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	ABSTRACT
The Laboratory experiments were conducted using a second order rotatable design in four dimensions constructed using balanced incomplete block designs. Obtained data was applied in developing a semi-empirical model based on a second degree polynomial for predicting bioethanol yield. The model testing using ANOVA in R resulted in a correlation coefficient of 0.95 and an adjusted R-squared value of 0.911 for the E-optimal design, which indicates a good model fit. The model was used to generate contour plots and response surface for bioethanol yield. A maximum yield of 12.35 g/L of ethanol was realized at factor settings of 54.35 h, 4.96 level of pH, 34.67 0C temperature and 28.03 g/L of substrate concentration using the E-optimal design which was found to be the most efficient design relative to the general design which had an optimal yield of 12.39 g/L at factor settings of 56.45 h, 4.95 pH level, 34.59 0C level of temperature and 28.30 g/l of substrate concentrations. A yield of 12.35 g/L of ethanol for a substrate concentration of 28.03 g/L. translates to 0.441 g of ethanol per gram of substrate comparing well with many other findings in literature from similar studies which is roughly 86% of the theoretical yield (0.511 g/g of substrate). A second order rotatable design in four dimensions constructed using balanced incomplete block designs when the number of replications () are less than three the number of times () pairs of treatments occur together () in the design was applied and found reliable in modeling, optimizing and studying the effects of the four factors and their interaction to the processes of fermentation of pineapples peels as substrate for ethanol production using Saccharomyces cerevisiae.
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	1. Introduction.



The increased demand for bioethanol in recent times due to its friendliness to the environment and as a viable alternative to fossil fuel has brought about increased research towards its increased production even though economically viable ethanol fermentation remains a challenge[1]. High temperatures during fermentation as well as high sugar concentrations can reduce production of ethanol hence the need to get the optimal settings of the factors that influence production. The application of Response Surface Methodology (RSM) to optimize bioactive compound extraction processes such as conventional solvent extraction, microwave-assisted extraction, supercritical fluid extraction, and ultrasound-assisted extraction [2]. A comprehensive review of RSM development, applications, and analytical techniques was given by [3] while [4] reviewed optimization of adsorption studies using RSM. To optimize ethanol yield from various feedstocks, researchers and manufacturers of ethanol focus on maximizing fermentation efficiency by controlling factors like temperature, pH, substrate concentration, inoculum size, and fermentation time, while also exploring new techniques like machine learning and metabolic engineering .Optimization of process variables during fermentation which are known to affect the quantity of bioethanol yield from pineapples peels using RSM based on a second order optimal rotatable design constructed using balanced incomplete block design for four factors with number of replications (r) being less than three the number of times pairs of treatments occur together in the design i.e. as put forward by [5] was used to estimate the number of runs and optimum setting of four independent variables namely incubation time, temperature, initial pH and substrate concentration of the pineapple peels using yeast as studied by [6].Pineapple wastes, comprise of fruit trimmings produced in huge amounts by canning industries and markets throughout the world.Reference [7] noted that “25% of the fresh pineapples harvested in Costa Rica is processed to make added value products such as pineapple juice, jelly and canned pineapple and that nearly 75% of the fruit processed in canneries results in peeled skin, core, and crown as the end waste products, which are not utilized and generally discharged as a waste. The dry matter content in pineapple waste is around 10%, and is composed of about 96% organic and 4% inorganic matter. Further they noted that these wastes might have a potential for recycling to get raw materials or for conversion into useful product of higher value, or even as raw material for other industries”.

2.0 Methodology: 
The optimal criteria for a general design were obtained by [8]. The weights corresponding to the optimal designs as put forward by [9] were used to obtain optimal designs by varying the proportions each regression vector was to be run. The respective optimal criteria for the general designs were compared to the optimal variances of the optimal designs to obtain the relative efficiencies of the designs [10]. An application to a four factor experiment where incubation time, initial pH levels of the fermentation broth, incubation temperature during fermentation and initial substrate concentration were investigated in relation to bioethanol yield. A second order model was fit to the experimental data. Model adequacy checking was carried out using the normal probability plots, residual plots, regression analysis and analysis of variance (Anova). F-ratios and t-statistics to test various hypotheses on significance of model parameters i.e linear, two-term interactions and quadratic terms was carried out by [6].

2.1.Optimization of Second-Degree Model
A second-degree model is of the form 
									                (1)
Where  and  and  is a symmetric matrix of order  with the diagonal entry being  for  and off diagonal element being equal to for  is fit with response being given by
+ 								(2)
If   observations are obtained on , given by the design matrix 

Assuming the least-squares estimates of is  with a var.A rotatable design requires that the model has a reasonably consistent and stable variance throughout the region of interest R. The variance of the predicted response at some point  is obtained as
							(3)	
A design D is said to be rotatable if the prediction variance in equation (3) is constant at all points that are equidistant from the design center, which, by a proper coding of the control variables, can be chosen to be the point at the origin of the k -dimensional coordinates system. It follows that the variance of estimate is constant at all points that fall on the surface of a hypersphere centered at the origin, if the design is rotatable. This causes the prediction variance to remain unchanged under any rotation of the coordinate axes. In addition, if optimization of  is desired on concentric hyperspheres, as in the application of ridge analysis, then it would be desirable for the design to be rotatable. This makes it easier to compare the values of  on a given hypersphere as all such values will have the same variance. The necessary and sufficient condition for a design to be rotatable was given by [11].Reference [12] introduced a measure that quantifies the amount of rotatability in a response surface design. This measure is helpful in comparing designs on the basis of rotatability, assessing the extent of departure from rotatability, and in improving rotatability by a proper augmentation of a non-rotatable design[13].The predicted response at the point is of the form 

						(4)
Which can be written in matrix form as
,  and 			(5) 
Where  is a vector of first order regression coefficients and  is a  symmetric matrix whose main diagonal elements are the pure quadratic coefficients  and whose off diagonal elements are one-half the mixed quadratic coefficients  (). The derivative of with respect to vector  equated to zero is 
							(6)
The stationary point is the solution to equation (6)
								(7)
The predicted response at the stationary point is
								(8)
Once the stationary point is found, we characterized the response surface in the immediate vicinity of this point i.e. determined whether the point is a point of maximum, minimum or saddle point. Also to study the relative sensitivity of the response to the variables  contour plots of the fitted model whose construction and interpretation is relatively easy when two or three response variables are involved were examined. A formal analysis called canonical analysis was used which involved transforming model into a new co-ordinate system with the origin at the stationary point and then rotating the axes of this system until they are parallel to the principal axis of the fitted response surface which results into fitted model of the form
			                                (9)
Where  in equation (9) are the transformed independent variables and ’s the Eigen values or characteristic roots of matrix  (), equation (9) is known as the “canonical form “of the model. The nature of the response surface was determined from the stationary points and the signs and magnitude of the  If all the eigenvalues are negative, then  is a point of maximum and it’s a minimum point if all are positive and   is a saddle point if ’s are of mixed signs [14]
2.1.Fitted Second Order Model 
Reference [8] gave the design matrix using the coded levels for a four factor design when the number of replications (r) are less than three the number(λ) of times pairs of treatments occur in the design as put forward by [5] and calculated the D- , A- , E- and T-optimal values of a second order rotatable design in Four dimension constructed using balanced incomplete block designs. This design matrix was used to develop a model for studying the effects of time, initial pH of the fermentation broth, incubation temperature and substrate concentration on ethanol yield and interaction effects of factors on the amount of ethanol produced. Materials collections and preparations method, preparation of the reagents, coded and actual levels of the Process variables, fermentation Process Parameters and ethanol determination as well as calculation of ethanol content in the samples and design justification including model adequacy testing, Anova and regression analysis and significant test of the parameters are all given by [6].The coded and actual levels ,as well as observed response and estimated are given in table 1.







Table 1: Experimental, Estimated and residuals values and coded levels.
	Run
	X1
	X2
	X3
	X4
	Time
	PH
	Temp
	Conc.
	YObserved
	YEstmate
	Errors

	1
	-1.137
	0
	-1.137
	-1.137
	35.1
	5.5
	28.5
	24.6
	7.1
	6.3
	0.8

	2
	1.137
	0
	-1.137
	-1.137
	60.9
	5.5
	28.5
	24.6
	5.1
	5.2
	-0.1

	3
	-1.137
	0
	1.137
	-1.137
	35.1
	5.5
	36.5
	24.6
	6.8
	7.2
	-0.4

	4
	1.137
	0
	1.137
	-1.137
	60.9
	5.5
	36.5
	24.6
	9.8
	10.6
	-0.8

	5
	-1.137
	0
	-1.137
	1.137
	35.1
	5.5
	28.5
	35.4
	7
	7.5
	-0.5

	6
	1.137
	0
	-1.137
	1.137
	60.9
	5.5
	28.5
	35.4
	6.6
	6.4
	0.2

	7
	-1.137
	0
	1.137
	1.137
	35.1
	5.5
	36.5
	35.4
	6.3
	6.5
	-0.2

	8
	1.137
	0
	1.137
	1.137
	60.9
	5.5
	36.5
	35.4
	10.5
	9.9
	0.6

	9
	-1.137
	-1.137
	0
	-1.137
	35.1
	4.7
	32.5
	24.6
	8.4
	8.2
	0.2

	10
	1.137
	-1.137
	0
	-1.137
	60.9
	4.7
	32.5
	24.6
	10.9
	11.3
	-0.4

	11
	-1.137
	1.137
	0
	-1.137
	35.1
	6.3
	32.5
	24.6
	6.7
	8.4
	-1.7

	12
	1.137
	1.137
	0
	-1.137
	60.9
	6.3
	32.5
	24.6
	5.6
	7.6
	-2.0

	13
	-1.137
	-1.137
	0
	1.137
	35.1
	4.7
	32.5
	35.4
	5.1
	7.3
	-2.2

	14
	1.137
	-1.137
	0
	1.137
	60.9
	4.7
	32.5
	35.4
	9.1
	10.4
	-1.3

	15
	-1.137
	1.137
	0
	1.137
	35.1
	6.3
	32.5
	35.4
	9.9
	9.8
	0.1

	16
	1.137
	1.137
	0
	1.137
	60.9
	6.3
	32.5
	35.4
	8.9
	9
	-0.1

	17
	-1.137
	-1.137
	-1.137
	0
	35.1
	4.7
	28.5
	30
	6.9
	7.7
	-0.8

	18
	1.137
	-1.137
	-1.137
	0
	60.9
	4.7
	28.5
	30
	7.4
	8.5
	-1.1

	19
	-1.137
	1.137
	-1.137
	0
	35.1
	6.3
	28.5
	30
	7
	9
	-2.0

	20
	1.137
	1.137
	-1.137
	0
	60.9
	6.3
	28.5
	30
	3.6
	6
	-2.4

	21
	-1.137
	-1.137
	1.137
	0
	35.1
	4.7
	36.5
	30
	7.4
	7.7
	-0.3

	22
	1.137
	-1.137
	1.137
	0
	60.9
	4.7
	36.5
	30
	11.7
	13
	-1.3

	23
	-1.137
	1.137
	1.137
	0
	35.1
	6.3
	36.5
	30
	9.3
	9
	0.3

	24
	1.137
	1.137
	1.137
	0
	60.9
	6.3
	36.5
	30
	10.4
	10.5
	-0.1

	25
	0
	-1.137
	-1.137
	-1.137
	48
	4.7
	28.5
	24.6
	9.2
	7.9
	1.3

	26
	0
	1.137
	-1.137
	-1.137
	48
	6.3
	28.5
	24.6
	4
	6.2
	-2.2

	27
	0
	-1.137
	1.137
	-1.137
	48
	4.7
	36.5
	24.6
	10.8
	11.1
	-0.3

	28
	0
	1.137
	1.137
	-1.137
	48
	6.3
	36.5
	24.6
	9.3
	9.4
	-0.1

	29
	0
	-1.137
	-1.137
	1.137
	48
	4.7
	28.5
	35.4
	7.3
	8
	-0.7

	30
	0
	1.137
	-1.137
	1.137
	48
	6.3
	28.5
	35.4
	9.1
	8.5
	0.6

	31
	0
	-1.137
	1.137
	1.137
	48
	4.7
	36.5
	35.4
	6.9
	9.3
	-2.4

	32
	0
	1.137
	1.137
	1.137
	48
	6.3
	36.5
	35.4
	9.9
	9.8
	0.1

	33
	2.116
	0
	0
	0
	72
	5.5
	32.5
	30
	9.3
	8.3
	1.0

	34
	-2.116
	0
	0
	0
	24
	5.5
	32.5
	30
	5.9
	6.1
	-0.2

	35
	0
	2.116
	0
	0
	48
	7
	32.5
	30
	8.4
	11.2
	-2.8

	36
	0
	-2.116
	0
	0
	48
	4
	32.5
	30
	9.5
	12.4
	-2.9

	37
	0
	0
	2.116
	0
	48
	5.5
	40
	30
	7.9
	8.5
	-0.6

	38
	0
	0
	-2.116
	0
	48
	5.5
	25
	30
	4.6
	4.3
	0.3

	39
	0
	0
	0
	2.116
	48
	5.5
	32.5
	40
	6.8
	6.9
	-0.1

	40
	0
	0
	0
	-2.116
	48
	5.5
	32.5
	20
	6.3
	6.5
	-0.2



The fitted full second order model according to [6] is
		(10) 


Factor settings which optimized ethanol yield were determined through the path of steepest ascent analysis method using R programming as well as the determination of optimum ethanol yield using Response surface plots. Canonical analysis was used to analytically determine the point of maximum yield and the corresponding ethanol yield.

2.2. Characterizing the Response Surface. 
Where	,								(11)
Stationary Point of Response Surface from R output  is .

The derivative of  with respect to vector  equated to zero was obtained and the stationary point is analytically obtained using equation (6) as in equation (11)
			(12)
The predicted response at this stationary point is given by equation (7) as
 		(13)	
An yield of 12.39g/L of bioethanol at stationary point with coded levels of the control variables as  is the level of incubation time at the stationary point while -0.776228,0.589751 and -0.3597595 are coded levels of the initial pH, incubation temperature and the substrate concentration respectively. For incubation time, the natural level at the stationary point was 
		                         (14)
hours of incubation, initial PH of 4.95, incubation temperature of 34.60c and substrate concentration in natural variable of 28.3g/L with a production of 12.39g/L of alcohol which is 0.4377996g of ethanol per gram of the substrate which is 85.6% of the theoretical yield. Where 0.511g of ethanol per gram of substrate is the theoretical yield of ethanol as proposed by [7] at the stationary point.
The response surface was characterized by expressing the fitted model in canonical form
		                                                       (15)
Where  for   are the roots of 
	
			                          (16)
Is the canonical form of the fitted model and since all the eigen values are negative, the stationary point is a maximum point within the region of exploration. The relationship between the canonical variables {} and the design variables {} was necessary to establish when it is difficulty to run the experiment at the stationary point. 
The process variables are related to canonical variables by ); Where the columns of matrix are the normalized eigen vectors associated with ie if  is the  column of matrix , then  is the solution to

for which 
			(17)
Relationship between the  and  variables is 
		             (18)
Implying that if  is required, then the following equation is solved 
                   (19)

To explore the response surface in the vicinity of the stationary point, the appropriate points at which to take observations in the  space are obtained using equation (17) to obtain  so that the runs may be made. As a confirmation test, one experimental run of fermentation of ethanol using pineapple peels based on the optimized conditions was conducted to validate the model and three samples of the diluted ferment were set up for oxidation experiment and an ethanol yield of   11.6g/l was obtained. This actual value closely agreed with the predicted value, with a difference of only 0.8%. Hence the model developed reliably predicted ethanol production. According to [15] differences between experimental and predicted values of less than 10% confirm the validity of a model. These actual values are in close agreement with the predicted values, with differences of less than 10%. Hence, we confirmed that the model developed from the response surface methodology reliably predicts ethanol yields.

2.3.Ridge Analysis
Using “steepest” function in R, the curved path of the steepest ascent based on the ridge analysis is obtained as in Table 2.
Table 2: Details of Ridge Analysis 
	Dist.   
	 X1   
	X2    
	 X3   
	 X4     
	  Yhat

	0
	0
	0
	0
	0
	11.821

	0.5
	0.307
	-0.176
	0.35
	-0.047
	12.221

	1
	0.607
	-0.54
	0.534
	-0.234
	12.371

	1.5
	0.846
	-0.966
	0.623
	-0.462
	12.379

	2
	1.053
	-1.395
	0.68
	-0.695
	12.279

	2.5
	1.246
	-1.821
	0.722
	-0.927
	12.082

	3
	1.431
	-2.244
	0.758
	-1.158
	11.791

	3.5
	1.612
	-2.665
	0.791
	-1.388
	11.407

	4
	1.788
	-3.082
	0.82
	-1.616
	10.935

	4.5
	1.964
	-3.503
	0.848
	-1.846
	10.366

	5
	2.138
	-3.919
	0.875
	-2.074
	9.711



The midpoint range for bioethanol production decreased despite the fact that all variables were increasing. This was due to growth-inhabiting effect of high sugar concentrations, high pH levels, high temperature, as well as ethanol-formation with time which raised its levels thereby distorting microorganisms (yeast) “metabolism-poisonous effect” [16]. The point of maximum ethanol yield from ridge analysis lay between fourth (12.379 g/L) and fifth (12.279 g/L) points. The variables setting in coded form at the fourth point are 0.846 ,-0.966, 0.623,and -0.462 for the incubation time, initial PH, incubation temperature and Substrate concentration, from the design center respectively which corresponds to 57.6 h, pH of 4.8, a temperature of  34.70C and a concentration of 27.82 g/L of the substrate in natural levels. Figure 1 is the path of steepest ascent.
[image: ]
[bookmark: _Toc489705669][bookmark: _Toc22957111][bookmark: _Toc490754399][bookmark: _Toc22974548][bookmark: _Toc22960698][bookmark: _Toc11879752]Figure 1: Path of Steepest Ascent Plot
The curve shows the direction along which bio-ethanol yield increased rapidly with each point being the levels of factors combinations required for higher yield .This path is proportional to the regression parameters of the four factors under consideration.
2.4.Response surface plots
Three dimensional response surface plots and the corresponding contours projected on the horizontal were plotted on the basis of the predicted model equation (9).The shapes of contour plots indicate the nature and extent of the interaction between different factors. Circular contour plots imply less or negligible interactions between variables while significant interactions are shown by the elliptical contour plots. Figure 2 (a-f) each represent the effect of two variables on ethanol production when the other two are held at zero level. In figure 2a, elliptical shape of the contours shows negative interactive effect of the pH and incubation time where ethanol increased with increase in both variable until at a certain point when further increase in the variables resulted in decreased production. Figure2c the circular shape indicates zero interaction effect on ethanol production between time and substrate concentration Figure 2(b), (d) and (e) all showed the positive interactive effect of the variables on the bioethanol yield.
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[bookmark: _Toc489705672][bookmark: _Toc22974551][bookmark: _Toc22957114][bookmark: _Toc11879755][bookmark: _Toc22960701][bookmark: _Toc490754402]Figure 2(a-f): Response Surface Plots with Contours Projected on the Horizontal.
3.0: E-Optimal Design Optimization.
The most efficient design was the E-optimal relative to the general design with 32 runs i.e only factorial part of the design was necessary, [10] but this design was found to be inadequate in estimating parameters of full second order model since some coefficients were aliased and it was not possible to use function ‘RSM’ instead it returned a linear model. But augmenting the design with one center point enabled fitting of full second order model without factors aliasing. The F-value of 24.41 with a P-value of 7.464e-09 which is almost negligible indicates that the model is very significant. From regression analysis, the intercept term and incubation temperatures, the interactive effects of initial PH and incubation time, time and temperature, pH and concentration as well as the quadratic effects of time, temperature and concentration were all very significant at P-values 0.001 While the incubation time and the interactions effects of pH and time as well as time and concentration were significant at P-values of 0.01 and with a multiple  of 0.95,only 0.05 variations of  around the  mean  is not explained by the model hence the model by the E-optimal design achieves better parameters estimations. The final model for the E-optimal model is 
								(20)
Table 3: ANOVA 
	Response: Y1
	D.f
	SSq
	Mean Sq
	F value   
	Pr(>F)

	FO(X1,X2,X3, X4)
	4
	42.896
	10.7240  
	26.159
	2.744e-07

	TWI(X1, X2, X3, X4)
	6
	78.988
	13.1646  
	32.112
	1.137e-08

	PQ(X1, X2, X3, X4)   
	4
	18.217
	4.5543  
	11.109
	0.0001019

	Residuals
	18
	7.379
	0.4100
	
	

	Lack of fit        
	18
	7.379
	0.4100
	
	

	Pure error          
	0
	0.000
	
	
	


The first order terms, the two-way interaction terms and the quadratic terms of the model were all significant at  with the P-values of their F-ratios being less the 0.05. Stationary point of response surface in coded levels was X1= 0.5600981, X2= -0.7591368, X3= 0.6127829 and X4= -0.4166317 with corresponding actual levels being 54.35 hours of incubation time,4.96 initial pH,34.67 hrs. and 28.03g/l substrate concentration for an yield of 12.35g /l of ethanol which is slightly less than  the estimated maximum value by the general 
design by 0.04g/l .But the percentage theoretical yield achieved by the  E-optimal design was slightly higher  at 86.22%  compared to 85.6% of the general design by 1.00724%. Hence this design would be preferred to general design since it achieves higher percentages of ethanol yield at a lower number of experimental runs. We note that all the Eigen values were negative ( -0.1440843, -0.7681515, -1.1212032,-1.9719169) from the R-out put indicating a point of maximum yield and confirmed by the ridge analysis for the steepest ascent.
Table 4: Ridge analysis E-optimal Design
	Dist    
	X1  
	  X2  
	  X3  
	 X4
	 Yhat

	0
	0
	0
	0
	0
	11.821

	0.5
	0.253
	-0.172
	0.391
	-0.06
	12.215

	1
	0.488
	-0.576
	0.58
	-0.305
	12.337

	1.5
	0.656
	-1.032
	0.645
	-0.583
	12.328

	2
	0.798
	-1.476
	0.677
	-0.852
	12.232

	2.5
	0.93
	-1.911
	0.697
	-1.117
	12.058

	3
	1.058
	-2.342
	0.712
	-1.378
	11.808

	3.5
	1.181
	-2.767
	0.724
	-1.635
	11.486

	4
	1.303
	-3.191
	0.734
	-1.892
	11.090

	4.5
	1.423
	-3.612
	0.743
	-2.147
	10.623

	5
	1.545
	-4.038
	0.752
	-2.405
	10.075


Since the model included curvature,ridge analysis,which is a numerical optimization method , was used to locate the maximum yield.The factors levels combinations can be seen at third row from the top with an yield of 12.337g/l of ethanol.
4.0: Conclusion
RSM and the rotatable design constructed using balanced incomplete block with  in four dimensions proved to be reliable in modeling, optimizing and studying the effects of the factors and their interaction to the fermentation of pineapples peels as substrate using Saccharomyces cerevisiae for ethanol production.A maximum yield of 12.35 g/L of ethanol was realized at factor settings of 54.35 h, 4.96 level of pH, 34.670C temperature and 28.03 g/L of substrate concentration using the E-optimal design. The high values of coefficient of determination   and Adjusted R-squared for the E-optimal design indicated that the model fitted the data well.
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