
	108.42
	10
	10.84
	1.35
	0.325
	NS

	Pure Error
	0.000
	4
	0.000
	
	
	

	Cor Total
	7554.97
	28
	
	
	
	



Where HS, S and NS represent highly significance, significance and non-significance, respectively. 

As shown in Tables 3 and 4, both developed models are highly significant with a p-value of 
< 0.0001. In addition, the lack of fit analysis which indicates the failure of the model in fitting the experimental data showed the non-significant result. This illustrates the accuracy of the models in predicting the experimental results. In addition, the values of R2, R2adj, R2pred have been evaluated for BO yield model as 0.99, 0.978 and 0.943, respectively. The value of adequacy precision, which indicates the ratio between the predicted response and the relative error (signal to noise ratio) has been assessed for both models. The values greater than 4 for the adequacy precision is favourable. The adequacy precision test has reported 12.37 and 25.92 for both BO conversion and BC yield models, respectively. A plot representing the experimental actual versus predicted data is shown in Figure 3. The similarity between the predicted and actual data ensures the accuracy and the adequacy of the predicted models.

[image: ]
[bookmark: _Toc528474667]Figure 3. Predicted versus actual values for (a) BO conversion model (b) and BC yield model 

In order to rely on the conclusions conveyed from the statistical adequacy checking using ANOVA, the assumptions of the ANOVA should be examined. These assumptions could be summarised in residuals normality, residuals randomisation and homoscedasticity (equal variance) of residuals [27]. The first assumption which is the normality of the residuals has been investigated using the normality plot for both models as shown in Figure 4. It has been observed that the residuals are approximately fitted to a straight line. This confirms the normality of the models’ residuals which validate the first assumption of ANOVA. Secondly, the randomisation of the residuals has been assessed using a plot between the residuals versus predicted responses values as shown in Figure 5. The random distribution of the residuals without following any specific trend assures the validity of the second assumption of ANOVA. Finally, the homoscedasticity of residuals has been checked using a plot between the residuals and the actual experimental values at each level. One of the intendant variables, i.e. temperature, has been used as an example to ensure the variance equality at each level as shown in Figure 6. The homoscedasticity of residuals has been validated with the observed similar range of residuals at each level. 
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[bookmark: _Toc528474668]Figure 4. The normal plot of residuals for (a) BO conversion model and (b) BC yield model
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[bookmark: _Toc528474669]Figure 5. The plot of residuals versus predicted response for (a) BO conversion model and (b) BO yield model
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[bookmark: _Toc528474670]Figure 6. The plot of residuals versus predicted values of temperature variable for (a) BO conversion model and (b) BC yield model

In summary, the predicted models have been checked for adequacy using various methods where they have shown high accuracy in predicting the experimental data. ANOVA has been used to assess the significance of the models. In addition, the ANOVA assumptions have been examined in order to assure its results. Finally, the predicted models’ results have been compared with the previously determined OFAT experiments reported by Onyenkeadi et al [8]. The similarity between predicted and actual experimental values at a wide range of a number of OFAT experiments has proved the significance and the adequacy of the predicted regression models.

The developed models have represented the reaction between CO2 and BO by investigating the conversion of BO and yield of BC at a wider range of reaction parameter. Hence, the model could be used to predict the reaction responses without the need to perform further experimental runs. For instance, the developed models could be used to study the reaction kinetics and thermodynamics of the reaction by varying the reaction time and temperature at different levels. In addition, they could be implemented in predicting the reaction responses at different reaction variables within the studied range.


3.4 Effect of Process Variables and Their Interactions
In this section, the effect of each process independent variable on the process responses has been investigated. In addition, the interactive effect of different independent variables on the responses has been highlighted.
3.4.1 Effect of individual variables on responses
The effect of the independent variables on the reaction responses i.e. BO conversion and BC yield has been assessed using the developed validated models. These results have been compared with the experimental data obtained using OFAT reported elsewhere [8]. Similar effect of the process variables has been observed on each process response as shown in Figures 7-10. The in-depth discussion of the effect of individual variables has been reported elsewhere [8].
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[bookmark: _Toc528474671]Figure 7. The plot showing the effect reaction temperature and pressure on BO conversion
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[bookmark: _Toc528474672]Figure 8. The plot showing the effect of catalyst loading and reaction time on BO conversion
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[bookmark: _Toc528474673]Figure 9. The plot showing the effect of reaction temperature and pressure on BC yield
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[bookmark: _Toc528474674]Figure 10. The plot showing the effect of catalyst loading and reaction time on BC yield

3.4.2 Effect of variables interaction on responses
In this section, the effect of independent variables interactions has been illustrated and discussed. The investigation of the interactive effect of variables on the responses is important as the effect of some variables on the response would change at different levels of other variables. Hence, the interactive effect has a direct influence on the process optimisation. 
Figure 11 illustrates the significant effect of reaction temperature and pressure on BO conversion. At low reaction temperature, the increase in pressure from 60 bar to 90 bar increases the conversion rate of BO from 70% to 90% whereas there has been a slight drop of temperature beyond 150 oC. Although, in Figure 12 there has been a corresponding drop in the yield as the temperature increased beyond 150 oC, it is quite evident that at reaction temperature goes higher than 150 oC, causes a linear decrease in both BO conversion and BC yield. This decrease is probably due to the equilibrium nature of the cycloaddition reaction of BO and CO2 where higher reaction temperatures can shift the equilibrium to the reactant side and results in a reduction to the yield of BC, which is similar to the work published by Saada et al. 2018 [28] and Rasal et al. 2018 [29]. Conversely, at higher reaction temperature the pressure was constant from 75 bar to 85 bar after which there was a slight drop in the BC yield of 1.25%. Hence, it can be observed that the optimum reaction temperature is 135 oC and pressure is 75 bar. 
The effect of catalyst loading and reaction time on BO conversion (see Figure 13) shows an increase in catalyst loading that leads to a corresponding rapid increase in the BO conversion, however, BO conversion is steady at catalyst loading goes beyond 10% (w/w) until 14% (w/w). Similarly, the effect of time on BO conversion reflects the same pattern beyond 20 h where it remains constant. Furthermore, Figure 14 shows that BC yield was constant from 20 h upward and at 10% (w/w) catalyst loading, although there was a noticeable drop in the BC yield when the catalyst loading was 15% (w/w) and reaction time of 24 h. This significant drop can be attributed to the formation of oligomers and isomers, which were below the flame ionisation detection limits. For this study, all further OFAT experiments were conducted at 75 bar, 135 oC, 10% (w/w) catalyst loading and for 20 h. The optimum reaction conditions are within the range of the literature published [30–33].  

3.4.2.1 Interactive effect of reaction temperature and pressure 
It has been observed from Figures 11 and 12 that the effective reaction temperature has a positive effect on process responses until a specific value, and then the responses decrease at a higher temperature. Similarly, the effect of reaction pressure on BC yield has an increasing effect from 60 bar to 84 bar and beyond 84 bar there was  slight drop in BC yield. However, the effect of the reaction pressure has an increasing effect on the BO conversion. These observations have been made by changing one variable while keeping the other variables at a constant value. Alternatively, the interactive effect of reaction temperature and pressure on the reaction responses has different observations. As illustrated in Tables 4 and 5, the interaction between temperature and pressure (AB) has a highly significant effect on both responses. This has been clearly observed in Figures 11 and 12, where the effect of temperature on both responses varies with pressure and vice-versa.
As shown in Figures 11 and 12, the effect of reaction temperature at 60 bar has an increasing effect on both responses (BO conversion and BC yield) until around 150 oC, and beyond 
150 oC the effect of temperature is insignificant on the BC yield. However, the effect of reaction temperature at 90 bar is totally different on both responses where there is an increasing effect on both responses until 135 oC where there is no noticeable improvement in BC yield rather a drop in the response of BC yield as the temperature is increased at 90 bar. This shows that the temperature has a negative effect on both responses at higher values. Besides, the effect of pressure at 100 oC on both responses shows an increased effect on BO conversion and BC yield. However, the effect of pressure at 170 oC has a decreasing effect on both responses. These observations exemplify the importance of studying the effect of variables interactions as the effect of process variables should not be recognised only at the constant value of other variables. The response surfaces shown in Figures 11 and 12 have been used to determine accurate optimum process conditions.
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[bookmark: _Toc528474675]Figure 11. 3D response surface and contour plot of reaction temperature and pressure versus BO conversion
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[bookmark: _Toc528474676]Figure 12. 3D response surface and contour plot of reaction temperature and pressure versus BC yield

3.4.2.2 Interactive effect of catalyst loading and reaction time
Based on the results obtained from ANOVA as illustrated in Table 4, show that the interactive effect of catalyst loading and reaction time (CD) has an insignificant effect on BO conversion. This insignificant effect elucidates that the effect of catalyst loading on BO conversion is constant and does not change at different levels of reaction time. This has been illustrated in Figure 13, where the effect on catalyst loading on BO conversion at 16 h is the same at 24 hr. 
On the other hand, the interactive effect of catalyst loading and reaction time has a highly significant effect on BC yield as reported in Table 5. It has been observed in the increasing effect of catalyst loading at a reaction time of 16 h has an increasing effect on BC yield until about 11% (w/w), which later decreases as the catalyst loading is increased (Figure 14). However, the effect of catalyst loading on BC yield at 24 h is different. This shows an increasing effect on BC yield until about 13% (w/w) where there is a drop in BC yield. Therefore, catalyst loading beyond 13% (w/w) has an insignificant effect on BC yield. Similarly, the effect of reaction time on BC yield depends on the value of catalyst loading. 
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[bookmark: _Toc528474677]Figure 13. 3D response surface and contour plot of catalyst loading and reaction time versus BO conversion
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[bookmark: _Toc528474678]Figure 14. 3D response surface and contour plot of catalyst loading and reaction time versus BC yield

4. Process Optimisation
One of the main advantages of using RSM is the applicability to perform process variables optimisation based on favourable targets. The optimisation targets have been set to maximise the process productivity. Accordingly, both responses have been targeted to reach the maximum value. However, the reaction variables including reaction temperature and time have been targeted to a minimum value as they consume a huge amount of energy that is not favourable economically and environmentally. In addition, the catalyst loading has been set without a specific target based on the efficient catalyst reusability. A summary of the optimisation targets for independent variables and responses is given tabulated in Table 6. Using Design-Expert software, a numerical feature has been set to estimate the combination of the process parameters to achieve the required targets. 
Consequently, 50 solutions have been generated by the software for optimum combinations, where the combination with the highest desirability has been chosen. The predicted optimum conditions have been reported at 135 oC, 90 bar, 15% catalyst loading and 20 h. These conditions have resulted in BO conversion and BC yield are 91.4% and 66.5%, respectively. This optimisation process has considered all the interactive effects between the independent variables and their effect on the responses. 
In order to assess the accuracy of the predicted conditions, an experimental validation has been performed at the developed conditions. The experiments have resulted in similar results as predicted where the relative errors of the predicted results from the experimental data are 1.45% and 1.52% for BO conversion and BC yield, respectively. The similarity between the predicted and experimental results at the optimum conditions has validated the predicted optimum conditions.
[bookmark: _Toc528474726]Process optimisation via RSM has revealed higher precision in prediction of the optimal conditions than OFAT due to the fact that it combine various reaction conditions to achieve the targeted response for the process. It has been reported that the optimal conditions for this process using OFAT have resulted in conversion of BO and BC yield of 84% and 64%, respectively at pressure, temperature, catalyst loading and time of 75 bar, 135 oC, 10% (w/w) in 20 h, respectively [8]. However, multivariate optimisation using RSM has resulted in higher conversion of BO and yield of BC at milder reaction conditions. 


Table 6. Optimisation constraints used to predict optimum conditions for butylene carbonate

	Factor
	Code
	Goal
	Limits

	
	Lower
	Upper

	Temperature (oC)
	A
	Minimise
	100
	170

	Pressure (bar)
	B
	In range
	60
	90

	Catalyst loading (%)
	C
	In range
	5
	15

	Time (h)
	D
	Minimise
	16
	24

	BO conversion 
	Y1
	Maximise
	60
	95

	BC yield 
	Y2
	Minimise
	30
	70



5. Catalyst Reusability Study
Several experiments have been conducted with the predicted optimum parameters derived from BBD of RSM in order to investigate the catalytic activity of Ce-La-Zr/GO. 
The catalyst reusability study for Ce-La-Zr/GO has been performed in different runs to evaluate its catalytic activity. The experiments have been carried out in a high-pressure reactor at reaction conditions of 90 bar, 135 oC, 15% (w/w) catalyst loading for 20 h. The result of the first experiment was recorded as run 1, while the spent catalyst was recovered by filtration from the reaction mixture, which was washed with acetone and dried in an oven at 343 K for 12 h. The recovered catalyst was reused for run 2 and for subsequent experiments of run 3 - run 5 following the same procedure.
It is quite obvious from Figure 15 that there was no noticeable decrease in the conversion of BO and BC yield after several runs. Hence, it can be concluded that Ce-La-Zr/GO catalyst can be reused several times maintaining its catalytic activity.


[bookmark: _Toc528474679]Figure 15. Catalyst reusability studies of Ce-La-Zr/GO on conversion of butylene oxide (BO), selectivity and yield of butylene carbonate (BC) using predicted response surface methodology’s optimum condition of 90 bar, 408 K, 15% (w/w) catalyst loading, stirring speed 300 rpm and reaction time 20 h.
 
6. Conclusions
The systematic multivariate optimisation of BC synthesis via CO2 utilisation using graphene-inorganic nanocomposite catalysts has been successfully carried out in a high-pressure reactor and the experimental results have been optimised using RSM. The reaction parameters i.e. reaction temperature, pressure, catalyst loading and reaction time, have been established as significant variables affecting reaction responses using OFAT method. The regression models of BO conversion and BC yield have been developed by the use of RSM in the established significant variables. The use of OFAT method at the optimum reaction conditions at  75 bar, 135 oC, 10% (w/w) catalyst loading in 20 h reaction time have resulted in 84% BO conversion and 64% BC yield. Conversely, the use of RSM numerical optimisation has identified the optimum conditions to be 90 bar, 408 K, 15% (w/w) catalyst loading in 20 h reaction time and with BC yield of 66.5% and BO conversion of 91.4%. The predicted optimum conditions have been validated experimentally with 1.45% and 1.52% relative error for both BO conversion and BC yield, respectively. Ce-La-Zr/GO catalyst has been recycled easily and reused several times without any reduction in its catalytic performance. This detailed and systematic study clearly illustrates an efficient and greener route for butylene carbonate synthesis using Ce-La-Zr/GO catalyst via CO2 utilisation.
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