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Abstract

Current technologies for the production of biofuels from various renewable feedstocks have
considerably captured vast scientific attention due to the fact that they can be used as an
alternative fuels. Bioethanol being one of the most interesting biofuels and due to its positive
impact on the environment has been categorised significantly in terms of scientific and
technological investments. The aim of this study was to investigate, tubers of Amorphophallus
paeoniifolius biomass as a feedstock for bioethanol production. The composition analysis of
A.paeoniifolius tubers revealed high carbohydrate content (78.30+0.33%). The feedstock was
subjected to physicochemical pretreatment by treating with dilute acid followed by pressure
cooking. The pretreatment factors were optimized by CCD using RSM approach. The optimum
condition was found to be 1.32%v/v of HCI, 5.83%w/v of Elephant Foot Yam Biomass and
66.84min of pressure cooking time yielding 45.87g/L. of total sugar. The second order
polynomial equation was generated for the saccharification of the biomass and validated with
R? 0.89. The fermentation of pretreated biomass in the presence of Saccharomyces cerevisiae

MTCC170 yielded 22.12+0.62g/L. of bioethanol at 120h utilising 92% of initial total sugar.
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The resultant ethanol yield and productivity was estimated to be 0.51g/g and 0.30g/L.h
respectively. The Gompertz model equation was applied to experimental data using nonlinear
regression with the least square method and the kinetic fermentation parameters such as
maximum ethanol concentration (Pm), production rate (rpm) and lag phase (h) were estimated

to be Pm =21.90g/L., rpm=0.57g/L.h and tL =8.22h.

Key words: Amorphophallus paeoniifolius, Central Composite Design (CCD), stirred tank

batch reactor (STBR), Bioethanol.

1 Introduction

Rise in global warming in recent years has promoted the research to focus on various aspects
of alternative renewable fuel sources. This has attracted the production and utilization of
various bioresources for their progressive application thus making an attempt in reducing the
fossil fuel consumption significantly.! Although substantial research has been collaborated in
the resultant production of bioethanol, there is still a need for steady implementation of
processes and optimization techniques 2. It is reviewed that the present biofuel demand is
expected to rise between 250- 500 billion litres per year till 2045 3. To meet this exorbitant
demand there is a necessity to quantify a number of unexplored feedstock in order to meet the
concerned capacity production with its advancement. As per the availability of reports some of

t *°, corn %7, barley 3, sweet

the successfully explored potential starchy sources like whea
potato '°, maize ', rice 2, potato '3, cassava '* and waste food grains '° already has gained
importance with defined technology and resources. Though these food crops have a huge
demand in agriculture, there are all possibilities that they may pose threats of food vs. fuel
conflicts '°. But surplus growth of selected starchy sources can always be grown in field to

compensate this status. It is estimated that 2.7 billion tons of these crops are harvested annually

and are available for use !’. The total annual production of starchy feedstock depends on the



fertile soil, available land and productivity. In United State 35% of the harvested maize grain
is utilized for bioethanol production which yields 53 million litres of bioethanol annually '8,
Cassava starch grown in subtropical countries is another starchy residues used for bioethanol
production and is compatible with current corn to ethanol technology '°. Sorghum is grown in

dry region and can become a good substitute for ethanol production 2.

Production of bioethanol is governed by various process parameters such as degree of
hydrolysis, inoculum size, broth pH and fermentation time 2!. Yeast plays a critical role in
fermenting wide range of hexose and pentose sugars into bioethanol, thus enhancing the
quantity and rate of bioethanol production *2. Optimization of pre-treatment process parameters
is a critical step in the production of an effective and economic process. In the last decades
various research have been focusing on identification and demonstration of pretreatment
techniques for bioethanol production >*2°. However, nature of feedstock decides the type of
pretreatment and economy of process. To reduce the cost of overall process, the factors
affecting the pretreatment steps need to be identified at an optimum condition %°. An
optimization technique adapts systematic statistical approach to standardize the maximum
output based on the input given to the process. It is also carried out to achieve maximum or

minimum response, depending on the process parameters ’.

Amorphophallus paeoniifolius tuber (Elephant Foot Yam) is a plant belonging to the family of
aroids, Araceae. It is grown abundantly in the tropical areas of the world for its edible tubers.
These tubers possess high starchy content amounting almost 85% of the total dry weight 28-°,
The present research aims to focus on an unexplored source of Elephant Foot Yam Biomass
(EFYB) and pretreatment optimisation for bioethanol production. The optimization of
saccharification process was carried out using CCD and the experimental response was fitted

to the second order mathematical model. The hydrolysate obtained after the optimum

pretreatment process was subjected to fermentation in the presence of yeast Sacchromyces
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cerevisiae MTCC 170. Furthermore, fermentation studies were carried out in laboratory stirred
tank batch reactor (STBR) and the rate of ethanol formation and substrate utilisation was
determined. The kinetic parameters of bioethanol fermentation were fit into the experimental

data using non-linear regression with least square method.

2 Results and Discussion

2.1 Physicochemical pretreatment of EFYB

The compositional analysis of EFYB reveals 11.56+£0.30% protein, 6.7+0.12% moisture,
3.4440.027% ash content and the carbohydrate to be 78.30+0.33%. This rich carbohydrate
content in EFYB proves to be a potential source for bioethanol production. The rich
concentration of carbohydrates in biomass eases the hydrolysis process and thus increases the
sugar yield per weight of biomass, thus increasing the overall bioethanol yield and productivity.
The parameter values obtained in this study were in good agreement to the reports by Behera
et al *%and Suriya et al %. The marginal change in the composition could be attributed to

geographical location, analysis method and accuracy.

The pretreatment of EFYB was processed by treating with dilute HCI followed by pressure
cooking. The effect of acid concentration, EFYB load and pressure cooking time on total sugar
is presented in Figure 1. From the figure it is clearly evident that the change in pretreatment
parameter greatly affects the hydrolysis rate. Increase in EFYB load indicates a positive effect
on total sugar release till 6%w/v releasing 71.38+0.29g/L of sugar (Figure 1a). Further increase
in biomass load beyond 6%w/v stabilizes the hydrolysis process. This could be due to an
increase in biomass load increasing the surface area which further leads to poor wettability of
biomass surface. The hydrolysis process increases at a steeper rate by increasing the time of
pressure cooking of acid treated biomass. The pressure point inside the pressure cooker was

attained at 15min of heating. The maximum sugar release (70.83+0.45g/L) was observed at



40min of pressure cooking (Figure 1b). However, extending the pressure cooking time resulted
in a significant loss of total sugar (57.95+4.5g/L.) which could be due to evaporation loss and
degradation of released sugar to form inhibitory compounds *!7?. It was also observed that
higher residence time of pressure cooking yielded reduced volume of hydrolysate which makes
the process unfavourable for fermentation. Thus, the present study indicates that high

temperature (121°C) and lower residence time had an impact to the method and thus was more

favourable for hydrolysis.
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Figure 1. Effect of pretreatment parameter on fermentable sugar (a) %EFYB (b) Pressure cooking time
(c) %HCI on total sugar release (g/L)

The effect of dilute HCI on total sugar release was studied by varying the acid concentration
from 1%v/v to 9%v/v (Figure 1¢). Increase in acid concentration to 3%v/v effectively released
the total sugars (61.11+£5.2g/L). However, sugar loss steadily increased by further increasing
the acid concentration above 5%v/v, which further resulted in a decrease in total sugar release.

This conversion of carbohydrate to sugar was effective in dilute acid concentration as well

utilizing lesser time of hydrolysis.

2.2 Optimization of physicochemical pretreatment condition

The experiments were performed as per the factor combination shown in Table 2 and response
was measured. The statistical significance of experimental data was performed by analysis of

variable (ANOV A) and regression analysis and is presented in Table 1. Using response surface



method the release of total sugar was analysed with second order polynomial equation.
ANOVA results describes that pressure cooking time and quadratic terms of EFYB load and
pressure cooking time had a p-value less than 0.05, indicating the appropriate significant effect
on total sugar release. The interaction among the pretreatment factors having p>0.05 did not
have any significant effect on response. From the Fisher's F-test, the model F-values reported
in this study was observed to be 9.53. This higher F-value than the lack of fit F-value (3.90)
indicates that the model was best fit. The insignificant p-value (p=0.081) also supports the
fitness of the derived model. The high coefficient of determination value for total sugar

(R?=0.896) also support the significance of the model generated.

The regression equation in coded form was deduced to represent the release of total sugar as

given in Equation 1.

Total Suagr (g/L) = [133.9 [1[15.41A [111.01B [1[/1.081C [1110.41A%[10.588B>
[1110.00804C? [1111.418ABI (1 0.0067BC [ 0.0033BC
Equation 1

Table 1. ANOVA results for the optimization of total sugar (g/L)

Source DF | AdjSS | AdjMS | F-Value | P-Value*
Model 9 | 1343.13 | 149.24 9.53 0.001 Significant
Linear 3 | 1057.15| 352.38 22.50 0.000
A 1 11.27 11.27 0.72 0.416
B 1 1.54 1.54 0.10 0.761
C 1 | 1044.35 | 1044.35 66.69 0.000
Square 3 221.34 73.78 4.71 0.027
A? 1 2.41 2.41 0.15 0.703
B? 1 79.61 79.61 5.08 0.048
C? 1 149.10 | 149.10 9.52 0.012
2-Way Interaction | 3 64.64 21.55 1.38 0.306
AxB 1 64.35 64.35 4.11 0.070
AxC 1 0.14 0.14 0.01 0.926
BxC 1 0.14 0.14 0.01 0.927
Error 10 156.59 15.66
Lack-of-Fit 5 124.61 24.92 3.90 0.081 | Insignificant
Pure Error 5 31.98 6.40




Total | 19 | 1499.73 | | | |
*P<0.05 is significant

3-D interaction plot for total sugar release is presented in Figure 2. The interaction plot for the
physicochemical pretreatment was studied at constant hold values of 3%v/v HCI, 6%w/v EFYB
and 40min of pressure cooking time. From Figure 2(a) it can be described that lower and higher
value of HCl and EFYB load had a negative effect on total sugar release. But the acid
concentration had no significant effect on rate of hydrolysis at lower pressure cooking time and
sugar released increased as time of pressure cooking was raised to a higher level (Figure 2b).
These observations depict that at lower temperature and pressure acid cannot penetrate deep
into the cell wall and thus hydrolysis of carbohydrate seems to be ineffective. Similar trend
was observed for increase in EFYB load and time. An increase in residence time of biomass
inside the cooker enhances the sugar release but at higher residence time sugars gets degraded
into phenolic compounds. This can be observed in Figure 2(c), wherein total sugar

concentration was found to be reduced at higher residence time.

Thus observed from the surface plot presented in Figure 2 it being symmetric and optimum at
the centre and within the range of level explored. Curved lines in the plot (Figure 2) proves the

interactions among the factors with p<0.05.
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Figure 2 (a-c). 3-D surface plot for the pretreatment of EFYB for bioethanol production.

The reduced regression model was generated to get optimum conditions for pretreatment
from response optimizer tool. The optimized condition for total sugar release was 1.32%v/v of
HCI, 5.83%w/v of EFYB and 66.84min of pressure cooking time. The generated model was
validated by conducting experiment at optimal condition and comparing the experimental value
with model predicted value. At optimum pretreatment condition the total sugar 45.87g/L. was

well correlated with the predicted value of total sugar 43.48g/L being a good fit model.

2.3 Ethanol fermentation in lab scale stirred tank batch reactor (STBR)

The direct fermentation of EFYB hydrolysate in STBR was carried out for different
fermentation time intervals. The concentration of bioethanol and substrate utilization with
respect to fermentation time is shown in Figure 3. The EFYB hydrolysate with initial sugar
concentration 46.87g/L was taken as substrate for bioethanol fermentation in the presence of

S.cerevisiae. The media was fed with 5%v/v of S.cerevisiae and fermentation was carried out



at 37°C. The sugar concentration reduced to 3.92g/L at the end of fermentation, which amounts
to 92% total sugar utilization in 120h.The bioethanol concentration at 120h of fermentation
was found to be 22.124+0.62g/L. The yield and productivity of ethanol calculated at the end of

120h fermentation was found to be 0.51 g of ethanol/ g of substrate and 0.30g/L. h respectively.
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Figure 3. Effect of fermentation time on bioethanol yield and substrate consumption for EFYB
hydrolysate

High bioethanol yield and productivity shows that the EFYB hydrolysate was effectively
converted into bioethanol and was free from any fermentation inhibitor. These fermentation
parameter obtained in the present study is comparable with the values reported in the

literature3* 38,

2.4 Estimation of kinetic parameters

The kinetic parameters of bioethanol production from EFYB by S. cerevisiae were estimated
by fitting the experimental data to modified Gompertz model. This model represents the
relationship between ethanol produced and fermentation time between experimental finding

and model calculated value (Figure 4).



The experimental data of bioethanol fermentation was fitted to the proposed model equation
using Microsoft Excel 2010 solver by non-linear regression using least square technique. The
calculated correlation coefficient was above 0.99 suggesting the accuracy of the model. The
fitness of the generated kinetic model was predicted by calculating the mean square error
(MSE) and variance. The lesser value (9.85x107) of MSE and variance (I /[1[ ][] 1[1x10®) for

bioethanol production thus supports the efficiency of the kinetic model generated.
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Figure 4. Fitting the modified Gompertz model to experimental data

The kinetic parameters of the modified Gompertz model are calculated to be maximum ethanol
concentration (Pm) =21.90g/L, maximum ethanol production rate (rpm) =0.57g/L.h and lag
phase (tL)=8.22h. The predicted value of productivity in the present research output was

observed to be in good agreement with experimental value.

3 Conclusion

The process developed in this study was more economic due to involvement of minimal unit
operation and rapid saccharification process in order to release fermentable sugar to produce

bioethanol. The present study investigated the potentiality of Elephant foot yam (A.
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paeoniifolius) biomass as a successful feedstock for bioethanol production. The feedstock
under investigation was hydrolysed prior to fermentation by the action of HCI acid followed
with pressure cooking. The process parameter affecting the hydrolysate concentration was
studied by varying one factor at a time and statistically optimized using CCD. The resultant
optimum 45.87g/L of total sugar at 1.32%v/v of HCI, 5.83%w/v of EFYB and 66.84min of
pressure cooking time was obtained. A second order polynomial equation was generated and
validated to describe the saccharification of A. paeoniifolius. The fermentation of EFYB
hydrolysate using S.cerevisiae in STBR enhanced the yield and productivity of bioethanol to
0.51g/g and 0.30g/L.h respectively. Gompertz model was accurately fit into bioethanol
fermentation process and kinetic parameters were determined by using nonlinear regression

with the least square method.

4 Materials and Methods

4.1 Raw material

Elephant foot yam (EFY) was collected from the coastal district of Karnataka, India
(12°52'01.5"N 74°50'21.6"E). Fully grown, 7-8 month old yam was harvested for this study.
The EFY was cleaned with fresh water to remove soil and other unwanted debris. The whole
yam, except the dark brown outer skin was used as a substrate for pretreatment and bioethanol
production. The EFY tubers were chopped into smaller pieces and sun dried for 3 days to
remove excess moisture. The chopped tubers were further dried in hot air oven at 60°C for 12h.

The bone dry samples were milled to flour and stored in an air tight container for further use.
4.2 Compositional analysis of Elephant Foot Yam Biomass (EFYB)

The chemical compositions of EFYB such as carbohydrate, starch, protein and ash content

were determined experimentally by adapting AOAC standard protocols *°. The compositional
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analysis was carried out by taking 1g of EFYB. The total sugar in the biomass was estimated

by using spectrophotometric technique as per Dubois method *°.
4.3 Pretreatment Process

The powdered EFYB was subjected to treatment with dilute acid followed by pressure cooking
to hydrolyse the carbohydrate to fermentable sugar. The process was carried out by taking
100mL of acid in 250mL screw capped bottle to avoid any evaporation loss during pressure
cooking. After the pretreatment process the hydrolysate were separated by filtering it through

ceramic mesh filter and the amount of total sugar was quantified.
4.3.1 Acid pretreatment

The pretreatment of biomass with dilute mineral acid is proven to be one of the effective
methods of pretreatment in industrial scale *'. Several studies have been reported by utilizing
mineral and organic acids in the pretreatment process to obtain C6 and C5 sugars*?. The dilute
acid pretreatment significantly reduces the reaction activation energy, thereby improving the
cellulose hydrolysis rate**. The acid pretreatment of EFYB was carried out by mixing the
biomass with 100mL of dilute hydrochloric acid (HCI). In order to study the correlation among
the acid concentration and biomass handling capacity, the acid strength was varied between
1119%v/v by keeping EFYB load constant at 5%w/v. Further, EFYB load was varied between

111111 1%w/v by treating it constantly with HCI concentration at 3%v/v.
4.3.2 Physicochemical pretreatment

The physicochemical pretreatment is a cost effective and efficient technique with lower energy
consumption. In this process steam penetrates into the biomass and expands cell wall which
facilitates acid to hydrolyse the carbohydrates *>.The acid treated EFYB was pressure cooked
in 12L domestic cooker in 250mL screw capped bottle. The contents were pressure cooked at

121°C at 15psi by varying the residence time between 20[180min. The volume of water inside
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the pressure cooker was maintained constant to avoid variation in preheating time. After the
pressure cooking the content were cooled to ambient temperature and filtered. The total sugar

released after the hydrolysis was determined.
4.4 Optimization of pretreatment parameter using central composite design (CCD)

The pretreatment process parameter such as acid concentration, EFYB load and pressure
cooking time significantly affecting the degree of hydrolysis were optimized using response
surface methodology (RSM). In RSM the effect of pretreatment factors on the release of total

sugar was represented by second order polynomial equation as shown in Equation 1 #°

— 3 k 3 2 :
Total suagr = ag + Xj=1 iX; + Xicj @ijXiXj + Xizq QX Equation 2
Where, a is the regression coefficient and x is the independent factors

The experiments were designed and analysed using statistical software MINITAB 17 trial
version. A central composite design with three pretreatment factors taken was taken in 5 coded
levels (—a, [ 11, 0, +1 and +a) consisting of 20 experimental combinations which were taken in
this study. +a corresponds to the star or axial point having value +1.68 and other coded values

(11, 0, and +1) represent the low, mid and high range value respectively.

The factors such as acid concentration (A), EFYB load (B) and pressure cooking time (C) were
taken as independent variable and total sugar released during the hydrolysis was taken as
response or dependent variable. The CCD levels were taken by conducting pretreatment
experiment in which one factor was varied by retaining other factors at fixed value. In design,
the mid-value (0) was selected by increasing the range of factors until maximum response (total
sugar) was obtained. The experimental combination for CCD and response is tabulated in Table

2. The measurement of total sugar was taken in triplicate to minimize the measurement error.

13



Table 2. CCD design for the optimization of physicochemical pretreatment parameters of

EFYB for the release of total sugar (g/L)

HCl EFYB | Time Total Sugar (g/L)
(%v/v) | (%owlv) | (min) | Experiment | Predicted

2 4 20 20.87 23.08
4 4 20 20.84 21.25
2 8 20 26.87 22.40
4 8 20 21.62 20.58
2 4 60 35.27 40.56
4 4 60 40.83 38.74
2 8 60 47.92 39.89
4 8 60 36.01 38.07

1.32 6 40 36.13 38.42

4.68 6 40 35.67 35.36
3 2.64 40 33.8 29.65
3 9.36 40 22.39 28.52
3 6 6.36 10.9 11.93
3 6 73.64 40.39 41.34
3 6 40 36.26 35.73
3 6 40 32.51 35.73
3 6 40 38.9 35.73
3 6 40 33.19 35.73
3 6 40 35.97 35.73
3 6 40 37.92 35.73

4.5 Culture and media preparation

Saccharomyces cerevisiae MTCC 170 was procured from Microbial Type culture collection
and gene bank (MTCC), Pune, India. The lyophilized culture was revived in 100mL media
composition of 2g glucose, 2g peptone and 1g yeast extract. After the reactivation, culture was

subjected to gram staining to check for any possible contamination.

4.6 Bioethanol fermentation in Stirred tank batch reactor (STBR)

The bioethanol fermentation was carried out using laboratory stirred tank batch reactor (STBR)
(Figure 5) with capacity of 1L manufactured by Borg Scientific, Tamil Nadu, India. The glass
reactor was fed with 700mL of production media, which consists of EFYB hydrolysate

pretreated under optimal pretreatment condition. The media was autoclaved at 121°C for 20min
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and pH was adjusted to 6.9-7 using pH controller. The reactor and contents was cooled to room
temperature by circulating chilled water through cooling coil. Sterile silicon tubes were
connected to inlet port, sampling port and inoculation port. The aerobic condition was
maintained by sparging 2mL/min sterile air through nozzle sparger. The vent was connected

with sterile 0.2 Jm air filter.

S. cerevisiae cultured in activation media and 6h log phase culture was taken for inoculation.
5%v/v of log phase culture was transferred to the reactor aseptically through the inoculation
port using peristaltic pump. Contents inside were kept under suspension using turbine impeller
of variable speed, during the operation of the reactor. Cell maintenance under suspension was
set at 5S0rpm to prevent any cell death due to nutrient depletion and also to avoid cell disruption

due to rotation of agitator blade.

Figure 5. Lab scale Stirred tank batch reactor (STBR) A) Glass reactor wall B) Agitator motor
C) Temperature probe D) Feed Inlet port E) Sampling Port F) rpm regulator G) Control panel
H) acid/alkali metring pump I) Air regulator J) Feed/Inoculation pump

Sampling was carried out at 24h interval and sampling port was regularly sterilized using IPA
to avoid any contamination. These samples were analysed using Gas Chromatography (GC)
for ethanol estimation and bioethanol concentration was measured in Gas Chromatography.

The reduction in total sugar and ethanol yield was also accounted.
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4.7 Analysis

The analysis of ethanol samples were done in Gas Chromatography (GC) (Shimadzu
Corporation, Tokyo, Japan) equipped with a flame ionization detector (FID) and ZB-Wax
capillary column (30mx0.25mmx0.25um) wusing high purity N2 (99.99%) as
the carrier gas. The temperature of the injector and detector was maintained at 180°C and 200°C
respectively. The column temperature was increased at controlled rate by holding initial
temperature at 40°C for 1min. Further column temperature was increased at a ramp rate of
10°C/min to 80°C and hold for 1min. The column temperature was raised at 25°C/min to 150°C

and hold for Imin. The analysis was carried out by taking 0.2[ |L of fermentation sample.

4.8 Prediction of kinetic model

Kinetic model of any fermentation process describe the formation of fermentation product with
respect to time. Thus, kinetic model generated for a process modulates in designing the process
control, reducing the operational cost and enhancing the product quality and yield
respectively*®. In the present investigation, bioethanol production was modelled by modified
Gompertz model (Equation 2). This model predicts the kinetic terms of bioethanol fermentation
such as maximum rate of productivity, maximum bioethanol concentration and production lag

time. These kinetic values can be used to scale up the bioethanol fermentation process*’*%,

rpmel
Pm

{ (tL—t)+1}
—e
P=P,e Equation 3

Where, P is the ethanol concentration (g/L), Pm is the maximum ethanol concentration (g/L),

rpm 1S the maximum productivity of bioethanol, t. and t are the time of lag phase and
fermentation time respectively. The bioethanol yield over the total sugar consumption and %

sugar utilization was calculated as per the Equation 3 and Equation 4 shown below 5.
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_ Pf_PO
Yoss = So—Sf

Equation 4

% sugar consumption = (1 — i—f) X 100 Equation 5

0

Where, Ypss is the bioethanol yield, Prand Po are the final and initial bioethanol concentration

(g/L), St and So are the final and initial sugar concentration (g/L).
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(a-c). 3-D surface plot for the pretreatment of EFYB for bioethanol production.
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Figure 3

Effect of fermentation time on bioethanol yield and substrate consumption for EFYB hydrolysate
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Figure 4

Fitting the modified Gompertz model to experimental data



Figure 5

Lab scale Stirred tank batch reactor (STBR) A) Glass reactor wall B) Agitator motor C) Temperature probe
D) Feed Inlet port E) Sampling Port F) rpm regulator G) Control panel H) acid/alkali metring pump 1) Air
regulator J) Feed/Inoculation pump



