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Abstract The use of different concentrations of sugar from sisal boles juice for production of Lactic acid (LA) using
Lactic Acid Bacteria (LAB) has been studied with the intention of analysing the effect of initial sugar concentration, process
temperature and initial medium pH on the produced lactic acid concentration, yield and productivity. All the linear variables
(initial sugar conc., pH and temperature), two way and three way interactions were statistically significant for LA vyield at
p-values of less than 0.05 with correlation coefficient of 0.997. There was no significant effect on LA productivity of three
way interactions (Temp.*pH*Initial Conc.). Maximum condition for production of LA occurred at a temperature of 37°C,
initial pH of 6 and initial sugar concentration of 120 g/L which corresponded with the highest LA concentration of more than

24 g/Land a yield of 93%. This study shows that sisal boles juice has potential to produce LA.
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1. Introduction

Lactic acid (2-hydroxy propanoic acid) is the simplest
hydroxyl acid with an asymmetric carbon atom and exists in
two optically active configurations, levorotatory (L) and
dextrorotatory (D) [1-4]. Traditionally it was only used in
food as preservative, pharmaceutical and leather tanning
industries but recently new applications as a building block
for renewable and biodegradable plastics, poly (lactic acid)
(PLA) polymers has been found [5]. The worldwide demand
for LA is over 150,000 tonnes per year [6] and is expected to
increase rapidly as industrial feedstock for PLA production
[7, 8, 9]. Komesu et al. (2016a) forecasted the annual
demand to be 400,000 tonnes by the year 2017. With the
increase of 5-8% per annum as projected by Yadav et al.
(2011) the annual demand will be more than 1.0 million
tonnes before 2025. The global annual production for LA
was estimated to be 130,000-150,000 tonnes [10]. LA can be
synthesized industrially by either chemical or biological
routes. Chemical synthesis is mainly based on the hydrolysis
of lactronitrile by strong acids like concentrated sulphuric
acid or hydrochloric acid [11]. This route yields only
dextrorotatory-levorotatory lactic acid (DL-LA), the mixture
of L(+) and D(-) lactic acid (racemic mixture of the two
isomers) [6, 12-14]. The biological route is through
fermentation of starch and other polysaccharides [3, 15-18].
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Biological route has the advantage of producing optically
pure L(+) or D(-) lactic acids because specific
microorganisms, substrates and conditions can be selected
[6, 11, 19]. LA with high optical purity is required for the
production of PLA [17, 18].

The most serious obstacle for LA production
commercially is the availability and cost of feedstock for
fermentation [20]. Different materials have been used for
production of LA like pure sugars and food crop sources like
potatoes, cassava, corn, wheat, rice, sugar beet and sugar
cane [11, 13, 17, 21-26]. Utilization of pure sugars and food
crops as carbon source in lactic acid production is
economically unfavourable, because of competition with
existing uses [27, 28]. The utilization of non-food sources
and cellulosic materials is a promising approach since they
are abundant, renewable, relatively cheap and do not
compete with food [12, 29, 30]. Industrial wastes,
agricultural waste and forestry waste have been
recommended as cost effective feedstocks for large scale
fermentation [6, 21, 28, 29, 31]. However, cheap, non-food,
and renewable raw materials still need to be identified to
reduce the production cost of lactic acid and hence PLA [29,
32]. Material like sisal boles with total sugars of 26-30% can
be used to extract juice that can be fermented to produce LA
[33]. Little or no work has been done to produce LA from
this huge resource. This work analyses the effects of initial
sugar concentration, process temperature and initial medium
pH on the production of lactic acid from sisal boles juice.

2. Material and Methods

The raw material used was juice from sisal boles (Agave -
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Hybrid 11648). The juice extraction process involved
chopping of sisal boles into small pieces (about 5-15 cubic
millimetre) to increase surface area during pressing.
Chopped boles were pressed using a manual pressing
machine with hydraulic pressure which was combined with
filtration using filter cloths. The juice was then hydrolysed
to break the sugars into fermentable sugars. The hydrolysis
method by Masalla (2010) was adapted with slight
modification. The pH of the juice was reduced to 1.0 using
concentrated hydrochloric acid (36%) and then heated in oil
bath at a temperature range of 60-100°C for 30-60 minutes to
complete the thermo-acid hydrolysis. The hydrolysates were
then left to cool to room temperature (30°C+2).

Table 1. Matrix of 23 factorial designs for Fermentation experiments

Coded levels
Variables Low Middle | High
-1 0 1
Temperature, (°C) 37 40 43
Initial sugar Conc., (g/1) 120 140 160
Initial pH 5 55 6

The procedure for preparation of stature culture by
Panesar (2010) was adapted with slight modification. The
microorganism strain utilised was Lactobacillus delbrueckii
WLP677 from the White Labs Inc. (CA 92126 USA). The
bacterial culture was grown in 50ml of De Man, Rogosa and
Sharpe agar (MRS) medium in 250 ml Erlenmeyer flask [16].
The prepared MRS medium contained the following (g/1):
peptone, 10; meat extract, 5.0; yeast extract, 5.0; dextrose, 20;
potassium phosphate, 2.0; tween 80, 1.0; tri-ammonium
citrate, 2.0; magnesium sulphate, 0.05; sodium acetate, 5.0
and agar, 12. After sterilization at 121°C for 15minutes using
portable steam Autoclave (Heuer, 220V and 50Hz) and
cooling to room temperature (30°C+2), the medium was
inoculated with about 10% of cells from agar stab. The
medium was then incubated at 37°C for 24 hrs under
stationary conditions for microbial growth before
fermentation. The pH of the fermentation medium was
regulated before fermentation to 5 or 6, using sodium
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hydroxide (12.5M = 50%). A 2° full factorial design was
used to study the influence of three parameters: pH, initial
sugar concentration and medium fermentation temperature
on the responses (LA concentration, yield and productivity).
The real and coded variables are presented in Table 1.

The experiments were performed in random order using
one replicate to estimate the pure error. Minitab V.17 was
used in designing and generating a regression model, which
predicted effect of combined parameters on responses. The
coefficient of determination R® (R-Sq) represents the
proportion of variation in the fitted models that is explained
by the components and was used to check whether a linear
relationship between the response and the components fits
the data well while p-values (P) in the coefficients table were
used to determine which of the effects in the model were
statistically significant [34]. The polynomial equation given
by equation (i) was used to model the relationship between
factors and response where X;, X, and X3 are independent
variables; Bo, B1, B2, Bs are linear coefficients; Bi,, P13, P2s are
two way interaction coefficients, Bi»3 three way interaction
regression coefficients and Y is the response function.

Y = Bo + B1Xy + B2Xz + BsX3 + B12X1 Xz
+B13X1 X3 + B23X2oX3 + B123X 1 X2 X3 (1)

The LA produced was separated from the fermentation
broth by centrifugation at 5000 rpm for 15 minutes. The
supernant was analysed for LA concentration using UV/IV
digital spectrophotometer (Labtronics LT-31) as per method
by Borshchevskaya et al. (2016) which involves the reaction
of lactate ions with iron (I11) chloride at 390 nm. This method
was selected because it is relatively cheap and has an error of
less than 3% compared to HPLC method [35]. A solution
of LA (50 uL) of a corresponding concentration was added
to 2 ml of 0.2% solution of iron (I11) chloride and stirred.
The absorbance of the obtained solutions was measured at
390 nm using the digital UV/IV spectrophotometer.
Concentration of LA was then obtained from the calibration
curve (Figure 1), which was drawn using reagent grade
DL-Lactic acid (90%-sigma Aldrich) and 2 ml of a 0.2%
solution of iron (I11) chloride.
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Figure 1. Calibration Curve for LA Concentration determination
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The calibration curve was used to obtain the LA
concentration of the fermented sisal bole juice using
Equation (ii), taking into consideration the dilution used
during UV-IV analyses. The fermentation yield was
calculated using the ratio of LA produced (g) per amount
of sugar consumed (g) within a given time. The LA
productivity was calculated as a ratio of concentration and
the production time per hour.

Average absorbance
Slope from calibration curve

x Dilution factor)

()

LA concentration= (

3. Results and Discussion

The calibration curve gave a linear relationship with R? of
0.999 and the fermentation results are presented in Table 2.

From Table 2, it can be seen that maximum condition for
production of LA from sisal juice occurred at a temperature
of 37°C, pH of 6 and initial sugar concentration of 120 g/L
which corresponded with the highest LA concentration of
more than 24g/L and a yield of 93%. Higher temperature of
43°C with similar sugar concentration and pH produced
about 50% less LA. This could be attributed to the fact that
Lactobacillus delbrueckii has optimal production at a
temperature of 37°C although they can grow at higher
temperature of more than 40°C. When the initial sugar was
increased to 160 g/L there was slight decrease in LA
concentration. This can be attributed to the nature of the used
microorganisms. The higher sugar concentration make

microorganisms suffer from osmotic pressure and fail to
produce [15, 36, 37]. The results in Table 2 were analysed
for the effects of the parameters on estimated responses. The
estimated coefficients are given in Table 3.

Considering a confidence level of 95%, a factor is
considered statistically significant if its p-value is lower than
0.05. As per Table 3; all the linear, two ways and three ways
interactions were statistically significant variables for LA
yield at p-values of less than 0.05 with correlation coefficient
of 0.997. The linear variables (Temp, pH and Initial Conc.)
and two-way interactions (Temp.*pH, Temp.*Initial Conc.
and pH*Initial Conc.) significantly affected the LA
productivity at p-values less than 0.05. There was no
significant effect on LA productivity of three-way
interactions (Temp.*pH*Initial Conc.) at p-values = 0.28
with 95% confidence interval. LA concentration model is
thus represented by equation (iii).

LA Conc.= 16.320 — 4.224 Temp. + 0.953 pH —

0.029 Initial Conc. — 0.029 Temp.* pH + 1.978 Temp.*
Initial Conc. — 0.739 pH * Initial Conc. — 0.080 Temp.*
pH * Initial Conc. — 0.320 Ct * Pt (3)

In order to evaluate whether the models are statistically
significant with confidence level of 95% or not an F-Test
was done. Analysis of Variance (ANOVA) for LA
concentration is given in Table 4. According to ANOVA, LA
concentration model presented a correlation coefficient of
0.97; therefore the linear model adjusts well the
experimental data and not luck of fit.

Table 2. LA Fermentation Results

Temperature Initial Conc. LA Yield Productivi
RunOrder o ["M] @ conc@) | (00) | @M
1 -1 1 1 18.80 0.53 0.29
2 1 1 -1 11.48 0.40 0.32
3 1 1 1 15.58 0.46 0.19
4 1 1 -1 24.20 0.93 0.68
5 1 1 1 14.80 0.34 0.25
6 1 1 1 19.27 0.69 0.29
7 1 1 1 17.63 0.50 0.27
8 1 1 -1 8.61 0.17 0.14
9 1 1 -1 21.32 0.89 0.59
10 1 -1 -1 8.20 0.16 0.14
11 0 0 0 16.40 0.34 0.46
12 1 1 -1 24.19 0.93 0.67
13 1 1 -1 12.30 0.44 0.34
14 1 1 1 12.30 0.49 0.15
15 1 1 1 13.50 0.32 0.23
16 1 1 1 18.45 0.66 0.28
17 1 1 -1 20.50 0.85 0.57
18 0 0 0 15.60 0.32 0.43
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Table 3. Estimated effects of parameters on LA Yield and Productivity at 95% CI
Term Regression Coef SE Coef T-value P-value
LA Yield
Constant 0.55 0.01 112.67 0.00
Temp. -0.21 0.01 -41.16 0.00
pH 0.04 0.01 8.49 0.00
Initial Conc. -0.05 0.01 -10.03 0.00
Temp.*pH -0.01 0.01 -2.83 0.02
Temp.*Initial Conc. 0.10 0.01 21.35 0.00
pH*Initial Conc. -0.04 0.01 -71.72 0.00
Temp.*pH*Initial Conc. -0.06 0.01 -12.86 0.00
Ct*Pt -0.22 0.02 -14.92 0.00
R? = 99.68%, R*(adjusted)= 99.39%
LA Productivity

Constant 0.34 0.004 88.21 0.00
Temp. -0.12 0.004 -30.61 0.00
pH 0.05 0.004 11.62 0.00
Initial Conc. -0.09 0.004 -24.39 0.00
Temp.*pH 0.02 0.004 5.40 0.00
Temp.*Initial Conc. 0.08 0.004 20.46 0.00
pH*Initial Conc. -0.03 0.004 -6.71 0.00
Temp.*pH*Initial Conc. -0.01 0.004 -1.15 0.28
Ct*Pt 0.12 0.012 9.44 0.00

R? = 99.60%, R*(adjusted)= 99.25%

Table 4. Analysis of Variance (ANOVA) for LA concentration with 95% confidence interval

Source of Variation | DF | Adj SS | Adj MS F-Value P-Value
Model 8 371.568 46.446 50.23 0.000
Linear 3 299.970 99.990 108.15 0.000
Temp. 1 285.441 285.441 308.72 0.000
pH 1 14.516 14.516 15.70 0.000
Initial Conc. 1 0.013 0.013 0.01 0.000
2-Way Interactions 3 71.313 23.771 25.71 0.003
Temp.*pH 1 0.013 0.013 0.01 0.907
Temp.*Initial Conc. 1 62.568 62.568 67.67 0.000
pH*Initial Conc. 1 8.732 8.732 9.44 0.013
3-Way Interactions 1 0.102 0.102 0.11 0.747
Temp.*pH*Initial Conc. 1 0.102 0.102 0.11 0.747
Pure error 9 8.321 0.925

Total 17 379.889

Table 4 clearly shows that all the linear variables
(Temp., pH and Initial Conc.) had significant effect on LA
concentration at p-values = 0.00. All the two way
interactions had significant effect at p-values less than 0.05
except Temp.*pH which had no significant effect at p-value
= 0.907. With 95% confidence interval, there was no
significant effect of three way interactions variables on LA
concentrations at p-values = 0.747. This is also well
presented by interaction plot in Figure 2 and Pareto chart in
Figure 3. The interaction effects on Figure 2 indicate the
degree of interaction which is justified by interaction lines
that are not parallel. Parallel lines in an interaction plot
indicate no interaction while the greater the difference in

slope between the lines, the higher the degree of interaction
(Minitab, V.17). The great departure from parallel occurred
when combining temperature with initial sugar concentration,
and pH with initial concentration. This indicates that LA
concentration at temperature or pH level depends upon the
initial sugar concentration levels. There was no effect on LA
concentration when combined pH and Temperature.

Pareto chart of the effects is normally used to determine
the magnitude and importance of an effect by displaying the
absolute value of the effect and draws a reference line. By
default, any effect that extends past this reference line is
significant at o level of 0.05 (Minitab, V.17). The Pareto
chart (Figure 3) shows that for LA concentration, there are
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four significant effects at (a = 0.05): two main effect
(temperature (A) and pH (B)) and two interaction effects
(Temperature with initial sugar concentration (AC) and pH
with initial sugar concentration (BC)). In addition, the largest
standardized effect is temperature because it extends the
farthest.

Maximum condition for production of LA from sisal juice
using Lactobacillus delbrueckii WLP677 bacteria occurred

at a temperature of 37°C, pH of 6 and initial sugar
concentration of 120 g/L which corresponded with the
highest LA concentration of more than 24g/L and a yield of
93%. Higher temperature of 43°C with similar sugar
concentration and pH produced about 50% less LA. This
could be attributed to the fact that Lactobacillus delbrueckii
has favourable production at a temperature of 37°C although
they can grow at higher temperature of more than 40°C.
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Figure 2. Interaction plot for LA concentration (data means)
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Figure 3. Pareto chart for LA concentration at o =0.05
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Figure 4. Variation of sugar concentration (Co) and LA production with time during fermentation at 37°C

6.5

—o—Co0:120pH 5

6.0 Co: 160 pH 6
—=—Co0: 120 pH 6
I
% >3 ——C0: 160 pH 5
£ 50
4.5
4.0 ' : !
0 20 40 60 80
Time (hrs)

Figure 5. Variation of pH with time during fermentation at 37°C

When the initial sugar was increased to 160 g/L there was
slight decrease in LA concentration. This can be attributed to
the nature of the used microorganisms. The higher sugar
concentration make microorganisms suffer from osmotic
pressure and fail to produce [15, 36, 37]. From the data, the
higher yield of almost 93% is obtained at the same conditions
where high concentration of LA is obtained. Abdel-Rahman
et al. (2013); reported almost similar yield but with a
pH-controlled batch fermentation process. Similar results
were reported by Sheeladevi & Ramanathan (2012) when
producing LA from whey using the same microorganisms.
The lowest yield for this study was obtained at a temperature
of 43°C, low initial sugar concentration of 120g/L and pH
of 5. Figure 4, shows the residual sugar concentration (Co)
and LA production with time during fermentation at a
temperature of 37°C for the different samples.

The fast decrease in sugar concentration at the start of the
experiment in Figure 4 implies fast consumption of sugar,
this continues up to about 36 hrs. This can be attributed to the
microorganism’s nature that after inoculation they exhibit an
exponential growth phase in which they consume substrate
fast. This also happens as the pH remains favourable (pH of
above 4). It is also a typical mass-transfer phenomena
resulting from sugar concentration gradient which enhances
movement of sugar molecule to the reaction site where sugar
is consumed by the microorganisms. After 36 hrs, the sugar
consumption tends to be slow for high initial sugar
concentration (160 g/L) and almost stopped for the cases
with low initial sugar concentration (120 g/L). In all the
samples, sugar tended to stop being consumed when the pH
of the medium was reduced to 4. This can be attributed to
microorganism inhibition by product (product inhibition).



American Journal of Chemistry 2018, 8(3): 57-64 63

That is to say the acidic nature of the product affected the
microorganisms since most of the LAB are non-tolerant to
pH below 4 [15, 36, 37]. The decrease in pH of the samples
in Figure 4 is given in Figure 5.

From Figure 5, it can be seen that initial pH of 5.0-6.2
supported the microorganisms’ growth, while consuming
sugars up to around 2 days during which pH slightly dropped
to pH below 5. Both Figures 4 and 5 show production of LA
led to decrease in pH which inhibit LAB growth, hence sugar
consumption dropped and finally stopped. Qin et al. (2010)
and Zhang et al. (2007) have reported a decrease in acidity to
be a problem. This could be controlled by adjusting the pH of
the medium to above 5 using sodium hydroxide. If pH is not
controlled during fermentation, it decreases with increasing
lactic acid production [38, 39]. Lactobacillus species cannot
grow and produce lactic acid below pH 4, although the pKa
of lactic acid is 3.86 [40, 41]. This results in inhibition of cell
growth and its production and hence sugar consumption [20,
40, 42]. No attempt was made to adjust pH in this study;
since batch fermentation was used in which case adjustment
of pH could have resulted into contamination of the system.
This is one of the disadvantages of batch fermentation
process that nutrients and all the settings are done at the
beginning and are not adjusted in between. Controlled pH
fermentation can be done using a continuous fermentation in
a well-equipped fermenter with pH regulator.

4. Conclusions

93% of the sugar available in sisal bole juice could be
converted to LA through fermentation using LAB. All the
linear variables (initial sugar conc., pH and temperature),
two-way and three-way interactions were statistically
significant variables for LA yield at p-values of less than
0.05 with correlation coefficient of 0.997. There was no
significant effect on LA productivity of three-way
interactions (Temp.*pH*Initial Conc.). Using interaction
plots on LA concentration at o = 0.05, the great departure of
lines from parallel occurred when combining temperature
with initial sugar concentration, and pH with initial
concentration. This indicates that LA concentration at
temperature or pH level depends upon the initial sugar
concentration levels. There was no effect on LA
concentration when combined pH and Temperature. In
addition, the largest standardized effect on LA concentration
was temperature because it extended the Pareto chart
reference line the farthest. Maximum production of LA
(24g/L) from sisal juice using Lactobacillus delbrueckii
WLP677 bacteria occurred at temperature of 37°C, pH
of 6 and initial sugar concentration of 120 g/L. Higher
temperature of 43°C with similar sugar concentration and pH
produced about 50% less LA. This study confirms the fact
that sisal boles juice can be used to produce LA through
microbial route. Further studies on the optimization of LA
production (concentration and yield) from sisal boles juice
are recommended.
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