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Abstract 

The need for a cleaner environment in urban areas and the high cost of petroleum products which are becoming 

scarce due to unbalanced relation between supply and demand besides air pollution of sources has led to the 

research for other fuels to replace fossil fuels. Ethanol from biomass waste is such an alternative to petroleum 

products. Most studies on optimization of process variables using Response Surface Methodology apply Central 

Composite Designs yet other designs exist. Optimal designs have fewer trials employed with the aim of obtaining 

efficient designs for fitting reduced quadratic or higher order models. Coded values of a second order optimal 

rotatable design in four dimensions constructed using balanced incomplete block designs (BIBD) was fit into 

experimental data in order to study the effects of four process variables namely; time, PH, temperature and 

substrate concentration on fermentation of pineapples peels using Saccharomyces cerevisiae for ethanol 

production. Normal probability plots and Multiple R-squared of 0.9323 and Adjusted R-squared of 0.8944 which 

measure model fitting reliability indicated aptness of the model. Most values of Probability F were less than 0.05, 

confirming that the model terms were significant and only 6.8% of the total variation could not be explained by the 

model ensuring good adjustment of the model to experimental data. Model adequacy was also confirmed by the 

good agreement between the experimental data and predicted values. The design was found reliable in modeling, 

and studying the effects of the four factors to the processes of fermentation of pineapples peels as substrate for 

ethanol production using Saccharomyces cerevisiae 

Keywords: Ethanol, Pineapple Peels, Response Surface Methodology and Rotatable Designs.  

 

1. Introduction 

Ethanol from bio-mass waste is an alternative to fossil fuels that can be used in petrol engines without 

modification and with the current fueling infrastructure and it is easily applicable in present day combustion 

engine, as mixing with gasoline Hansen et al.,(2005b).Combustion of ethanol results in relatively low emission of 

volatile organic compounds, carbon monoxide and nitrogen oxides compared to fossil fuels such as petrol and 

diesel Wyman and Hinman, (1990). Isaias et al,. (2004) observed that ethanol reduces green-house gases by 

between  86% to 90% while Goettemoeller and Goettemoeller, (2007) noted that many starchy wastes can be used 

as raw materials for ethanol production but Molasses is widely used since it is cheap and readily available for 

conversion with little pre-treatments as compared to other starchy materials since it’s sugars are present in 

fermentable form, Razmovski and Vucurovic, (2011). Tropea et al (2014) notes that 75% of the fruit processed in 

canneries results in peeled skin, core, and crown as the end waste products, which are rich in intracellular sugars and 

plant cell walls composed mainly of cellulose, peptic substances and hemicelluloses. Their dry matter content 

which is around 10%, is composed of about 96% organic and 4% inorganic matter Abdullah, (2007). These 

materials exhibit both high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) values as 

noted by Ban-Koffi and Han, (1990) which give rise to serious pollution problems if not properly disposed. For high 

quality and high yield of ethanol in ethanol industry, selection of fermentative yeast is key. Saccharomyces 

cerevisiae is the most well-known and commercially significant yeasts that have been primarily used for bioethanol 

production Chandel et al., (2007). Tsuyoshi et al., (2005), records that one yeast cell ferments approximately its own 

weight of glucose per hour and that Sugars from sugar cane, sugar beets, molasses, and fruits are converted to 

ethanol directly. Choonut et al., (2014) observed that Pineapple peels, account for 29-40% (w/w) of total 

pineapple weight which after pretreatment with water and heat at 1000C for four hours, 36.25±2.87% of cellulose 
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is achieved. A number of factors like incubation time and temperature, substrate concentration and sugar tolerance 

of the yeast strain used in fermentation are known to limit the production of ethanol in quality and quantity. Use 

of concentrated sugar substrate is one way of obtaining high ethanol yield during fermentation, but high substrate 

concentrations is inhibitory to fermentation due to the osmotic stress on yeast. While certain ranges of pH and 

temperatures of the fermentation medium significantly affect the process. Ergun et al,.(2000) and Jones et 

al,.(1981). 

1.1. Response Surface Methodology (RSM) 

Introduced by Box and Wilson,(1951),RSM is useful for modelling and analysis of problems in which a response 

of interest is influenced by several variables and the objective is to optimize this response Montgomery, (2005) , by 

finding the most appropriate production conditions for the bioprocess and forecasting response Isaias et al., 

(2004). RSM is concerned with the selection and construction of an appropriate design that can provide adequate 

and reliable information concerning a certain response variable, denoted by Y and determination of a suitable 

model that best fits the data that can be generated from using the design chosen. Such a model gives an 

approximate functional relationship between the response variable Y and a set of control variables denoted by ix  

which are believed by the experimenter to have an effect on the response.Then finally the determination of optimal 

settings on the control variables that produce maximum (or minimum) response values within a certain region of 

interest R. 

                   (1) 

Where,  are the  observations and  is the level of the  factor at the run. The function   

describes the form in which the response and input variables are related and  is the experimental error at the  

run with mean zero ( ) and variance .The objective is to establish a functional relationship between the 

response and the control variables which give a summary of an experiment and enables prediction of response  

for values of  that are not included in the experiment.  

 

1.2 Rotatable Designs 

Introduced by Box and  Hunter, (1957) for the exploration of response surface where it was shown that the 

number of Centre points in the rotatable central composite designs could be chosen to provide a design with 

uniform precision for the estimated surface within one unit of the design center co-ordinates on the coded scale 

since the interest is in the response surface near the Centre of the design. Tables of designs or methods of 

construction of these designs can be found in Draper, (1985).Most of these designs are based on  fractional 

factorial designs augmented with design center points to estimate second-order response surface models. Das and 

Narasimham, (1962) demonstrated construction of second and third order rotatable designs using balanced 

incomplete block designs (BIBD) while Koske, Kosgei, and Mutiso, (2011) developed a third order rotatable 

design in five dimensions with 320 points through balanced incomplete block design.   

2. Materials and Method 

Pineapple peels were obtained from a local market in Thika town. The peels were sun-dried for three days and then 

oven dried at 350C for three hours and milled into fine particles using a Ramtons fruit blender and 40g of the mill 

was carefully weighed (using an electronic balance (type AY220 number D440620174 of capacity 220g with a 

reliability index of 0.1mg manufactured by Shimadzu Corporation) and dissolved in 1000mL of distilled water and 

immediately pre-treated at 100 ºC for 240 minutes under continuous mixing to inactivate endogenous enzymes and 

reduce microbial spoilage. The content was cooled to room temperature. The filtrate settled at the bottom of the 

glass jar, a pH of 3.95 was observed using a pH meter model number LMPH-10 Mark LABMAN serial number 

L9254.  

2.1 Preparation of the Reagents  

Acidified potassium dichromate (0.01M in 5.0M sulphuric acid), Starch indicator solution (1.0 % starch solution) 

,Potassium iodide 1.2molar and 0.03molar Sodium thiosulfate solution( ) used in titration were all 

prepared as described by Ferguson, n.d. 

2.2 Process Variables of Bioethanol  

Gichuki et al, (2020) 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 

Das and Narasimham, (1962) . This design matrix was used in this study to develop a model for studying the 

effects of time, initial pH of the fermentation broth, incubation temperature and substrate concentration on ethanol 
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yield and interaction effects of factors on the amount of ethanol produced. The coded and actual levels of the 

process variables are displayed in Table 1 

Table1. Coded and Actual Levels of the Process Variables. 

Coded levels T(hrs.) pH T(0C) Conc(g/l) 

2.116 

1.137 

0 

-1.137 

-2.116 

 72 

 60.9 

 48 

 35.1 

 24 

7 

6.3 

5.5 

4.7 

4 

40 

36.5 

32.5 

28.5 

25 

    40 

    35.4 

    30 

    24.6 

    20 

 

The factors were rescaled and therefore zero is in the middle of the center of the design while  and 

 are the distances from the center with directions which correspond to the factorial and axial parts of the 

design respectively. The coding of  substantially increases the flexibility of the model Hill and Hunter, (1966) 

. The natural variables  for  factors were converted into coded variables using the following 

relationship; 

            (2) 

The maximum and minimum values of cover the range of variation in the input variables where  represents 

the natural variable. The output response corresponding to each combination of input parameters was the mean 

Bioethanol produced in  per experimental run. The pH levels were adjusted using sodium hydroxide. 

2.3 Fermentation Process Parameters 

Fermentations was carried out in 250 ml conical flasks fitted with rubber stoppers and clearly marked with stickers 

indicating run number, required fermentation time, pH, temperature and concentration of substrate. Five batches of 

250 ml in conical flasks of the pre-treated substrate were prepared and concentrations varied by diluting using 

distilled water, further five other 100mL beakers were used where substrates with various concentration were placed 

and pH adjusted by adding drops of 0.1M Sodium hydroxide to increase it from 3.95 which was found to be the pH of 

the pre-treated substrate. Then 10ml of these substrates with concentrations and pH’s adjusted as per the 

experimental design points were drawn using a Pipette and placed in the marked 250ml conical flasks of the 40 

experimental runs. The fermentation started with addition of 10 ml of Saccharomyces Cerevisiae inoculum prepared 

by dissolving 5g of Brewer’s yeast in 1000mL of distilled water to the medium. The contents were placed in a 

rotation shaker at 30 rpm for two hours. Incubation was performed in four shaking incubators at 200rpm in Mount 

Kenya University analytical chemistry laboratories set at different temperatures as per the design requirements and 

samples for analysis were taken after 24, 35.1,48,60.9 and 72hours at different prescribed incubation periods. Broth 

samples were drawn from the fermentation flasks using a 10 ml syringe: The drawn samples were immediately 

frozen at -10 ºC in a deep freezer until analysis time. 

2.4 Ethanol Determination 

Ferguson, n.d. method was applied where samples from each experimental run were diluted in the ratio of 1:10. 

Then three samples of 1ml of the diluted sample were drawn using a micro Pippete and placed in a 5ml glass vial 

and 10ml of the acid dichromate solution was transferred to a 250ml conical flasks with matching rubber stoppers 

and the fermented samples were suspended over the dichromate for overnight.Three samples from each experimental 

run were prepared since the entire content of the conical flask was used in the titration. Then water and ethanol from the 

sample slowly evaporated from the glass vial and ethanol was oxidized to ethanoic acid by the dichromate, the set up 

was left in a water bath at   degrees. Analysis of ethanol content in the sample was by the method of 

redox back titration as put forward by Krakwowiak,  et al,.(1997) where for sharp end points detections during 

titrations, dilution of  the fermented samples in the  ratio of one is to ten was necessary. According to Ferguson, 

n.d., ethanol is oxidized to acetaldehyde by acid reacting it with an excess of acidified    Potassium dichromate.The 

excess potassium dichromate is oxidized by potassium iodide to produce iodine then iodine produced is titrated with 

standard sodium thiosulfate solution. Three concordant results (titers agreeing to within 0.1ml) were obtained Three 

blank titrations were carried out to inform on amount of acid dichromate present at the start as no alcohol had been 

added it meant all dichromate was still present.  
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2.5 Calculation of Ethanol Content in the Samples 

The average volume of sodium thiosulfate used in titration of the sample is subtracted from the average volume of 

sodium thiosulfate used in titrating the blank and the number of moles of sodium thiosulfate in this volume obtained: Six 

moles of  is equivalent to one mole of  and two moles of  is equivalent to three moles of 

ethanol and one mole of   is equivalent to 0.25moles of ethanol. 

3.  Results and discussions  

The fitted full second order model using R programming is 

(3)  

Equation (3) characterizes the influence of the different variables on yield. Positive signs in front of the terms 

indicate synergetic effect while negative sign indicate antagonistic effects. Within the studied range of the 

variables, pH , had an antagonistic effect on yield of  while all other three variables had synergetic 

effect with temperature having the highest effect of 0.994. A comparison of the observed results between 

experimental and predicted values showed a good matching in between and over the defined range. 

3.1 Plot of Residuals versus Fitted Values 

If the model is correct, and assumptions of normality for the errors are satisfied, residuals should be structureless, 

in particular they should be unrelated to any other variables including the response and the predicted values. Plot of 

the residuals versus fitted values should not reveal any obvious pattern. The normal probability plot, of the 

residuals are shown in figure 1. 

 

Figure 1. Plots of Residuals 
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In figure 1(a) is the scatter plot of the errors while (b) is the Normal Q-Q plot of ethanol yield which clearly 

approximates a straight line. In Figure 1(c), the standardized residuals plotted against the run numbers shows how 

randomly they are scattered within the constant range of residuals across the graph thus the model is adequate and 

finally the plot of predicted values against the experimental values figure 1(d) indicates a strong positive 

correlation hence no reason to suspect violation of independence or constant variance assumption.  

3.2 Anova and Regression Analysis 

Analysis of the fitted model to test whether the model adequately approximates bioethanol yield well was carried 

out Using the Regression and ANOVA Table 2 and Table 3 respectively. 

Table 2. Call: Rsm (Formula = Y ~ So (X1, X2, X3, X4) 

Estimate   Std. Error t value   Pr(>|t|) 

(Intercept) 11.82132  1.71799   6.8809   3.266e-07 *** 

X1  0.51267  0.10282    4.9861   3.864e-05 *** 

X2  -0.26866  0.10282   -2.6129    0.014978 *   

X3  0.99367  0.10282   9.6641    6.360e-10 *** 

X4  0.10893  0.10282   1.0594   0.299524     

X1:X2 -0.75903  0.12573  -6.0371    2.628e-06 *** 

X1:X3 0.86539  0.12573   6.8831   3.249e-07 *** 

X1:X4 0.21272  0.12573   1.6919    0.103088     

X2:X3 0.44478   0.12573   3.5377    0.001606 **  

X2:X4 1.11679   0.12573   8.8827    3.311e-09 *** 

X3:X4 -0.37226   0.12573  -2.9609    0.006632 **  

X11  -1.02999   0.43578  -2.3635   0.026185 *   

X22  -0.62737   0.43578  -1.4396   0.162377     

X33  -1.21016   0.43578   -2.7770     0.010248 *   

X44  -1.13815  0.43578       -2.6117    0.015017 * 

 

--Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.Multiple R-squared:  0.9323, Adjusted R-squared: 

0.8944 F-statistic: 24.59 on 14 and 25 DF,  p-value: 3.692e-11.Call: F-value of 24.59 and the low probability 

value (< 0.001), is proof of the significant model fit. Using the test statistics and  level of significance, the 

regression analysis indicates that out of the four control variables, incubation time  and temperature 

were significant to the yield with their  values of their statistics being far much less than  the 

level of significance while initial PH  had a significant negative effect at value of  while the 

concentration of the substrate was not significant at  The interactive effect of temperature and time, PH 

and substrate concentration had very significant synergetic effect on bioethanol yield while time and pH  had an 

antagonistic effect significant at 0.001. Interactive effect of temperature and pH was only significant at 

0.01implying that increase in both incubation temperature and initial PH resulted in increase in ethanol yield. The 

intercept term of the model was significant at P-value of 0.001. While the quadratic effects of time, temperature 

and substrate concentration were all significant at a P-value of 0.05 affecting bioethanol production 

antagonistically. The statistics values could also have been determined analytically as in equation (4) 

                (4) 

Where  is the diagonal element of matrix  corresponding to .The denominator of equation (4) 

being standard error of coefficient . For example 

               (5) 
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The reduced model after removing the non-significant terms became 

(6)Equat

ion (6) was used to obtain the estimated value of ethanol yield in Table 4.To test the adequacy of the fitted model, 

analysis of variance and F-test were employed. The Analysis of variance table for full second order model is given 

in Table 3. 

Table 3: Analysis of Variance 

Response: Y   D.O.F  Sum SQ   Mean SQ F value   Pr (>F)  

FO(X1, X2, X3, X4)  4  53.346   13.3364   31.5516   1.940e-09 

TWI(X1, X2, X3, X4)  6   78.988   13.1646   31.1451  1.944e-10 

PQ(X1, X2, X3, X4)  4   13.157    3.2894    7.7821  0.0003228 

Residuals      25   10.567  0.4227 

Lack of fit      25   10.567    0.4227                   

Pure error    0   0.000                           

The F-ratio for main effects; time, pH, temperature and substrate concentration of 31.5516 is more than table 

F(5%,4,35)=2.69.Hence reject the null hypothesis of equality of the regression parameters at 5%.The two terms  

interactions and quadratic regression equality of parameters hypotheses were rejected since their F-ratio values of  

31.1451 and 7.7821 respectively with P-values  and 0.0003228 were both less than  .Since 

the second order terms of two-way interactions (TWI) and polynomial quadratics (PQ) terms contributed 

significantly, the model is considered adequate. Multiple R-squared of 0.9323 and Adjusted R-squared of 0.8944  

which measure model fitting reliability indicates aptness of the model, Bhunia and Dey, (2012) Also most values 

of Probability F are less than 0.05, which confirms that the model terms are significant. Only 6.8% of the total 

variation cannot be explained by the model which ensures good adjustment of the model to experimental data. 

Model adequacy was also confirmed by the good agreement between the experimental data which ranged between 

3.6 to 11.7g/L and predicted values from 4.3 and 12.4g/L as shown in Table 4.  

4. Conclusion:  

RSM and the rotatable design constructed using balanced incomplete block design was found reliable in modeling, 

and studying the effects of the four factors to the processes of fermentation of pineapples peels as substrate for 

ethanol production using Saccharomyces cerevisiae. Further studies on modelling the effects of these and other 

process variables which affect the quantity of ethanol produced using pineapple peels using a rotatable optimal 

design constructed using balanced incomplete blocks designs when the number of replications are more than three 

the number of times pairs of treatments occur in the whole design is suggested  
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Table 4. Observed, Estimated and Residuals Values 

Run          X1         X2        X3        X4      Time pH Temp Conc     Y Observed Y Estimated 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

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

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 5.5 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

34 -2.116 0 0 0 24 7 32.5 30 5.9 6.1 -0.2

35 0 2.116 0 0 48 4 32.5 30 8.4 11.2 -2.8

36 0 -2.116 0 0 48 5.5 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  
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