Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-022-02797-3

ORIGINAL ARTICLE q

Check for
updates

Optimization of fermentation condition for production of lactic acid
from khat (“Catha edulis”) waste by using immobilized Lactobacillus
plantarum

Sisay Fanta Tefara' - Edo Begna Jiru? - Abraha G/Meskel Bairu?

Received: 22 February 2022 / Revised: 6 May 2022 / Accepted: 6 May 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

Production of lactic acid from lignocellulosic biomass is becoming more popular as a way to solve the problem associated
with first-generation biomass. In the present study, the optimum fermentation parameters for maximum lactic acid produc-
tion from khat waste biomass by using immobilized Lactobacillus plantarum were investigated. The effect of immobilizing
the cell on the yield of lactic acid has been investigated, and the yield obtained from immobilized Lactobacillus plantarum
cell is 32.78% higher than the free cells. The effects of three process parameters (incubation temperature, pH, and incubation
time) on lactic acid yield were investigated. The optimization of lactic acid yield and fermentation parameters was done via
response surface methodology with a central composite design. Based on the analysis, the optimum fermentation parameters
were found to be incubation temperature of 42.3 °C, incubation time of 40.0 h, and pH of 6.18. Under these conditions, the
maximum lactic acid yield obtained was 23.05 g/L. The experimental yield of lactic acid (22.98 +0.10 g/L) is in smooth
agreement with the predicted one (23.05 g/L), indicating the fitness of the quadratic model used. Generally, the findings
of the study suggest that utilization of khat waste as a potential carbohydrate source and immobilization of Lactobacillus
plantarum cells for lactic acid production is worthful.
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1 Introduction

Nowadays, researchers have been focusing on the sustain-
able management of plastic wastes on earth by finding eco-
friendly alternative resources for the production of plastics.
As an alternative to petroleum-based plastics, the produc-
tion of bioplastics is gaining popularity in front of many
researchers. The findings of many studies conducted so
far revealed that products with similar performance can be
achieved by using biomass feedstocks instead of fossil-based
resources [1, 2]. Therefore, the production of bioplastic has
been attracting the idea of researchers and governments.
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Recently, several bioplastic products have been
researched, developed, and overgrown. The sustainability
and biodegradability of these products increase their attrac-
tiveness. If disposed to the environment, they would be
decomposed easily through the actions of microorganisms
[3, 4]. These include several polyesters (e.g., polylactic acid
and polyhydroxyalkanoates), numerous polypeptides (i.e.,
soy proteins, collagen, and gelatin), and some polysaccha-
rides (i.e., starch, chitin, pectin) obtained from biological
feedstocks. Among these, polylactic acid (PLA) is one of
the most commercially successful bioplastic product [5]. As
compared with most other biodegradable plastics, it has bet-
ter mechanical strength, biocompatibility, and transparency.
It is commonly produced from a lactic acid monomer via
ring polymerization reaction [6].

Lactic acid (LA) is a potential building block for PLA
synthesis. Furthermore, it has various applications in dif-
ferent sectors including cosmetic, pharmaceutical, food,
polymer, and chemical industries [7]. The commercial LA
production began in Japan in 1950 [8]. Nowadays, it is
produced commercially either by chemical synthesis or
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microbial fermentation [9]. Chemical synthesis involves
the derivation of LA from petrochemical products, which
relies on fossil fuel depletion and generates the racemic
LA mixture (D-L-LA) via lactonitrile hydrolysis. On the
contrary, the microbial fermentation method explores the
possibility of using renewable resources for the production
of LA products. It generates L (+) or D (—) LA isomer via
microbial fermentation based on the strain selected [9, 10].
Currently, as it averts the environmental pollution caused
by the petrochemical industry and the inadequate supply of
fossil-based feedstocks, the microbial fermentation method
for LA production has gotten significant attention [11].

The LA production is strongly dependent on the raw
material cost being utilized. Thus, raw material selections
for its industrial productions need to take into account the
following factors. These include availability, food conflic-
tion, cost, rate of production, difficulty of pretreatment, and
yield [12]. By compromising the above criteria, lignocel-
lulose biomass is the preferred feedstock to meet the cur-
rent demand for LA production [13]. Khat (Catha edulis)
is a flowering evergreen plant. It belongs to the Celastrus
family. The most favorite part of the leaves is the young
shoot near the top of the plant. However, the other major
component, ‘ ‘khat garaba,”’ is simply disposed to the envi-
ronment and considered as waste. However, khat waste is
lignocellulose biomass, which has enough amount of cel-
lulose and hemicellulose [14, 15]. It is abundantly available
in different cities of Ethiopia like Jimma, Aweday, Wolkite,
Harar, Dire Dawa, Addis Ababa, etc. [16].

Moreover, the production of LA through the microbial
fermentation method mainly depends on microbes (bacte-
ria, fungi, and yeast) used for fermentation. As compared
with bacteria, the yield and productivities of fungal and
yeast strains are very low [17]. Among these bacteria, the
most widely used microbes for LA productions are lac-
tobacillus species. However, factors such as incubation
temperature, incubation time, and pH are substantially
affecting the metabolic process of the microbes. Therefore,
optimizing the fermentation parameters is mandatory to
find the significant factors affecting the metabolic process.
The optimization done by response surface methodology
has several advantages such as saving time, space, and raw
material [18].

Hence, the current study has been carried out to opti-
mize the fermentation process parameters (incubation
temperature, incubation time, and pH) for maximizing
the LA production by using immobilized Lactobacillus
plantarum cell via response surface methodology—central
composite design (RSM-CCD). Sodium alginate was used
for immobilization. Khat waste was hydrolyzed and then
fermented to LA. Hence, this study obsoletes the idea
of khat waste and makes it a potential resource for the
production of LA.
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2 Methodology

Khat (Cathus edulis) waste was obtained from different
areas of chewing places in Jimma, Oromia, Ethiopia.
Sodium alginate was procured from Atomic Educational
Material Supply PLC in Addis Ababa, Ethiopia. All other
chemicals have been procured from Fine Chemicals Sup-
ply PLC in Addis Ababa, Ethiopia.

2.1 Sample preparation for hydrolysis process

First, 1000 ml of the conical flask was washed and dried.
Then, a 100 g of ground sample was added to the flask and
mixed with 1000 ml distilled water. This was the sample
that was ready for the subsequent process (i.e., hydrolysis
process).

2.2 Acid hydrolysis process

The prepared sample was transferred to another 1000-ml
conical flask. Then, 50 ml of 2.75% (v/v) of H,SO, was
added to the prepared sample and soak for 24 h to mix it
well. The mixed sample was placed in the autoclave reac-
tor at 105 °C for 1 h.

2.3 Neutralization process

Since the hydrolyzation process was carried out by sul-
furic acid, the pH of the hydrolyzed sample is too low
(pH=4.5). Then, 10 M of NaOH was prepared for neu-
tralization process. The sample was neutralized by adding
the prepared solution of NaOH in dropwise until it was
neutralized.

2.4 Centrifuge separation

The sample taken from hydrolysis had some insoluble solid
parts, which should be separated before it was taken to
the fermentation process. Thus, the mixture of the sample
was fed to the tube of a centrifuge. After that, the samples
were separated according to their phase in centrifuge with
450 rpm for 30 min. Finally, the liquid part was sent to the
fermenter.

2.5 Sugar content determination

The concentration of glucose in the hydrolyzed sample was
determined by using a digital UV spectrophotometer method
[19, 20]. A quantitative standard glucose solution was used
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to plot the calibration curve, and the glucose concentration
of hydrolyzed sample was determined from it.

2.6 Microorganism

Lactobacillus plantarum was procured from the Ethiopian
Biodiversity Institute, Addis Ababa, Ethiopia. The cell was
placed in freeze (—4 °C) while waiting for the preparation
of MRS medium. The prepared MRS broth was sterilized
in an autoclave reactor at 120 °C for 10 min. The collected
microbe was cultured for 36 h at 37 °C in the prepared
medium.

2.7 Lactobacillus plantarum immobilization

The immobilization of Lactobacillus plantarum was accom-
plished through the technique used by [7, 18]. An inoculated
Lactobacillus plantarum was taken to the petri-dish. Then,
3% (w/v) of sodium alginate and 1.5% (w/v) calcium chlo-
ride solution was prepared with deionized water. The pre-
pared solution was added to the cultured cells
(5.72 x 10’ C{:—IU ) respectively. Finally, the immobilized Lac-

tobacillus plantarum was collected and transferred to the
prepared MRS broth and kept in incubator with shaker at
37 °C, 150 rpm, and 36-h operating conditions.

2.8 Fermentation

The lactic acid fermentation of the hydrolyzed khat waste
was carried out by the Lactobacillus plantarum. The
fermentation medium contained peptone 10.0 g/L, meat
extract 10.0 g/L, yeast extract 5.0 g/L, Tween-80 1.0 g/L,
K2HPO4 2.0 g/L, MgS04.7H20 0.2 g/L, sodium acetate
5.0 g/L, triammonium citrate 2.0 g/L, and MnSO4.4H20
0.05 g/L, with specific concentration of hydrolyzed khat
waste (glucose) 13.84 g/L. Production media was prepared
in a 500-ml conical flask. Ten percent v/v of the inoculum
was added in conical flasks containing 500 mL of produc-
tion medium [21]. The fermentation process was carried
out at 150 rpm, with their respective incubation tempera-
ture (30, 37.5, 45) °C, incubation time (10, 29, 48) hrs,
and pH (5, 6, 7) in an incubator with a shaker. Moreover,
the effect of cell immobilization on the yield of lactic acid
was determined at different incubation time for 48 h with

time intervals of 12 h. Hence, the fermentation process
with free cells was carried out under operating conditions
of agitation rate of 150 rpm, incubation temperature of
37.5 °C, and pH of 6.

2.9 Design of experiment

RSM-CCD was used for optimizing the three factors with
two levels. The factors with their levels were tabulated as
shown in Table 1.

The RSM-CCD contains 2 X, n,, and 2 K factorial,
center, and axial runs respectively. Thus, the total experi-
mental runs (N) could be computed as follows:

N =2F+2k+n, 1)

Hence, in the current study, the required experimental
run is

N=22+2%3+6=20

Generally, as shown in Table 2, twenty experimental
runs having six center points were observed. The RSM
provides the empirical relationship between the response
function and parameters. The quadratic response surface
model consists of all linear, quadratic, and linear interac-
tion terms. Mathematically it was written as Eq. (2):

3 3 3003
Y=p,+ Z BiX; + Z BiX + Z Z BXiX; @
i=1 i=1

i=1 j=i+1

where: Y =predicted response (i.e., LA content), f,=con-
stant-coefficient, §;=linear coefficients, f;; = quadratic coef-
ficients, f};=interaction coefficients and X; and X; were stud-
ied independent fermentation parameters.

2.9.1 Analytical method

Determination of the concentration of LA produced was
done using the UV-visible spectrophotometry method
[22, 23]. The calibration curve was plotted first from the
known concentration, and the concentration of LA in the
fermented sample was computed from it.

Table 1 Design factors with

. ' Factor Parameter Unit Code Level
their lower, center, and higher
value Low Center High
1 Incubation temperature °C A 30 37.5 45
Incubation time hrs B 10 29 48
3 pH C 5 6 7

@ Springer



Biomass Conversion and Biorefinery

Table2 The value of experimental and predicted data reports from
RSM-CCD

F-1 F-2 F-3 Response
R.No A:incubation B:incuba-  C:pH LA content (g/L)

temperature tion time

(°C) (hrs)

Actual  Predicted

1 30 10 7 13.12  13.56
2 37.5 29 6 2098 21.73
3 47.37 29 6 2296 2297
4 30 10 5 9.23 9.71
5 37.5 29 468 2061 19.99
6 45 48 5 2256 2235
7 375 29 732 2149 21.57
8 375 29 6 22.12 2173
9 30 48 7 19.89  19.64
10 30 48 5 1998  20.15
11 375 29 6 2207 21.73
12 45 10 5 17.54  18.03
13 375 3.99 6 16.01  14.98
14 45 48 7 21.14  20.90
15 375 29 6 2121 21.73
16 375 54.00 6 2134  21.83
17 45 10 7 20.87  20.93
18 375 29 6 2197 21.73
19 375 29 6 2131 2173
20 27.63 29 6 17.23  16.67

3 Results and discussion

3.1 Effect of Lactobacillus plantarum
immobilization on lactic acid yield

As evident from Fig. 1, during the first 22 h, the LA yield
obtained from immobilized Lactobacillus plantarum
(9.65 g/L) is less as compared with the free cells (10.74 g/L).
The reason behind this result is at the outset, and there is
the limitation of mass transfer (i.e., product and substrate)
through the bead in immobilized cells. The immobilized cell
needs time for diffusion of substrate and product into the
beads and from the bead respectively. However, as the incu-
bation time increased to 36 h, the LA yield obtained from
immobilized Lactobacillus plantarum (17.86 g/L) is sub-
stantially higher than the free cells (13.45 g/L), in percent
about 32.78% higher. This indicates that an immobilized
Lactobacillus plantarum has high fermenting efficiency and
excellent stability over a long period of the fermentation
process. Owing to its capacity to overcome the substrate
(glucose) and product (LA) inhibitors, the cells could uti-
lize the hydrolyzates of khat waste efficiently and produce
a good amount of LA yield. On the contrary, as incubation
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Fig.1 Time profiles for LA fermentation by using Lactobacillus
plantarum cell (at optimum: incubation temperature of 42.2 °C and
pH of 6.18)

time increased, the free cells’ fermenting efficiency was
highly affected by different inhibitors, which consequently
decreased the metabolic activities of cells, even up to death.
Subsequently, the yield of LA obtained was low as compared
to the immobilized cells.

Correspondingly, Thakur et al. [18] and Wang et al. [7]
investigated a similar effect of cell immobilization on fer-
menting efficiency of different lactobacillus species.

They have investigated that an increment of incubation
time from 20- to 42-h results in a substantial increment of
the LA contents for immobilized Lactobacilllus pentosus
ATCC 8041 (60 to 105 g/L), whereas, in our study, for free
cells, the LA contents were increased from 38 to 75 g/L.

3.2 Statistical analysis of the experimental
(fermentation) results

The correlation between LA yield and process variable was
analyzed by the RSM-CCD modeling technique. Table 2
shows the experimental data and reports obtained from
design expert software.

3.2.1 Analysis of variance (ANOVA)

As shown in Table 3, ANOVA was used to confirm the sta-
tistical significance of every factor and their respective inter-
actions in the developed quadratic response surface model
as already shown in Table 3. There is only a 0.01% chance
that an F value this large could occur due to noise. Besides,
p values less than 0.050 indicate the model terms are statisti-
cally significant. In this case, A, B, C, AB, BC, A%, B, C?
are significant model terms. Furthermore, the lack of fit F
value of 2.36 implies the lack of fit is not significant relative
to the pure error. There is an 18.40% chance that a lack of fit
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Table 3 Analysis of variance (ANOVA) for the suggested quadratic model

Source Sum of squares Degree of Mean square F value p value
freedom
Model 225.32 9 25.04 59.72 <0.0001 Significant
A- incubation temperature 65.64 1 65.64 156.57 <0.0001
B- incubation time 77.59 1 77.59 185.08 <0.0001
C-Ph 4.11 1 4.11 9.82 0.0106
AB 18.70 1 18.70 44.60 <0.0001
AC 0.4465 1 0.4465 1.07 0.3264
BC 9.53 1 9.53 22.72 0.0008
A? 8.42 1 8.42 20.08 0.0012
B? 25.66 1 25.66 61.21 <0.0001
C? 2.09 1 2.09 4.99 0.0496
Residual 4.19 10 0.4192
Lack of fit 2.94 5 0.5888 2.36 0.1840 Not significant

Table 4 Fit statistics for the suggested quadratic response surface
model

Std. dev 0.6475 R? 0.9817

Mean 19.68 Adjusted R? 0.9653

CV. % 3.29 Predicted R? 0.8964
Adequate precision 28.9645

F value this large could occur due to noise. Non-significant
lack of fit is good.

3.2.2 Model adequacy analysis

The adequacy of the model can be deduced considering
the regression coefficients of R2. Hence, the relationship
between the experimental and the predicted responses was
determined by R? value. As represented in Table 4, the
response of R? was 0.9817, which recommends that 98.17%
of the response variability in LA yield can be described by
the analyzed process parameters, and it could not describe
nearly about 1.83% of the variation of the response. It was
obtained that the value of R” is very close to 1, showing the
closeness between the experimental and predicted value.
Therefore, the model is adequate enough. Moreover, the
coefficients of R* (0.9817) and adjusted R* (0.9653) shown
in Table 4 indicate the close agreement of experimental and
predicted values. The difference between the predicted R>
(0.8964) and adjusted R? (0.9653) is less than 0.2, which
shows the model is adequate.

3.2.3 Development of a model equation by using RSM-CCD

The model equation developed by using design expert
software was used to determine the relationship between

responses and process variables. The quadratic response
surface model that relates the yield of LA with independent
parameters (coded variables) was developed as shown in
Eq. (3) and used for regression analysis. Since the equation
in terms of coded factors can predict the response for given
levels of each factor, it was selected for analysis.

LA(%) =21.73 + 2394 + 2.60B + 0.599C — 1.53AB — 1.09BC

3)
—1.10A% - 1.92B% — 0.548C?

where, A is the incubation temperature (°C), B is the incu-
bation time (hrs), and C is pH.

In general, the negative coefficients describe that the fac-
tors negatively affect the yield of LA, which means an incre-
ment of the factors level results in a decrement of LA yield.
Whereas the positive coefficients indicate that the factors
positively affect the yield of LA that means an increment
of the factors level results in an increment of LA yield. As
evident from Eq. 4.5, the effect of B on the yield of LA was
dominant as compared to the effect of A and C.

3.3 Model parameters effect on the lactic acid yield
3.3.1 Incubation temperature effect

The yield of LA obtained from the fermentation process was
found to be substantially affected by incubation temperature.
As shown in Fig. 2, an increment of LA yield was observed
with an increase in the incubation temperature. During the
first 30 to 35 °C of incubation temperature, LA contents
of the fermented product were very low; it was 18.86 g/L.
However, as incubation temperature increased to a nearby
42 °C, the LA contents of the fermented product were sig-
nificantly increased to 22.89 g/L, which is 21% higher. This
result confirmed a positive effect of incubation temperature
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Fig. 2 Effects of incubation
temperature on LA yield
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Actual Factors
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on LA yield, as revealed in Eq. 3. The reason behind this
result is that an increment of incubation temperature results
in a substantial increment of the diffusion of substrate and
product through the beads. As a result, the cells could obtain
the substrate, and the metabolic process was taking place in
a good manner along with the diffusion of the generated LA
product from the beads. Furthermore, since Lactobacillus
plantarum is categorized under mesophilic microorganisms
(1045 °C) with high temperature, its metabolic activity is
good as the incubation temperature gets increased to a higher
level [24].

In the same manner, Thakur et al. [18] observed the pos-
itive effect of incubation temperature in the fermentation
process with other immobilized Lactobacillus spp. on the
substrate and product diffusion through the beads. However,
further increment of the incubation temperature beyond this
optimum point results in the gradual decrements of the LA
contents. This indicates that a higher incubation tempera-
ture beyond the optimum decreases the number of viable
cells and metabolic activities of the cells. Correspondingly,
Mahato et al. [23] investigated that an increment of incuba-
tion temperature from 30 to 40 °C results in a substantial
increment of the LA contents from 14.89 to 31.04 g/L.

3.3.2 Incubation time effect

The yield of LA obtained from the fermentation process was
also found to be dependent on incubation time. Incubation
time is another important factor which substantially affects
the yield of LA obtained from the fermentation process. As
depicted in Fig. 3, during the first 12 h, LA content of the
fermented product 16.65 g/l was obtained which is very
low. Because Lactobacillus plantarum requires sufficient
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time to ferment the entire initial glucose concentration
(13.84 g/L) and adapt to the new conditions; fermentation at
this condition provides a low yield of LA product. Moreover,
the diffusion of the substrate through the beads needs time.
Accordingly, at the initial stage of fermentation, the cells
could not obtain enough amount of glucose for the metabolic
process and resulted in a decrement in LA yield.

However, as incubation time gets increased to 40 h, an
increment of LA yield (22.67 g/L) was observed, which is
36.15% higher. This shows that in this period, the number
and metabolic activity of the cells were very high since the
cells adapted to the conditions and synthesized the mol-
ecules (i.e., DNA, RNA, and other molecules) which are
necessary for their growth. Therefore, the cells are matured
and fermented a huge amount of glucose efficiently. This
performance of the cells is stable over the range of incu-
bation time as compared with free cells. However, beyond
this level of incubation time (40 h), there is a decrement of
LA yield. This is due to a depletion in the substrate and the
amount of available nitrogen fermentation medium for the
metabolism process. The present finding is in smooth agree-
ment with Wang et al., [7] stated the maximum LA yield
was obtained at 43 h of incubation time for Lactobacilllus
pentosus ATCC 8041.

3.3.3 Effect of pH

In addition to the above factors, pH was another major factor
by which the yield of LA obtained from the fermentation
process was affected. As shown in Fig. 4, an increment of
LA yield was observed with the increase in the pH. During
the first 5 to 5.5 values of pH, LA yields of the fermented
product obtained are 20.79 g/L. However, as pH increased
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Fig. 3 Effects of incubation
time on LA yield
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Fig.4 Effects of pH on LA
yield
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to a nearby 6.18, the LA contents of the fermented prod-
uct were increased to 21.83 g/L, which is 5% higher. This
revealed that the lower the pH (i.e., higher H* concentration)
of the media causes the diffusion of H* through the plasma
membrane into the cytoplasm of the cells and leads to the
decrement in the internal pH of the cells. Consequently, the
drastic variation in cytoplasmic pH can harm the cells by
inhibiting their activity and membrane transport of nutri-
ents. Similarly, Panesar et al. [25] investigated the effect
of pH on the cellular metabolism process and microbial
growth of microbial cells. Owing to Lactobacillus plan-
tarum being a prokaryotic cell, it cannot survive at lower
internal pH and even die. This revealed that at lower pH
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of media, the metabolic activity of the Lactobacillus plan-
tarum cells is less and decreased LA yield. Then, as the pH
of the fermentation medium increased to 6.18, the internal
pH of the cells was also kept around its normal level (i.e.,
around 6.5), and the plasma membrane of the cells did not
affect by the pH. Accordingly, the metabolic activity of the
cells is increased and their fermenting efficiency is signifi-
cantly increased. Subsequently, the yield of LA obtained
was increased. Moreover, Bhushan et al. [26] reported that
a higher acidic pH led to changes in the intracellular ionic
environment and damaged protein structure, which was
harmful to cell growth, resulting in a decrement of product
yield. However, the further increment of the pH of fermented
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media beyond this optimal value of 6.18 leads to a less far
increment of LA. As the pH of fermented broth gets larger,
the growth of Lactobacillus plantarum cells is suppressed,
and their metabolic activities are inhibited. Therefore, fer-
menting efficiency of the Lactobacillus plantarum cells was
substantially decreased, and the amount of additional LA
produced was significantly reduced. Accordingly, Bahry
et al. [27] reported the same phenomena for the effect of pH
on fermenting efficiency of an immobilized Lactobacillus
rhamnosus, and observed 6.0 as optimum pH value.

3.4 The interaction effect of model parameters
on lactic acid yield

3.4.1 Effect of incubation time and incubation temperature

The interactive effect of incubation temperature and incuba-
tion time on LA yield was depicted on the 3D surface plot
in Fig. 5. As discussed in the above sections, regardless of
incubation time, the increment of incubation temperature
results in an increment of LA yields. The same is true for
incubation time. However, upon their interaction, as evident
from Fig. 5, the simultaneous increment of incubation time
along with incubation temperature results in a decrement of
LA yields. At a low level of incubation time, an increment
of incubation temperature results in an increased LA yield.
Conversely, at a high level of incubation time, an increment
of incubation temperature results in a decrease in LA yield.
This outcome exposed that the interaction between incuba-
tion temperature and incubation time has a negative effect on
LA yield. Additionally, a negative sign coefficient of incuba-
tion temperature and incubation time in the developed model
Eq. (3) indicated this effect. The reason behind this result
is the fermentation carried out at high temperature (beyond

Design-Expert® Software
Factor Coding: Actual

Fig.5 The interaction effects of
incubation temperature and time

on LA yield LA content (g/L)

@ Design points above predicted value
O Design points below predicted value

9.23 [ 22.96

X1 = A: Incubation Temperature
X2 = B: Incubation Time

Actual Factor
CpH=6

@ Springer

optimum temperature, 42 °C) over a long period might cause
the reduction in metabolic activities of the Lactobacillus
plantarum and depletion of the substrate. Consequently, the
vial cells of Lactobacillus plantarum substantially decreased
which in turn led to the decrement of LA yield. If the cells
were kept at high temperature for a long period of time, the
cells would not survive to grow and possess their metabo-
lism. Moreover, another researcher, Edris (2017), stated that
the simultaneous increment of incubation temperature from
25 to 30 °C and 38 to 45 h for fermentation with using free
Lactobacillus plantarum results in the decrement of LA con-
tents from 16.85 to 12.48 g/L. It shows the negative effect of
incubation temperature and incubation time on LA yields.

3.4.2 Effect of incubation time and pH

As revealed in Fig. 6, the interactive effect of pH and incuba-
tion time on the yield of LA was depicted on the 3D surface
plot. At a low level of pH, an increment of incubation time
leads to a sharper increment of LA yield. Nevertheless, at
a high level of pH, an increment of incubation time results
in a slight increment of LA for a period and then starts
decreasing. This result showed that the interaction between
incubation time and pH has a negative effect on LA yield.
The negative sign coefficient of pH to incubation time in the
developed model Eq. (3) showed this negative effect. The
reason behind this effect is the increment of both pH and
incubation might cause the reduction in metabolic activities
of the Lactobacillus plantarum. Because, if the fermenta-
tion process was carried out a high pH of media (low H*
concentration) for a long period, then a significant amount
of H* would be diffused from the internal cytoplasm of the
cells to the surrounding (media) which results in a decre-
ment of the H" and increment of pH of the cells. Therefore,

LA content (g/L)
)

48 45

29 -

B: Incubation Time
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Fig.6 The interaction effects Design-Expert® Software

of incubation time and pH on
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923 [ 2296

X1 = B: Incubation Time
X2 =C:pH

Actual Factor
A: Incubation Temperature = 37.5

if the lactobacillus species were kept at a high pH (low H*
concentration) for a long period, the plasma membrane of
the cells would be disturbed [25]. Consequently, the growth
of Lactobacillus plantarum cells was suppressed and their
metabolic activities were inhibited. In turn, the production
of LA was decreased. The same investigation is reported
by Bahry et al. [27]. They have reported that the simultane-
ous increment of incubation time from 18 to 24 h and pH
from 6 to 6.5 for fermentation with Lactobacillus rhamnosus
ATCC 53,103 results in the decrement of LA contents from
21.5to 18.75 g/L. It shows the negative effect of incubation
time and pH on LA contents. It is known that when the pH
approaches the pKa of lactic acid (about 3.9), the undis-
sociated form of lactic acid plays a more inhibitory effect
than the dissociated lactate form. At a pH lower than 5, the
undissociated acid form cannot be neglected, whereas a pH
greater than 6 leads to almost complete [27].

3.5 Numerical optimization of lactic acid yield

The aim of the present study is to optimize the yields of LA
produced from khat waste biomass. Therefore, the optimum
condition for the selected major fermentation parameters was
determined by using design-expert software (i.e., numerical
optimization feature). Totally, around 100 possible optimal
solutions had been generated. However, as shown in Table 5,

Table 5 The selected optimum condition by RSM

LA content (g/L)
)

48

29

B: Incubation Time

the most appropriate solution was selected. These include
incubation temperature (42.3 °C), incubation time (40.01 h),
pH (6.18), and LA content (23.05 g/L). The highest compos-
ite desirability of 1.0 at optimum conditions was obtained,
which indicates the degree of satisfaction of the optimum
conditions for the ultimate goal of response was success-
fully attained.

3.5.1 Model validation

To validate the developed model, three replications of the
experiment were done. The result obtained from the experi-
ment (22.98 +0.10 g/L) is very close to the result obtained
from the model (23.05 g/L) used by design-expert software.
Therefore, the high yield of LA obtained from this experi-
ment revealed that the immobilized Lactobacillus plantarum
cells performed high fermenting efficiency and outstanding
stability during the fermentation process under optimum
conditions.

3.6 Residual sugar determination

To determine the fermenting efficiency (i.e., glucose con-
version to LA) of immobilized Lactobacillus plantarum
in the fermentation process, the residual sugar contents of
the fermented sample at optimum conditions (incubation

Number Incubation temperature (°C)

Incubation time (hrs)

pH LA content (g/L) Desirability

1 42.30 40.01

6.18 23.05 1.00 Selected
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Fig.7 Time profiles of LA and .
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temperature of 42.2 °C and pH of 6.18) were determined
with the time interval of 12 h. As it was depicted in Fig. 7,
during the first 12 h, about 43.13% of glucose had been con-
verted by Lactobacillus plantarum and yields 10.89 g/L of
LA. This indicated that, because of factors such as lack of
adaption to the new condition and diffusion limitation at
the starting, the cells did not convert the entire available
substrate into LA. Consequently, a huge amount of glucose
was left unconverted. However, as incubation time increased
to 36 h (i.e., almost near optimum incubation time), 89.40%
of glucose was converted and yielded 22.96 g/L of LA.
Because these conditions are very suitable for the metabo-
lism process of Lactobacillus plantarum, as well as the sub-
strate and product formed were diffused through the bead
properly. Thus, this outcome mentioned the utilization of
immobilized Lactobacillus plantarum for the LA fermenta-
tion process at optimum conditions could efficiently convert
the given glucose into LA product. Accordingly, Wang et al.
[7] reported that fermentation with immobilized Lactobacil-
lus species increases the fermenting efficiency and the stabil-
ity of the microbes, which results in the high conversion of
glucose to LA.

4 Conclusions

In the current study, optimization of fermentation condi-
tions for the production of lactic acid from khat waste by
using immobilized Lactobacillus plantarum was successfully
attained. The effect of immobilization on the yield of LA
has been investigated, and the yield obtained from immobi-
lized Lactobacillus plantarum cells is 32.78% higher than the
free cells. The effects of the major fermentation parameters

@ Springer

Incubation Time(hrs)

(incubation temperature, incubation time, and pH) on the
yield of LA were investigated. Response surface methodol-
ogy with a central composite design was used for the opti-
mization of LA yield and process parameters. Based on the
analysis, the optimum fermentation conditions acquired by
the quadratic model for maximum LA yield were 42.3 °C,
40.0 h, and 6.18 for incubation temperature, incubation time,
and pH respectively. Under these optimum conditions, the LA
concentration obtained from fermentation was 23.05 g/L. The
result from the model also confirmed that all the independ-
ent fermentation parameters significantly affected the yield
of LA and, especially, the incubation time was the dominant
one. The outcome from residual sugar content determination
at optimum conditions is about 1.47 g/L, which shows the
utilization of immobilized L. plantarum for fermentation at
optimum conditions can efficiently convert the given glu-
cose into an LA product. Generally, this study demonstrated
that the utilization of khat waste as a potential carbohydrate
source and immobilization of Lactobacillus plantarum cells
for LA production is worthful.

Acknowledgements I would like to thank the staff members of the
School of Chemical Engineering, Faculty of Material Science and
Engineering, Faculty of Civil and Environmental Engineering, and
microbiology postgraduate laboratory for their laboratory technical
support at Jimma Institute of Technology for their knowledge shar-
ing and technical support. Furthermore, I would like to express my
deepest gratitude for Ethiopian Biodiversity Institute for providing me
Lactobacillus plantarum microbe, which is the most detrimental spe-
cies for my work.

Author contribution All authors contributed to research design and
experimental work. The research work was conceptualized by Mr.
Sisay and Dr. Edo Begna. Material preparation, data collection, labo-
ratory work, and analyses were performed by Mr. Sisay, and funds
were secured by Jimma Institute of Technology post graduate office.



Biomass Conversion and Biorefinery

Supervision is performed by Dr. Edo Begna and Mr. Abreha G/Meskel.
The first draft of the manuscript was written by Mr. Sisay, and all
authors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding This work was financially supported by the Jimma Institute
of Technology post graduate office.

Data Availability All data analyzed during this study are included in
this research article.

Declarations

Conflict of interests o I confirm that I have read, understand, and
agreed to the submission guidelines, policies, and submission declara-
tion of the journal.

o | confirm that all authors of the manuscript have no conflict of in-
terests to declare.

o | confirm that the manuscript is the authors’ original work, and the
manuscript has not received prior publication and is not under consid-
eration for publication elsewhere.

e On behalf of all co-authors, I shall bear full responsibility for the
submission.

References

1. Cinar SO, Chong ZK, Kucuker MA, Wieczorek N, Cengiz U,
Kuchta K (2020) Bioplastic production from microalgae : a
review. Environ Res Public Health 17:1-21. https://doi.org/10.
3390/ijerph17113842

2. Jing M, Sui G, Zhao J, Zhang Q, Fu Q (2019) Enhancing crystal-
lization and mechanical properties of poly ( lactic acid )/milled
glass fiber composites via self-assembled nanoscale interfacial
structures. Compos A 117:219-229. https://doi.org/10.1016/j.
compositesa.2018.11.020

3. Qian S, Zhang H, Yao W, Sheng K (2018) Effects of bamboo cel-
lulose nanowhisker content on the morphology, crystallization,
mechanical, and thermal properties of PLA matrix biocomposites.
Compos B 133:203-209. https://doi.org/10.1016/j.compositesb.
2017.09.040

4. Saha D, Samal S, Biswal M, Smita M, Nayak SK (2019) Prepa-
ration and characterization of poly (lactic acid )/poly (ethylene
oxide) blend film : Wileyonlinelibrary 68 164—172. https://doi.
org/10.1002/pi.5718

5. Garlotta, D. (2019). A literature review of poly (lactic acid )
Polymers and the Environment, 9(2), 63—84. https://doi.org/10.
1023/A:1020200822435

6. Estivéz Rivadulla S (2019) Production facility of polylactic acid
from lactic acid

7. Wang J, Huang J, Laffend H, Jiang S, Zhang J, Ning Y, Fang
M (2020) Optimization of immobilized Lactobacillus pentosus
cell fermentation for lactic acid production. Bioresour Bioprocess
7:1-14. https://doi.org/10.1186/s40643-020-00305-x

8. Auras AR, Lim LT, Selke SEM, Tsuji H (2011) Poly(lactic acid):
synthesis, processing, and applications. Wiley Series on Polymer
Eng Technol

9. Chinenye M, Sun F, Rose M, Song G, Damascene J, Ajeje S
(2021) Trends and hassles in the microbial production of lac-
tic acid from lignocellulosic biomass. Environ Technol Innov
21:1-24. https://doi.org/10.1016/j.eti.2020.101337

10. Alves R, de Oliveiraa C, Rossellb CEV, Pereiraa GAG, Filhoc
RM (2020) Second-generation (2G ) Lactic acid production and

new developments — a mini-review. Chem Eng Trans 80:223—
228. https://doi.org/10.3303/CET2080038

11. Ali E (2017) Utilization of duckweed as a carbon sources
for production of lactic acid. MSc Thesis, Addis Ababa
University,Ethiopia

12. Rojan G, Anisha K, A, N., & R., P (2020) Direct lactic acid
fermentation: focus on simultaneous saccharification and lactic
acid production. Biotechnol Adv 27:145-152

13. Abdel-rahman MA, Sonomoto K (2016) Opportunities to
overcome the current limitations and challenges for efficient
microbial production of optically pure lactic acid. J Biotechnol
236:176-192. https://doi.org/10.1016/j.jbiotec.2016.08.008

14. Abdulhafiz Y (2014) Liquid fuel production through pyrolysis
of khat and plastic waste mixture. MSc Thesis, Addis Ababa
University,Ethiopia

15. Gabriel T, Wondu K, Dilebo J (2021) Valorization of khat
(Catha edulis) waste for the production of cellulose fibers and
nanocrystals. PLoS ONE 16(2):¢0246794. https://doi.org/10.
1371/journal.pone.0246794

16. Rameshwar HY, Argaw A (2016) Manurial value of khat waste
vermicompost from Awday, Harar town, manurial value of khat
waste vermicompost from Awday, Ethiopia. Int J Recycl Org
Waste Agric 1-8. https://doi.org/10.1007/s40093-016-0121-y

17. Subramanian MR, Talluri S, Christopher LP (2015) Produc-
tion of lactic acid using a new homofermentative Enterococcus
faecalis isolate. Microb Biotechnol 8(2):221-229. https://doi.
org/10.1111/1751-7915.12133

18. Thakur A, Panesar PS, Saini MS (2018) Parametric optimi-
zation of lactic acid production by immobilized Lactobacillus
casei using box-Behnken design. Periodica Polytech, Chem Eng
62(3):274-285. https://doi.org/10.3311/PPch.11403

19. Edris M (2019) Production of lactic acid from sugarcane
bagasse, MSc Thesis, Addis Ababa University,Ethiopia

20. Nielsen S (2010) Phenol-sulfuric acid method for total
carbohydrates. Springer, 39-44. https://doi.org/10.1007/
978-1-4757-5250-2_6

21. Panagiotis T, Merlin A, Samin B, Elleke F, Irini A (2020) Fer-
mentative production of lactic acid as sustainable approach to
valorize house hold bio-waste. frontiers, 1(4): 1-12

22. Borshchevskaya LN, Gordeeva TL, Kalinina AN, Sineokii SP
(2016) Spectrophotometric determination of lactic acid. J Anal
Chem 71(8):755-758. https://doi.org/10.1134/S1061934816080037

23. Mahato AK, Kumari L, Singh RS, Alam MT (2021) Fermenta-
tive study on optimization of lactic acid production from cane
sugar by Lactobacillus spp. Eur J Mol Clin Med 8(2), 712-723.
https://www.embase.com//results?subaction=viewrecord&id=
L2011094351&from=export

24. Abate Y (2016) Synthesis and production of lactic acid from
false banana/bula by using Lactobacillus plantarum, MSc The-
sis, Addis Ababa University,Ethiopia

25. Panesar PS, Kennedy JF, Knill CJ, Kosseva M (2010) Produc-
tion of L(+) lactic acid using Lactobacillus casei from whey.
Braz Arch Biol Technol 53(1):219-226. https://doi.org/10.1590/
S1516-89132010000100027

26. Bhushan B, Pal A, Jain V (2015) Improved enzyme catalytic char-
acteristics upon glutaraldehyde cross-linking of alginate entrapped
xylanase isolated from Aspergillus flavus MTCC 9390. Enzyme
Res 2015:1-10. https://doi.org/10.1155/2015/210784

27. Bahry H, Abdalla R, Pons A, Taha S, Vial C (2019) Optimization of
lactic acid production using immobilized Lactobacillus rhamnosus
and carob pod waste from the Lebanese food industry. J Biotechnol
306(October):81-88. https://doi.org/10.1016/j.jbiotec.2019.09.017

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/ijerph17113842
https://doi.org/10.3390/ijerph17113842
https://doi.org/10.1016/j.compositesa.2018.11.020
https://doi.org/10.1016/j.compositesa.2018.11.020
https://doi.org/10.1016/j.compositesb.2017.09.040
https://doi.org/10.1016/j.compositesb.2017.09.040
https://doi.org/10.1002/pi.5718
https://doi.org/10.1002/pi.5718
https://doi.org/10.1023/A:1020200822435
https://doi.org/10.1023/A:1020200822435
https://doi.org/10.1186/s40643-020-00305-x
https://doi.org/10.1016/j.eti.2020.101337
https://doi.org/10.3303/CET2080038
https://doi.org/10.1016/j.jbiotec.2016.08.008
https://doi.org/10.1371/journal.pone.0246794
https://doi.org/10.1371/journal.pone.0246794
https://doi.org/10.1007/s40093-016-0121-y
https://doi.org/10.1111/1751-7915.12133
https://doi.org/10.1111/1751-7915.12133
https://doi.org/10.3311/PPch.11403
https://doi.org/10.1007/978-1-4757-5250-2_6
https://doi.org/10.1007/978-1-4757-5250-2_6
https://doi.org/10.1134/S1061934816080037
https://www.embase.com//results?subaction=viewrecord&id=L2011094351&from=export
https://www.embase.com//results?subaction=viewrecord&id=L2011094351&from=export
https://doi.org/10.1590/S1516-89132010000100027
https://doi.org/10.1590/S1516-89132010000100027
https://doi.org/10.1155/2015/210784
https://doi.org/10.1016/j.jbiotec.2019.09.017

	Optimization of fermentation condition for production of lactic acid from khat (“Catha edulis”) waste by using immobilized Lactobacillus plantarum
	Abstract
	1 Introduction
	2 Methodology
	2.1 Sample preparation for hydrolysis process
	2.2 Acid hydrolysis process
	2.3 Neutralization process
	2.4 Centrifuge separation
	2.5 Sugar content determination
	2.6 Microorganism
	2.7 Lactobacillus plantarum immobilization
	2.8 Fermentation
	2.9 Design of experiment
	2.9.1 Analytical method


	3 Results and discussion
	3.1 Effect of Lactobacillus plantarum immobilization on lactic acid yield
	3.2 Statistical analysis of the experimental (fermentation) results
	3.2.1 Analysis of variance (ANOVA)
	3.2.2 Model adequacy analysis
	3.2.3 Development of a model equation by using RSM-CCD

	3.3 Model parameters effect on the lactic acid yield
	3.3.1 Incubation temperature effect
	3.3.2 Incubation time effect
	3.3.3 Effect of pH

	3.4 The interaction effect of model parameters on lactic acid yield
	3.4.1 Effect of incubation time and incubation temperature
	3.4.2 Effect of incubation time and pH

	3.5 Numerical optimization of lactic acid yield
	3.5.1 Model validation

	3.6 Residual sugar determination

	4 Conclusions
	Acknowledgements 
	References


