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Figure 2. XRD image of product from (&) thermal reaction at 550°C (ratio CFA :
NaOH =1 : 1.2) and (b) microwave-assisted reaction (ratio CFA : NaOH =1:

1.2). S = Scdium silicate; F = Faujasite.

Figure 3. SEM images of (a} as received CFA, (b) microwave assisted fused CFA, (¢) fused CEFA at 550 °C.

CONCLUSIONS

In this study, sedium silicate was successfully prepared
from CFA, a waste material from coal fired power plant,
using a domestic microwave oven. Based on the
similarity of the XRD patterns of the products
between the microwave assisted and the thermal
assisted fusion reactions, it can be concluded that
sodium silicate was successfully prepared when the ratio
of CFA : NaOH were.1: 1.1 and 1: 1.2 and the exposure

time to microwave irradiation of 2 minutes were used.
The microwave assisted procedure is faster with the
fusion reaction completed in just 2 minutes compared
to 60 minutes using the sintering procedure. Ongoing
work on the preparation of mesoporous materials from
the microwave assisted fused CFA will be reported in
the future.
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Abstract The use of pineapple waste for lactic acid production was investigated using immobilized Lactobacillus
delbrueckii subsp. defbrueckii ATCC 9646 under angerobic conditions. The two-level full factorial method has
been employed to study the factors affecting lactic acid production and to determine the optimum conditions for its
maximum production. The faciors considered include initial pH, temperature, Na-alginate concentration, inoculums
size and bead diameter whilst the response variable is lactic acid production. The experimental resulis indicate that
bead diameter is the most significant factor that influences lactic acid production, followed by Na-alginate
conceniration, temperature and initial pH. A maximum lactic acid yield of 94.8% is obtained using 1 mm diameter
immobilized beads consisting of 2 % Na-alginate concentration af initial pH 6.5 and temperature 37 °C.

Keywords lactic acid — immobilized — Lacfobaciltus defbrueckii — two-level full factorial design — fermentation

INTRODUCTION

The fermentative production of lactic acid must be
cost-competitive with chemical synthesis. Fermentation
media can represent almost 30% of the cost for
microbial fermentation [1]. General media used for
growih of lactic acid bacteria are not economically
attractive because of their expensive nutrients such
as yeast extract and peptone [2]. New low-cost media
for lactic acid fermentation are needed to enhance
the economics of lactic acid production by lactic acid
bacteria. Currently, lactic acid production through
free cell fermentation provides about 50% of the
world supply, but the productivity is very low in
conventional batch processes. However by employing
cell immobilization method that provides high density
can increase the productivity. Immobilized cell systemns
offer the advantages of high volumetric productivity
than batch fermentation system, the possibility of
continuous operation and higher stability [3]. The
immobilized preparation can then be reused either in

batch or in a continuous system and hence diminished
the cost of the process. For immobilized cell system,
for instance, dilution rates, which far exceed the growth
rate of the cells, can be used without risk of cell washout,
as would occur in the comparable free cell system.
Immobilized cells exhibit many advantages over free
cells, such as relative ease of product separation, reuse
of biocatalysts, high volumetric productivity, improved
process control and reduces susceptibility of cell
contamination [4].

Several authors have studied lactic acid production
by immobilized organisms using whey, starch, cane
molasses, beet molasses and synthetic medinm
containing lactose and glucose as substrate. Kanwar ef
al. [5] produced lactic acid from cane molasses in
continuous culture by free and Ca-alginate immobilized
Sporolactobacillus cellulosolvens whilst Goksungur
and Guvenc [3] produced lactic acid from beet molasses
by immobilized Lactobacillus delbrueckii. Yan et al.
[6] produced lactic acid from enzyme-thinned starch
with immobilized Lactobacillus amylovorus. No work
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has yet been done using fruits wastes such as pineapple
waste which has high glucose content as the substrate.

In view of these, emphasis is being placed towards
producing lactic acid from pineapple waste, focusing
on the effects of various factors such as initial pH,
temperature, cultivate size, Na-alginate concentration,
bead size and substrate concentration since they are
known to influence the fermentation process, In most
fermentation studies, such as that by Goksungur and
Guvenc [3], factors such as bead size, Na-alginate
concentration and substrate concentration are studied
using the one factor at a time experimental approach.
Kanwar et al. [5], studied effects of pH and substrate
concentration with free and immobilized cell
fermentation using a similar approach which can be
time consuming and exorbitant in cost. In this study,
the two-level full factorial method involving 5 factors
is used to investigate the effect of initial pH,
temperature, cultivate size, Na-alginate concentration,
bead diameter on the resulting lactic acid production.
Such statistical experimental design allows planning
of experiments so that the appropriate data can be
analysed by statistical methods, resulting in valid and
objective conclusions. Additionally, the optimum
conditions can be accurately determined within the
calculated confidence level and relationships will be
quantified using mathematical modeling.

MATERIALS AND METHODS

Full factorial design method

Factorial design is a collection of mathematical and
statistical techniques that are useful for the modeling
and analysis of problems in which a response of interest
is influenced by several variables. Factorial designs are
used primarily for screening significant factors but can
also be used sequentially to model and refine a process.
Its purpose is to eliminate non significant factors so
that efforts may be concentrated upon the important
ones. In this study we utilized the two-level full factorial
design, where the dependent variable, lactic acid
concentration, was assigned at two levels.

A full factorial design (FFD) investigates all
possible combinations of value of each experimental
factor. It allows the independent estimation of the
signals associated with each factor and with each
combination of factors (interactions) and also provides
good estimates of experimental error or noise. It has
been widely used in the development of physical and
biotechnology process because it provides data to (a)

estimate linear, curvature and interaction effects of
the variables studied, (b) significant effect, and (c)
generate statistically valid mathematical models
which can be utilized for graphic interpretation of
the process under study [7].

The version 6 of Design Expert software was used
to develop the experimental plan for factorial design.
The same software was also used to analyze the data
collected. The data collected must be analyzed in a
statistically sound manner using regression, whereby
an observed, empirical variable (response) is
approximated based on a functional relationship
between the estimated variable, y_ and one or more
regressor or input variable Xpy Xyperennn . X. The least
square technique is being used to fit a model equation
containing the said regressors or input variables by
minimizing the residual error measured by the sum of
square deviations between the actual and estimated
responses. The calculated coefficients or the model
equation need to however be tested for statistical
significance,

Liquid pineapple waste treatiment

The liquid pineapple waste contained undissolved
and suspended particulate matter that might interfere
with the fermentation process and thus must be
removed. The solution was boiled for 5 minutes
resulting in flocculation of particulates and these settled
rapidly upon cooling to room temperature. The
particulate was then separated by centrifugation for
15 minutes at 4000 rpm. The clear supernatant was
filtered using Whatman no. 54 filter paper under
vacuum and stored at —18°C,

Strain and culture media

The microorganism used in this study was
Lactobacillus delbrueckii subsp delbrueckii ATCC
9649 supplied from Deutsche Sammlung Von
Mikroorganismen Und Zelkulturen GmbH,
Braunschweig, Germany. The strain was maintained
at 4°C on MRS agar. The composition for 1L MRS
medium are as follows: S5g yeast extract; 5g meat
extract; 10g peptone; 2g K,HPO,; 5S¢ diammonium
citrate; 20g glucose; 2g sodium acetate; 0.58g
MgS0,.7H,0; 0.25g MnSO, 4H,0 and 1ml Tween-80.

Cell immobilization

Lactobacillus delbrueckii cells grown in a 25 cm® MRS
broth (Oxoid) was mixed with an equal volume (1:1, v/
v) of Na-alginate (Sigma, A-2033) solution. A 50 cm®




aliquot of alginate-cell suspension was added drop wise
to 1000 ml of 0.2 M CaCl, by a peristaltic pump. The
alginate drops solidified upon contact with CaCl,,
forming beads thus entrapping bacteria cells. The beads
were allowed to harden for 30 minutes. The beads were
then washed with sterile physiclogical solution (0.85%
NaCl) to remove excess calcium ions and cells. The
beads were incubated overnight in the population
medium at 45 °C overnight and the beads were stored
at 4 °C before being used.

Analytical methods

Lactic acid and glucose concentrations were determined
by HPLC. For lactic acid, a 250 mm x 4.6 mm ID
Spherisob Octyl Column manufactured by Waters was
used with a UV detector. The wavelength used in the
UV detector is in the region of 210 nm. The adsorbed
substances were eluted with 0.2 M H,PO, at flow rate
of 0.5 ml/min at room temperature. For glucose, a 4
mm diameter, 300 mm long ID m Bondapak/
Carbohydrate column manufactured by Waters with RI
detector were used. The carrier solution used was
acetonitrile:water {80:20) at a flow rate 1.0 ml/min at
room temperature. The concentration of living cells
entrapped in Ca-alginate beads was determined by
dissolving three beads in 10 ml of (0.3 M sodium citrate
solution (adjusted to pH 5.0 with 1 M citric acid) for
20 minutes with continuous stirring at room
temperature. For determining the cell number entrapped
in Ca-alginate beads and leaked cells from the gel beads,
bacterial counts were done by plating on MRS agar
and incubating them at 37 °C for 48 hours.

Experimental plan design approach
In this study, the substrate concentration is fixed, since
the maximum amount of glucose in the pineapple waste
is only 31.3g/L. The five parameters studied are Na-
alginate concentration, initial pH, temperature, cultivate
size and bead diameter while the corresponding
response variable investigated is lactic acid production.
Since there are many parameters involved, a

screening process is performed so as to determine the
best or optimal setting for these factors and indicate
whether or not curvature exists in the responses. The
design has coded levels for each of the factors. There
are numerous construction methods for numerous types
of designs. In choosing a screening method there are
five main factors to consider. Each of the five factors
are represented by two levels namely a high level
denoted by (+) and a low level designated by (-) as
shown in Table 1. A two level design is used because of
its ease of interpretation and their effectiveness.

The variables used in this study and their variation
limits were initial pH 4.5 to 6.5; temperature at 37 °C
to 50 °C; Na-alginate concentration 2% to 8% w/v;
cultivate size 5% to 15% and bead diameter 1.0 mm to
5.0 mm. The normalized (coded) dimensionless
variables employed having variations limit (-1, 1) were
defined as A (coded temperature), B {coded pH), C
(coded Na-alginate concentration), D {coded bead
diameter) and E {coded cultivate size).

Temperature is one of the important factors
affecting fermentation process. The effect of
temperature on the production of lactic acid has only
been studied in a few reports. In most cases batch
fermentations were conducted at 35°C to 45°C. In this
study, the submerged fermentation is set at 37°C for
the lower level and 50°C for the upper level. A study by
Hofvendahl and Hagerdal [8] has revealed that the
optimal temperatures were 37°C and 40°C for maximum
lactic acid production and yield respectively. Mostafa
[9]1 in his studies of lactic acid from whey with agar
immobilized cells in a packed tubular reactor obtained
the maximum percentage of lactic acid of 2.75% at
40°C. Zayed and Winter [10] reported the optimum
lactic acid concentration was 12 g/L at 30°C. Although
there have been studies reported on the effect of
temperature on the production of lactic acid, they used
different substrates such as beet molasses and whey.

The fermentation pH is either set at the beginning
or left to decrease due to acid production or it is
controlled by base titration. Hofvendahl and Hagerdal

Table 1. The low and high levels for the factors affecting the immobilized cell.

Factor Units Low level (-1} High level (+1)
Temperature (A) °C 37 50

Initial pH (B) 4.5 6.5
Na-alginate concentration (C) (wiv) % 2.0 8.0

Bead diameter (D) mim 1.0 5.0
Cultivate size (E) g 5.0 15.0
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Table 1. Bacterial isolates selected from Pseudomonas CN medium and screened for the ability to grow in
CPO as the sole carbon source and produce PHA from CPQ.

Soil No. isolates  Isolates that could grow  Isolates that produce
selected in CPO medium PHA
A: around young oil palm trees 3 0 0
B: around mature ¢il palm trees 9 1 0
C: under stacks of oil palm fruit bunches 7 4 2
(MHI1 & MH2)

Table 2. Amount of biomass and PHA produced by MHI and
MH?2 when grown for 48 hours in nitrogen-limiting medium

containing (.5% wiv CPQ.

{solate Biomass PHA PHA Content
(CDW, g/L.) gfl) (% CDW)

MHI1 1.3+0.1 0.14 + 0.07 10.8

MH2 26+0.2 0.48 £0.01 18.5

CDW = cell dry weight

MHI1 and MH2 are both gram-negative and
rod-shape (general characteristics of the genus
Pseudomonas). The Biolog Microstation System
indicated that MHI1 had 65.6% similarity to
Pseudomonas aeruginosa, and MH2 had 77.3%
similarity to the same species. As there was less
than 80% similarity to the standard strain of
Pseudomonas aeruginosa, it would be prudent for
the moment to name MH1 and MH?2 as Pseudomonas

sp.

Cell growth and production of PHA

Table 2 shows the amount of biomass and PHA
produced by MH!I and MH2 when grown with CPO
as the sole carbon source for 48 hr. In early studies
conducted by this laboratory, Pseudomonas putida
PGAL (not an indigenous bacterial isolate) produced
3.0 g/L biomass comprising 37% PHA,,., with
saponified palm kernel oil as the sole carbon source
[6]. The palm kernel oil had to be saponified before
feeding to P. putida PGA1 because the bacteria
could not metabolise the triglyceride. A technique
was then developed by this laboratory to specifically
isolate bacteria that could metabolise palm oil to
produce PHA [7]. As a result of this, FLPI, a
bacterial strain isolated from palm oil mill effluent
was obtained, and it metabolised crude palm oil to
produce 4.2 g/L biomass of which 50% was poly(3-
hydroxybutyrate), a short-chain-length PHA.

Removal of oily impurities from the

extracted PHA

The polymers produced by both MHI and MH2 were
sticky in nature and, when air-dried, the polymers
formed slightly yellowish transparent films which
were oily. The oiliness might be due to the presence
of remnant CPO from the culture broth which adhered
to the PHA during the extraction process. In order
to reduce the amount of these oily impurities, a
simple method based on liquid-liquid separation was
developed. The extracted oily PHA film was first
dissolved in a minimal amount of chloroform. This
chloroform solution (containing the dissolved PHA)
was added drop-wise into a rapidly-stirred methanol-
distilled water mixture (1:2 v/v) in a conical flask,
then left to stand for several minutes for phase
separation. The chloroform settled at the bottom of
the conical flask while the methanol-distilled water
solution was on top. An oily layer was found on the
surface of the methanol-distilled water layer. The
bottom chloroform layer was removed from the
conical flask by using a long-tip Pasteur pipette, then
it was added drop-wise into a fresh rapidly-stirred
methanol-distilled water solution. This procedure was
repeated until no more oily deposits were seen on the
surface of the methanol-distilled water layer. The
bottom chloroform layer was then pipetted out and
added drop-wise into 10 volumes of rapidly-stirred
methanol to allow the PHA to precipitate.
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[8] reported the optimal initial pH for lactic acid
production varies between pH 5 and pH 7. His work
revealed that 81 g/L and 49 g/L of lactic acid were
produced at pH 5 and pH 7 respectively. Studies by
Mostafa [9] have revealed that initial pH 6.5 of
fermentation medium produced highest lactic acid of
1.58%. Zayed and Winter [10] in their study on batch
and continuous production of lactic acid from salt whey
using free and immobilized cultures of Lactobacilli
revealed that optimum initial pH was between 6 to 7.
The highest lactic acid was produced with 62.3 g/l at
initial pH 6.5. Investigation on lactic acid production
by Senthuran et al. [11] showed that productivity was
highest at initial pH 6.5 when using hydrolyzed whey
protein. The productivity decreased for successive
batches in immobilized cell at initial pH 5.5. It was
reported at initial pH 7.0 and above the product yield
dropped significantly. In this study, the initial pH is set
with a lower level of pH 4.5 and an upper level of pIH
8.5.

Bead diameter is another factor that affects
the lactic acid fermentation using immobilized
Lactobacillus delbrueckii. Goksungur and Guvenc [3]
in his early studies used various Ca-alginate bead sizes
ranking from 1.3 to 3.2 mm diameter. It was reported
that the highest lactic acid production was obtained with
cell entrapped in the 1.3 to 1.7mm Ca-alginate bead.
Abdel-Naby et al. [12] reported maximum lactic acid
was produced with cell entrapped in 2.0mm Ca-alginate
bead. In this study, the cells were entrapped in 1.0mm
Ca-alginate bead for the lower level and 5.0mm Ca-
alginate bead for the upper level.

Besides varying the Ca-alginate bead dizameter, Na-
alginate concentration is also varied. In this study, the
Na-alginate is set with a lower level of 2.0% w/v and
an upper level of 8.0%w/v. Goksungur and Guvenc [3]
reported that maximum lactic acid production, 5.93%
was obtained with beads prepared at 2.0% w/v of Na-
alginate concentration. Abdel-Naby et al. [12]
investigated lactic acid by Ca-alginate immobilized
lactic acid and determined the maximum lactic acid
production with beads containing 3.0% Na-alginate
concentration and obtained lower yields with beads
made of 4.0 and 6.0% alginate due to diffusion problem.

The inoculums size is normally in the range of 3.0%
to 15% (v/v) of the culture volume [12] for free cell
fermentation. Studies by Atkinson and Mavituna [13]
the inoculum volume is usually about 5 to 10% (v/v) of
the fermentation broth volume. It was reported that 5.0%
of inoculum size produced highest lactic acid

production. In this study, the inoculum size used is 5.0g
bead for the lower level end and 15.0g bead for the
upper level. The cell concentration (cfu) immobilized
in I bead and the weight of 1 bead can be determined.
Thus by varying the weight of beads the inoculum size
is varied. In our study the inoculum size is reflected in
terms of the weight of beads. Thus the 5 g bead and
15.0g bead represents the lower and higher inoculum
sizes respectively.

Experimental conditions

A total of 34 experiments were carried out under
anaerobic conditions as outlined in Table 2. The two-
level full factorial design (2°) was used to determine
the significant factors affecting lactic acid production
in shake flask fermentation by immobilized
Lactobacillus delbrueckii onto pineapple waste
medium. This design consists of 34 experiments runs
with 32 factorial runs and two replicates of the center
point. Each run corresponds to a set of values for the
factors at which a measurement of the response, which
is lactic acid production, is to be made.

RESULTS

The results from the fermentation trials performed as
per the experimental plan are also presented in Table 2.
The response variable results were input into the Design
Expert software for further analysis as described in the
following section.

Effects half normal probability plot

The factorial model was selected using the effects half
normal probability plot. Generally, the model consists
of main and interaction effects that are significant. The
combination of the pure error effects and the main and
interaction effects produce the half normal probability
plot as shown in Figure 1. The significant effects show
up as outliers in the upper right hand section of the
plot. These are selected as one moves from the right to
left along the ordered effects. The pure error points
together with the insignificant effects should fall in a
line near the zero effect level.

In this study, the significant effects such as bead
diameter (D), Na-alginate concentration (C),
temperature (A), pH (B), the interaction between Na-
alginate concentration and bead diameter (CD), pH and
bead diameter (BD) and temperature and bead diameter
(AD) tend to have a normal distribution centered at
their respective large effect value while the insignificant




Table 2. Experimental design layout and results.

Factors Response
Run A:Temp B:pH C: Na- D: Bead E: Cuitivate Lactic actd
eC alginate conc. diameter, mm size, g production, % =
%o wiv <
1 37 45 2 1 5 89.7 5
2 50 45 2 1 5 79.4 S
3 37 6.5 2 1 5 94.8 £
4 50 6.5 2 1 5 85.3 3
5 37 4.5 8 1 5 76.1 2
6 50 45 8 1 5 69.3 3
7 37 6.5 8 1 5 87.1 -
8 50 6.5 8 1 5 74.5 5
9 37 4.5 2 5 5 78.9 a
10 50 4.5 2 5 5 65.3 g
11 37 6.5 2 5 5 91.4 =
12 50 6.5 2 5 5 76.1 =
13 37 4.5 8 5 5 61.3 o
14 50 4.5 8 5 5 41.7 3
15 37 6.5 8 5 5 71.3 g
16 50 6.5 8 5 5 60.3 5
17 37 4.5 2 1 15 90.1 o
18 50 4.5 2 1 15 80.1 R
19 37 6.5 2 1 15 93.5 N
20 50 6.5 2 1 15 91.3 &
21 37 45 8 1 15 81.3 3
22 50 4.5 8 1 15 78.1
23 37 6.5 8 1 15 90.9
24 50 6.5 8 1 15 74.8
25 37 4.5 2 5 15 79.9
26 30 4.5 2 5 15 674
27 37 6.5 2 5 15 88.7
28 50 6.5 2 5 15 771.9
29 37 4.5 8 5 15 57.8
30 50 4.5 8 3 15 394
31 37 6.5 8 5 15 73.9
32 50 6.5 8 5 15 56.4
33 435 5.5 5 3 10 89.3
34 43.5 5.5 5 3 10 93.8
os | effects such as cultivate size (E) and other interactions
4 =0 tend to have a normal distribution centered near zero.
ve 3 = Quantitatively, the half normal plot could be used to
se 3 . 0 rank the order of factors according to its significance.
20 3 amo P Thus, based on Figure 1, it could be seen that bead
70 - diameter (D) has the largest effect followed by Na-
: : ] alginate concentration (C), temperature (A) and pH (B).
. F This is because bead diameter (D) has the largest
o absolute value show up as outliers in the upper right
hand section of the graph and the square-dot for bead

1 F T
5.00 3.8B 7.17 11.65 15.54

diameter (D) is the farthest away from the zero value.

|E te ct} The interactions such as Na-alginate concentration-bead
Figure 1. The half-normal probability plot of lactic diameter (CD), temperal‘ure—beaq di?meter (AD) and
acid production: A: temp, B: pH, C: Na-Alg, D: bead pH-bead diameter (BD) are also significant and should
diam, E: caltivate. be included with the main effects.
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ANOVA analysis
An ANOVA table is commonly used to summarize the
tests performed such as the test for significance of the
regression model, and test for lack of fit. Table 3 shows
the ANOVA table for the full factorial model for iactic
acid fermentation. The model, F value of 96.61 implies
that the model is significant. There is only a 0.01%
chance that a model with F value this large could occur
due to noise.

A value of <0.0001 for the “Prob. > F’ value shown
in Table 3 indicates a value of very much less than 0.03,
which implies that the model is significant, and this is
desirable as it indicates that the terms in the model have
a significant effect on the response. In a similar manner
the main effect of temperature (A), pH (B), Na-alginate
concentration (C), bead diameter (D), and the two-level
interaction of temperature-bead diameter (AD), pH-
bead diameter (BD) and Na-alginate-bead diameter
(CD) are significant model terms. Other model terms
are not significant. These insignificant mode! terms can
be removed and may result in an improved model [14].
The curvature I value of 53.46 implies there is
significant curvature (as measured by difference
between the averages of the factorial points) in the
design space. There is only a 0.01% chance that a
curvature F value this large could occur due to noise. A
significant curvature may indicate that the design is in
the region of an optimum [11].

The lack of fit value is tested against the pure error
to see if the model adequately fits the response data

model. In this study the lack of fit F value of 0.86
implies that the lack of fit is insignificant relative to the
pure érror. This is desirable as we want a model that
fits.

The R? value is high (0.9644), close to 1, which is
desirable. Since this value is very close to 1, it is
concluded that the important effects identified explained
most of the variability. The predicted R is in reasonable
agreement with the adjusted R?. The adjusted R? value
is particularly useful when comparing models with
different number of terms. If there are many terms in
the models and the sample size is not very large, the
adjusted R? maybe noticeably smaller than the R
Adequate precision compares the range of the predicted
values at the design points to the average predicted error.
Ratios greater than 4 indicate adequate model
discrimination. In this particular case the value is well
above 4. The final empirical model in terms of coded
factors is listed as follows:

Lactic aid production = 75.75 - 5.92A + 4.76B - 7.36C -
7770 - 1.50AD + 1.76BD - 2.86CD

While the following equation is the final empirical
models in terms of actual factors:

Lactic aid production = 105.381 - 0.564 * Temp + 2.128 *

pH -1.026 * Na - alginate conc. - 1.315 * bead diameter -

0.115 * temp * bead diameter - 0.476 * Na - alginate conc.
* bead diameter + 0.878 * pH * bead

Table 3. Analysis of variance (ANOVA) for the selected linear model.

Sum of Mean F
Source Squares DF Square Value Prob>F
Model 5944.49 7 849.21 96.61 < 0.0001 significant
A 1121.01 1 1121.01 127.53 < 0.0001
B 725.81 1 725.81 82.57 < (.0001
C 1734.60 1 1734.60 197.34 < 0.0001
D 1931.31 1 1931.31 219.72 < 0.0001
AD 72.00 1 72.00 8.19 0.0084
BD 98.70 1 98.70 11.23 0.0026
CD 261.06 1 261.06 29.70 < 0.0001
Curvature 469.91 1 469.91 5346 < 0.0001
Residual 219.75 25 8.79 '
Lack of Fit 209.62 24 8.73 0.86 0.7077 insignificant
Pure Error 10.13 1 10.13
Cor Total 6634.16 33
Std. Dev. 2.96 R-Squared 0.9644
Mean 76.68 Adj R-Squared 0.9544
C.Vv. 3.87 Pred R-Squared 0.9377
PRESS 413.17 Adeq Precision 33.844 -




Model plot

(i) One-factor effect plots

The one factor effects graph shows the linear effect of
changing the level of a single factor. It is constructed
by predicting the responses for the low (-1) and high
(+1) levels of a factor under consideration. Figure 2(a)
to (d) show the one factor effect graphs for the various
significant main effects identified. The magnitude of
the effect estimates show that the bead diameter (D) is
by far the most important factor. Na-alginate
concentration (C) plays the next most important factor
followed by temperature (A) and pH (B). Additionally
the steepness of the graph also indicates the significance
of the factors. Three of the effect estimates (A, C and
D) are negative whilst the effect estimate B is positive.
If only these main effects are to be considered for
maximizing lactic acid production then factors A, C
and D would be set to the low level (1), while factor B
would be set to the high level (+). Since factor E is not
significant the level to be used is not important.
Therefore select a level that would bring benefit to the
experimenter

(if) Interaction plot

Two factor interactions can have an important effect
on the relationship between the response and the
experimental factors. Figures 3a to 3¢ show the results
of the contribution of the interaction effect between
the temperature-bead diameter (AD), Na-alginate
concentration-bead diameter (CD) and pH-bead
diameter (BD) respectively. An interaction plot
graphically shows the presence or absence of a two-
factor interaction between two experimental factors.
Interaction is present when the response is different

depending on the settings of the two factors and the
plot will show two non parallel lines.

In a factorial design the estimate of the two factor
interaction effect is the average of the runs in which
both factors are extreme (high-high and low-low) minus
the average of the runs in which the factor level are
mixed (high-low and low-high). This is the same as
taking the difference of the averages of diagonal corners
in the square plot. If there is no two-factor interaction
this difference is zero (except for experimental error)
because the two diagonal have symmetric changes in
the factor levels. This is equivalent to the lines in the
interaction plot being parallel.

All the interaction graphs of the significant two
level interaction terms are shown in Figures 3(a) to 3(c).
From the graphs plotted it can be seen that the effect of
the two factor interactions is not very strong. The
relatively small F value obtained for the various two
factor interactions compared to the main effects further
confirmed the weak two factor interactions. In this
particular instance, consideration of the two factors
interaction would yield similar settings as proposed
when considering only main effects.

DISCUSSION

The effect of the bead diameter and Na-alginate
concentration mostly cause the variation in the
production of lactic acid. Thus in immobilization cell
fermentation these two factors played an important role
in determining the production of lactic acid. A one mm
diameter bead diameter is favourable compared to larger
diameter beads because nutrients and substrate can
penetrate through the thin walls of the small diameter
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bead diameter interaction.

bead, thus ensuring ample supply of food for the
Lactobacillus delbrueckii and with less resistance. This
promotes the growth of cell mass thus producing higher
amounts of lactic acid production. However the large
diameter beads 5 mm in diameter house more cells and
probably has thicker walls which do not allow easy
access of nutrients and substrates to diffuse through
thus hinder cell mass growth and results in a reduced
amount of lactic acid production. The results seem to
have some similarities to the work of Goksungkur and
Guvenc [3] who found that the optimum bead diameter
for glucose utilization is between 1.5 to 2 mm and as
the bead diameter increases the glucose utilization
decreases. This view was also shared by Abdel-Naby
et al. [12] who had studied the effect of bead diameter
for lactic acid production and found the optimum Iactic
acid yield was obtained using a 2mm bead diameter,
Lactic acid production is reduced as bead diameter
continues to increase.

Experimental analysis also revealed that the
variation in the lactic acid production is contributed to
Na-alginate concentration. For this study Na-alginate
concentration seems to be the second most important
factor that must be considered during the fermentation
process. The Na-alginate concentration levels in this
study was set to two levels, 2% being the lower limit
and 8% being the upper limit. From the one factor plot
it is observed that the 2% Na-alginate concentration
gives higher production of lactic acid compared to the
8% Na-alginate concentration. This is explained by the
fact that when the Na-alginate concentration is increased
to 8%, the thickness of the membrane capsule decreases
[15], and this is presumably due to the fact that on
increasing the number of biopolymer molecules per unit
solution, the binding sites for Ca® ions also increases.
As a result a more densely cross-linked gel structure
will probably form and consequently it will have a
smaller thickness. The dense membrane is expected to
create diffusion resistance through the beads which will
result in lower product formation as nutrients and
substrates are restricted to diffuse easily to the
Lactobacillus delbrueckii cells. Thus high concentration
of Na-alginate results in a less porous gel which
consequently decreases the production of lactic acid.
At this juncture, its optimum concentration has yet to
be determined but the low concentration Na-alginate is
observed to produce higher lactic acid probably due to
less crosslinking of the alginate molecules taking place
forming less densely packed three-dimensional lattice
from the outermost layer to the core of the drop resulting




in easy diffusion of nutrients through the porous beads.
Similar results were reported by Najafpour et al. [16]
in ethanol production and Bandi et af [17] in neomycin
production when using calcium alginate matrices.
The other faciors, which contribute to variation in
the experimental data, are temperature and initial pH
in order of importance. The rate of lactic acid formation
depends also on the temperature and initial pH.
Lactobacillus delbrueckii which is a mesophilic bacteria
seems to grow very well at 37°C compared to the higher
temperatures thus resulting in high lactic acid
production. These results are different to those reported
by Goksungur and Guvenc [18] who used beet molasses
as the substrate for their lactic acid production. They
obtained the highest yield at 45°C and this might be
due to the different substrate and strain used in lactic
acid fermentation process. Initial pH of 6.5 is also
suitable for Lactobacillus delbrueckii resulting in high
cell mass and high production of lactic acid. It is possible
that the lower initial pH brought too much stress on
the organism metabolic abilities. The bacteria,
Lactobacillus delbrueckii seems to grow well in a
neutral environment with an initial pH of 6.5. An
environment, which is too acidic, is not conducive for
lactic acid production. These results seem to be in
agreement with those obtained by Goksungur and
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Figure 4. Relationships between cell concentration
(M), glucose consumption (M) and lactic acid
production (’ ) versus fermentation time.

Guvenc [18] where optimum initial pH of 6.5 is obtained
using beet molasses.

Submerged fermentation or batch fermentation of
pineapple waste to lactic acid by immobilized
Lactobacillus delbrueckii was studied in 34 runs of
experiment as a function of temperature, pH, inoculum
size, bead diameter and sodium alginate concentration.
In this study, from the 34 runs of experimental design,
run 3 which was performed at 37°C, initial pH of 6.5,
bead size 1 mm and 2% w/v Na-alginate concentration
gave the maximum production of lactic acid. The
relationship between cell concentrations, glucose
consumption and lactic acid production versus
fermentation time for run 3 is depicted in Figure 4. The
result indicates that the lactic acid production depends
on the microbial growth or cell concentration. Increase
in microbial growth or cell concentration promotes
lactic acid production. This means that there is a parallel
relationship between cell and lactic acid concentration.
Biosynthesis of lactic acid was carried out during the
growth phase of the microorganisms. Maximum viable
cell number ( 43.3 X 10°) cfu/ml was observed after
56 hours of fermentation. As expected the glucose
concentration reduces indicating substrate utilization
during fermentation and there was an increase in growth
of Lactobacillus delbrueckii which then promotes lactic
acid production. The concentration of glucose reduces
gradually during the first 24 h but then fell rapidly during
the next 16 h of fermentation, after which it slowly
decreased owing to rapid increase of lactic acid
concentration. When the maximum concentration of
lactic acid was attained, almost 97% of glucose had
been converted to lactic acid. The results obtained in
this study once again showed that the immobilized
system is capable of producing higher amounts of lactic
acid compared to free cell systems [19].
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Although this method could remove most of the
oily impurities from the PHA, there are drawbacks, e.g.
the method is tedious and would not be suitable for use
in large scales. Furthermore, some low molecular
weight PHA might be lost when they separate into the
methanol-water layer from the chloroform layer.
Therefore, more efficient oil-removal methods need to
be developed if CPO is to be used as the sole carbon
source for the production of PHA, by MH1 and
MH?2. The studies in this report were conducted in the
form of a batch culture in shake flasks, and the initial
CPO concentration was 0.5% w/v. At higher production
scales using vessel bioreactors, a fed-batch system
whereby the carbon source is fed intermittently, is used
to increase biomass and PHA productivities
(unpublished data). By this fed-batch system, the
problem of remnant oil occurring in the broth at the
time of cell harvest might not arise.

Another way to avoid the adherence of remnant
oil, glycerol or fatty acids to the extracted PHA would
be to wash the cells well to remove these oily deposits
before the PHA is extracted. However, much care
needs to be exercised because solvents used at this
stage to remove oily deposits from the cells might also
remove the intracellular PHA should the cells break
during the washing process.

PHA characterisation

The '"H NMR spectra of the PHA extracted from
MHI1 and MH2 were similar to one another, and
they closely resembled the PHA spectrum produced
by Pseudomonas sp. Strain NCIMB40135 cultivated
on glucose [8]. Likewise, the ®C NMR spectra of
the PHA from MH1 and MH2 were identical, each
having 10 major peaks corresponding to the carbon
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Figure 1. 400-MHz 'H NMR spectrum of the PHA extracted
from MH2 grown with CPO as the sole carbon source.
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Figure 2. 100-MHz “CNMR spectrum of the PHA extracted
from MH2 grown with CPO as the sole carbon source.

atoms of the monomer units. By referring to the
reported chemical shift data [5], the various peaks
could be identified as belonging to the monomer
units of 3-hydroxyoctanoate (Cy). 3-hydroxydecanoate
(C,,), 3-hydroxydodecanoate (C,,) and 3-
hydroxytetradecanoate (C,,). The 'H and *C NMR
spectra of the PHA produced by MH1 and MH2
thus indicate that they are PHA, . Figure 1 shows
the '"H NMR spectrum while Figure 2 shows the 3C
NMR spectrum of the PHA extracted from MH2.

GC analysis revealed that 3-hydroxyoctanoate
and 3-hydroxydecanoate were the predominant
monomers in the PHA produced by MHI1 (56.3 mo]
% C8 and 33.4 mol % C10) and MH2 (54.0 mol % C8
and 33.5 mol % C10). C12, Cl14 and C16 monomeric
units were also detected but they were in much lower
proportions (Table 3). This lends further support that
the PHA produced by MH1 and MH2 are PHA, ., As
the sole carbon source was CPO, the precursors for
the various monomeric units were very likely even
carbon-number fatty acid intermediates arising from
the B-oxidation of fatty acids [3]. The high proportions
of C8 and C10 monomeric units suggest that the







Table 3. Chemical properties of PHA extracted from MH1 and MH2 grown in nitrogen-limiting medium containing

0.5% wiv CPQ as the sole carbon source.

Chernical properties of PHA

Monomer composition

Isolate Thermal Properties Molecular Mass
(mol%)
cg Clo ci2 ci4 C6 T, H T, M, M, MM,
¢cC  Jig O
MH] 563 334 74 09 20 41.22 1211 -35.74 50,167 28,988 1.73
MH2Z 540 335 8.6 14 25 4186 9.64 -3591 67430 37,612 1.79
PHA synthase for the biosynthesis of PHA . has From the gel permeation chromatograph data,

MCL
higher affinity for these two precursors [9]. The major

fatty acids in CPO are palmitic acid (C, ), oleic acid
(C,.,) and linoleic acid (C,,,,) [10], and these could be
B-oxidised to the C8 and C10 intermediates which are
then used by the PHA synthase to polymerise into
PHAMCL'

When the purified PHA from MH1 and MH?2
were analysed by differential scanning calorimetry,
both the polymers have T, values around -35°C and a
very small melting peak around 41°C. They exhibited
low crystallinity as reflected in AH_ which were 12.11
J/g for MH1 and 9.64 J/g for MH2 respectively
(Table 3). Both the polyesters can therefore be
considered as elastomers at room temperatare.

the PHA produced by MHI1 has a number-average
molecular mass (M ) of 28,988 and a weight-average
molecular mass (M) of 50,167, while the PHA
produced by MH2 has a M, of 37,612 and a M, of
67.430. The polydispersity of both PHAs was around
1.7 (Table 3).
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