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Determination of vitamin E and fatty acid contents in food
served at an army training centre
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Abstract A study was conducted to determine the vitamin E content and fatty acids composition in foods served in
o cafeteriv of an army training cenire in Malaysia. A tofal of 22 food samples from a one day menu in July and
Odober was purposely sampled and analysed for their vitamin E and fafty acid contents using High Performance
Liquid Chromatography and Gas Chromatography methods, respectively. The adequacy of dietary intake of these
nutrients among 84 trainees was also assessed from o one-day food record. The vitamin E and fatty acid infoke
derived from the food analysis was compared to values obtained from the food composition tables [FCT). The
content of vitamin E in the food samples varied from 0 mg in cooked rice to 11.76 mg in ‘asam pedas’ fish
(mackerel). The predominant saturated fatty acid (SFA), monounsaturated fatly acid {(MUFA) and polyunsaturated
fatty acid {PUFA) in the food samples were palmitic, oleic and linoleic acids, respectively. Percentage of SFA, MUFA
and PUFA as caleculated using food analysis to total energy intake was 6.2%, 6.0% and 2.0%, respedtively.. The
comparative figure estimated using FCT was 12.1%, 8.3% and 3.0%, respectively. These figures did not meet the
Recommended Nuirient Intake (RNI). The vitamin E intake was 11.68 mg/d (food analysis) and 8.37 mg/d (FCT).
Approximately 20% and 85% of subjects did not meet the RN for vitamin E, based on food analysis and FCT,
respectively. In conclusion, the intake of both vitamin E and faity acids of the subjects were not satisfactory.
Furthermore, vitamin E intake may be underestimated if based on the food composition alone.

Keywords fatty acids — vitamin E — dietary intake — army frainees

INTRODUCTION antioxidant at high dosage was beneficial in reducing
the lipid peroxidation in red blood cells and also plasma

Vitarnin E is a lipid-soluble, chain breaking antioxidant  [4]. In Malaysia, antioxidant status among soldiers has

that prevents the propagation of free radical reaction
and lipid peroxidation [1]. Fatty acids play an important
role as the major component in human cells and as a
source of energy during strenuous exercises [2]. Vitarnin
E with other mineral like zinc is important for sustaining
the soldiers during metabolic stress [3]. Intensive
exercise or heavy physical activity can induced lipid
peroxidation and lead to oxidative stress that will
damage the body tissue and cells [4]. A study conducted
among Thai soldiers showed that supplementation of

not been reported, however, sub-clinical vitamin E
deficiency has been detected among rural elderly
Malays (27%), especially men [5]. Faity acids act as
energy source during intensive and heavy physical
activity that leads to the reduction in free fatty acids in
plasma [6]. The amount and the quality of fats consumed
from diet are related to several disorders and diseases
such as coronary heart disease [7], obesity [8] and
certain cancers [9].
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In Malaysia, a few studies have been carried out
among army trainees to determine physical activity
level, basal metabolic rate and energy requirement [10],
but not vitamin E and fatty acids intake. Studies on
determination of fatty acid compositions and vitamin
E infood are rather limited. Furthermore, the Malaysian
Food Composition Tables [11] do not have values for
vitamin E and only provide composition of fatty acids
for only 44 types of foods. Therefore, this study was
aimed to determine the content of vitamin E and fatty
acid contents in selected foods and to assess the
adequacy of intake among army trainees.

MATERIALS AND METHODS

Study design

A total of 84 army trainees from a training centre in
Port Dickson, Malaysia were invited to participate in
the study. The inclusion criteria were aged 18 to 30
years, healthy with no known chronic diseases,
physically active and participate in the training
programme at the centre. Individuals who smoked,
drank alcohol, took vitamin and mineral supplement
and herbal or traditional medicine were excluded from
the study. Subjects were asked to fill up a standard
questionnaire on socio-demographic and health status.
Data on dietary intake was obtained through a one-day
food record. In addition, the anthropometric indices
such as weight, height and body composition using body
impedance (Maltron 916, UK) were also measured. The
study is part of a larger study to determine the efficacy
of antioxidant supplementation on red blood cells and
plasma among army trainees. The study has been
approved by the Research and Ethical Committee of
the Medical Faculty, Universiti Kebangsaan Malaysia
(FF-022-2003).

Food sampling

Twenty-two food samples served at the training centre’s
cafeteria were collected in triplicates and stored at -20
°C prior to analysis, but some samples were in duplicates
from a one-day menu. The food samples were classified
info six groups namely, cereal and cereal products, fats,
eggs and poultry, fish, vegetable and fruit and
miscellaneous. The samples were analysed for their
vitamin E and fatty acids compositions.

Preparation of sample
Total lipid was extracted by refluxing with chloroform-
methanel 2:1 (v/v) according to the method of Folch et

al. [12]. For the determination of vitamin I, 1 mL of
hexane was added into the lipid extract weighing + 0.1g
and vortexed. Hexane (5 mL}) was added into the lipid
extract weighing 0.2-0.5g and vortexed. Vortexed
sample (1 mL) was pipetted into microtube and
centrifudged for 2 minutes at 3000 rpm. Upper layer {1
mL) of the centrifudged sample was pipetted into the
vial autosampler. About 20-50 L. sample from the vial
was injected into the HPLC system. For determination
of fatty acids compositions, 100 uL of lipid extracts
was diluted with 1mL of hexane in a microtube, 5M
Natrium methylate (100 ul.) was added into the solution
to produce fatty acids methyl ester (FAME) and
centrifudged at 3000 rpm for 2 minutes. About 1 mL
from the upper layer of solution was pipetted into the
vial and placed in the autosampler GC. GC was
programmed to inject a volurne of 1 uL into the GC
system.

Determination of total fat, fatty acids
and vitamin E
The following nutrients were quantified: total fat,
saturated fatty acids (SFA): C8-C22; monounsaturated
faity acids (MUFA): C16:1-C20:1; polyunsaturated
fatty acids (PUFA): C18:2-C18:3, tocopherol and
tocotrienols isomer. Fatty acid compositions in food
samples were analysed by gas chromatography (GC)
using capillary columns following the AOCS Official
Method Ce 1-62 [13]. The analyses were performed
using a Perkin Elmer Autosystem and Shimadzu model
2010 (Shimadzn, Japan) with FID detector. The Perkin
Elmer Autosystem (Perkin Elmer, Inc. USA) with
Turbochrome software equipped with capillary column
of 105 m x 0.25 mm x 0.20 pm (Restex corp., USA)
and helium as carrier gas. Whereas, Shimadzu
chromatograph equipped with 30 mm x 0.25 mm x
0.20 pum (Supelco) (Shimadzu, Japan) capillary column
and the carrier gas was nitrogen. GC parameters:
Column (Oven) temperature programme (100 -
160 °C, Rate 3°C/minute, 160 - 240 °C, Rate 3°C/
minute) injection 250 °C, detector 260 °C, split on
100:1 and carrier gas pressure was 40 psi. Identification
was based on the retention times of the following
references oils AOCS RM3, AOCS RMS6, 19 and 37
components FAME Mix (Supelco, USA).
Quantification was based on percent of peak area.
Vitamin E (tocopherel and tocotrienol} were
analyzed using chromatographic systern, HPL.C, Agilent
Technoloies model 1160 with Chemstation software
based on the AQCS Ofificial Method Ce 8-89 [14]. Two




normal phase columns connected in series. The columns
are Zorbax RX-Sil; 250 x 4.6 mm, 5 micron from
Agilent Technologies (Agilent Technologies M, Corp,
USA) and using a fluorescent detector. Mobile phase
used was isocratic-hexane:IPA in a ratio of 99.5:0.5
using flow rate at 2 mL/minute. Peaks shown on
chromatograms of test samples were identified by
matching their retention times against standards and
reference mix. Tocopherol standards were purchased
from Merck KgaA (Germany) and Sigma Co. (St.
Louis, USA). MPOB’s tocotrienol-rich fraction was
used as a reference for tocotrienols.

Assessment of daiiy fatty acids and

vitamin E intake

Dietary assessment was carried out using a one-day
dietary record filled up by the subjects on the same day
when the food samples being taken. The subjects were
instructed to estimate the food portions using household
measurements. The food portions in the dietary record
were converted into grams and computed for total
nutrient intake using nutrient compositions derived from

the food samples analysis and also those from the UK
Food Composition Tables for vitamin E [15] and the
Malaysian Food Composition Tables for fatty acid
compositions [11]. Data obtained were analysed using
the Statistical Package for Social Sciences Version 12.0.

RESULTS AND DISCUSSION

Eighty four newly recruited male army trainees,
predominantly Malays (92.8%), volunteered to
participate in the study. Their age were 18-23 years,
body mass index (BMI) 20.9 % 1.82 kg/m?, percentage
of body fat was 21.2 + 3.3 % and lean body mass 46.4
% 4.4 kg. The nutritional status was good, with 83%
fell into the normal category of body weight (BMI 18.5
to 24.9 kg/m?) [16]. The percentage of coefficient
variation (CV%) for vitamin E analysis for most
samples was below 10%, with the exception of eight
food samples. This was probably due to the little amount
of vitamin E present in those foods. The accepted values
for CV% for fatty acids analysis is as follows: less than
5% if the amount of fatty acid is more than 10% from

Table 1. Composition of saturated fatty acids in selected foods.

Type of food n Saturated Fatty Acids (SFA) (%)

Caprilic CapricC Lauric Myristic Palmitic Stearic ~Arachidic Behenic

C8:0 00 C12:0 C140 C16:0 C180 C20:0 C220

A, Cereal & grain product
Chicken rice (rice only) (N1) 2 1.1 0.8 - 0.7 27.5 472 - -
Chicken rice (N2) 3 005 0.05 0.7 1.0 38.8 3.7 0.2 0.04
Nasi lemak 3 1.3 1.0 9.4 39 20.9 4.0 0.6 0.1
White bread 2 - - - 0.8 42.1 8.9 0.3 -
Bun 3 0.3 0.3 6.4 2.8 373 33 0.2 0.04
Fried mee hoon 3 001 0.01 0.2 0.7 38.1 3.6 0.3 0.04
B. Fat
Mix butter with jem 2 0.2 02 24 1.7 43.5 4.4 0.3 -
C. Egg & pouliry
Scramble egg 2 - - 03 0.8 38.1 53 0.3 0.6
Fried chicken 3 001 0.02 0.2 0.8 28.8 4.4 0.2 0.5
Chicken kurma 3 002 0.02 8.3 0.8 31.4 3.8 0.3 0.1
D. Fish
Fried mackerel with soy sauce 3 C.1 - 0.2 1.4 38.6 3.1 0.3 0.5
Fried mackerel with *taucu’ 2 - - 04 L1 40.5 4.3 0.4 -
Fried mackerel ’asam pedas’ 2 - - 0.4 1.1 40.9 42 0.3 -
E. Vegetables & Fruit
Fried swamp cabbage 3 004 0.02 03 1.1 38.0 4.5 0.3 -
Bean sprouts in coconut milkk 2 6.7 5.2 40.2 15.3 13.7 3.0 - -
Mix vegetable asam pedas 2 - - 0.4 1.1 40.7 43 0.3 -
Cucumber 2 - - - 1.0 38.2 45 0.3 -
Star fruit 2 - - - 0.7 20.1 25 0.5 -
F. Miscellanous
Soy sauce 2 - - 0.3 0.8 347 42 0.4 -
Ketchup 2 - - 0.4 1.0 19.4 3.1 0.6 -
Soup 2 - - 0.3 0.8 274 4.1 - -
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the total fat content; 5-10% if the amount of fatty acid
is between 1 to 10% from the total fat content and more
than 10% for fatty acid with content less than 1% from
the total fat content [17]. The CV% for the fatty acids
analysis in this study are close to the acceptable range,
i.e. 5.46%, 7.55% and 10.72% for fatty acid content of
more than 10%, 1 to 10% and less than 1%, respectively
from the total fat in food samples.

As shown in Table 1, the predominant saturated
fatty acid was palmitic acid (C 16:0) which existed in
chicken rice (N2), white bread, scramble egg, fried
mackerel cooked with soy sauce, fried mackerel cooked
with ‘taucu’ and fried mackerel ‘asam pedas’, fried
swamp cabbage and mix vegetable ‘asam pedas’ (38%
- 42% of palmitic acid). Food sample of margarine and
jam contained the highest amount of palmitic acid
(43.5%). The high composition of palmitic acid was
due to the usage of palm oil in cooking or food. Palm
oil contains 43% of palmitic acid [18). It is interesting
to note that white bread also contained a substantial
amount of palmitic acid, possibly due to fat source from
palm oil used in its processing.

Stearic acid only accounted for 3 to 8% of fatty
acid. Coconut rice (nasi lemak), chicken kurma and
bean sprouts cooked in coconut milk contained a higher
amount of lauric acid (C12:0) and myristic acid (C14:0)
as compared in other foods. This is because coconut
milk is already high in these types of fatty acids [19].

Epidemiological studies showed that palmitic,
lauric and myristic acids might increase the cholesterol
level in human body [20], with myristic acid being the
most potent [21]. However, myristic acid was found to
increase both LDL and HDL cholesterols in healthy
individuals [22]. Palmitic acid would not necessarily
result in hypercholesterolimic effect as it depended on
the source of palmitic acid and LDL receptor’s set point
of individuals. Palmitic acid is neutral if the amount of
cholesterol intake from the diet is less than 300 mg/day
or if the LDL receptor’s activity is not standardized
[23, 24)

As shown in Table 2, oleic acid (C18:1) was the
most dominant MUFA in all food samples. Linoleic
acid (C18:2) was high in soya sauce, white bread and
all fried dishes, while, the other PUFA and MUFA fatty

Table 2. Composition of monounsaturated and polyunsaturated fatty acids and vitamin E content in selected foods.

Type of food n MUFA (%) PUFA. (%) Vitmain E (mg)
Palmitoleic ~ Oleic  Eicosenoic Linoleic Linolenic Unconfirmed *P/S mg/ CV
C16:1 Cl181 C20:1 Ci1&2 CI83 Fawyacids ratio 100g %
A. Cereal & grain product
Chicken rice (N1) 2 3.8 41.4 - 16.1 6.7 0.7 058 003 238
Chicken rice (N2) 3 0.4 42.7 0.1 11.6 0.3 0.4 027 033 19
Nasi lemak 3 0.5 36.5 0.4 19.2 0.3 1.9 047 162 1.3
‘White bread 2 - 2238 - 21.9 1.4 1.8 045 015 58
Bun 3 0.1 327 0.2 15.4 0.5 0.5 031 127 20
Fried mee hoon 3 0.1 44.0 Q.1 122 0.2 0.4 029 205 234
B. Fat
Mix butter with jem 2 - 373 - 9.4 0.2 04 0.18 347 o9.1
C. Egg & poultry
Scramble egg 2 0.8 39.9 - 13.5 03 0.1 030 051 126
Fried chicken 3 4.5 42.4 0.2 15.8 1.0 1.2 048 147 222
Chicken kurma 3 03 434 0.1 10.3 0.2 1.0 023 527 1.1
D. Fish
Fried mackerel with soy sauce 3 1.5 40.4 0.2 7.7 0.2 3.8 0.17 185 0.l
Fried mackerel with *tauce’ 2 0.3 40.7 - 11.3 0.6 0.4 025 572 97
Fried mackerel "asam pedas’ 2 0.3 41.4 - 11.0 - 0.4 023 1176 7.8
E. Vegetables & Fruit
Fried swamp cabbage 3 0.7 42.8 0.2 10.2 0.3 1.3 024 120 29
Bean sprouts in coconut milk 2 - 12.1 - 3.1 - 0.7 004 0.02 333
Mix vegetable asam pedas 2 6.3 41.6 - 10.5 0.6 0.2 0.24 027 370
Cucumber 2 0.5 36.9 - 17.7 0.8 0.1 042 001 0.0
Star fruit 2 0.6 59.7 1.5 6.0 7.2 1.2 055 0.05 200
F. Miscellanous
Soy sauce 2 0.3 325 - 25.1 1.3 0.4 065 001 0.0
Ketchup 2 0.6 17.3 - 54.1 2.2 1.3 230 003 333
Soup 2 0.1 423 - 15.7 1.0 2.3 051 003 60.0




acids existed in small amount (<1%y). The highest ratio
of polyunsaturated to saturated fatty acid (P/S) was
found in ketchup of chicken rice, soy sauce, star fruit,
chicken rice (rice only) and soup. This ratic was
influenced by the fatty acid composition of the
ingredients and the type of cooking oil used in food
preparation [17].

The highest content of vitamin E (tocopherol and
tocotrienol) in the food samples being analysed was
mackerel ‘asam pedas’ (11.8 mg/100g wet weight),
followed by fried fish with taucu and chicken kurma.
These findings were also affected by the food
preparation method [17]. Foods fried with palm oil
contained a significant amount of vitamin E. The
vitamin E content with this 0il (33.1 mg/100g) is higher
than other vegetable oils [15].

Dietary intake estimated from the one-day dietary
record revealed that the mean energy intake of subjects
was 2018 £ 331 keal/d. The mean intake only met 68%
of energy requirement of 2820 kcal/day for men with
heavy physical activity (PAL 2.05), aged 19 to 29 year
and weighing 60 kg [25]. The mean intake of fatty acids
and vitamin E among army trainees is shown in Table
3. In general, fatty acids intakes estimated from the
calculation using food composition tables were higher
(SFA 12.1%, MUFA 8.3% and PUFA 3.0%) than those
derived from food analysis (SFA 6.2%, MUFA 6.0%

and PUFA 2.0%). However, for vitamin E, the findings
were just the opposite. The underestimation of vitamin
E content from the UK FCT [15] was due to the fact
that this FCT only considers tocopherol in vitamin B
values, whilst, this study analysed both tocopherol and
tocotrienol. As for fatty acids, most of the FCT such as
the UK [15] only provide information of total fatty acids
but not a detailed composition. The Malaysian FCT
[11] provides information of fatty acid compositions
only for 44 food items. Thus, only eight from 22 food
samples in this stady can be compared fairly with the
later.

The best method to estimate nutrient intake is to
have a duplicate food analysis of individuals, as it
reduces errors during estimation of intake [26].
However, this method is costly and requires good
cooperation from subjects [26]. There is a need to update
the Malaysian FCT with a more comprehensive
profiling of fatty acids and vitamin E for various foods
and cooked dishes.

Overall, both vitamin E and fatty acids intake of
the subjects were not satisfactory when compared to
the RINI [25]. Although, the mean of vitamin E intake
calculated from the values obtained from food analysis
(11.68 + 1.97 mg/d) achieved 117% of RNI, 20% of
subjects did not meet the RNI for vitamin E. It was
however noted that the ratio of vitamin E/ PUFA from

Table 3. Comparison of fatty acids and vitamin E intake computed from Food Composition Tables
and Food Analysis and percentage of intake as compared to the recommendations.

Nutrient Calculation Range of Food Range of Recommendation
{n=84) calculation  analysis(n=84) food analysis

SFA
{g/day) 2654524 134-364 13591232 80-182 <10% kcal'?
(% keal) 121 x3.11 6.2+ 1.48
(% recommendation) 121 % 62 %

MUFEA
(g/day) 18.17+3.17 115-254 13.03+234 69-17.6 >10% keal
(% kcal) 83+1.96 6.0 £1.46
(% recommendation) 83 % 60 %

PUFA
(g/day) 652+ 1.11 42-94 442 +£093 21-64 4-6 % keal'
(% kcal) 3.0+ 068 20x0353
(% recommendation} 60 % 40 %

Vitamin E
{mg/day) 837+171 49-15.0 11.68 £ 1.96 6.7-15.5 10 mg/day?
{% RNI %) 84 % 117 %

! Recommendation for Malaysian adult [28]

2 Recommendation for Adult Treatment Panel IIT [29]
3 RNI vitamin E for Malaysia [25]
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both estimation of FCT and food analysis for subjects
was above the recommended value of 0.6 mg vitamin
E per g PUFA [27]. The ratios of SFA:MUFA:PUFA
for subjects from estimation of FCT {2.7:2.8:1) and food
analysis (4.8:3.0:1) were closed to the ratio
recornmended for adults Malaysian of 2:3:1 [28], but
not those suggested by the American Heart Association
of 1:1:1.[29].

In conclusion, it appears that the SFA intake of the
subjects was high and the intake of PUFA was low.
Dietary modification with low saturated food sources

such as coconut milk and increased intake of PUFA
included nuts and legumes and vegetable oil are
recommended for the army trainees.
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The restriction fragment length polymorphism patterns and the
presence of outer membrane protein gene in some Vibrio cholerae
O1 and 0139 strains
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Abstract The diarrheal disease cholera is caused by Vibrio cholerae belonging to the O1 or O139 serogroup and
pathogenicity is based on the presence or absence of cholera toxin {CT) production. In this study, all strains of Vibrio
cholerae were identified fo be O1 and ©139, either CT negative or positive. The restriction fragment length
polymorphism {RFLP) pattern was determined affer digestion with Not1 restriction enzyme. In addition, defection of
the outer membrane protein (ompW) genes was carried out using the Polymerase Chain Reaction (PCR) assay. The
results revealed several RFLP pafterns with the 0139 Ret sirains exhibiting one extra band compared to ordinary
0139 strains. Nevertheless, amplification of 588-bp fragments revealed ompW genes in all {100%) of V. cholerae
tested. The results showed that all V. cholerae strains, including the CT strain, were positive for ompW. In conclusion,
different RFLP patterns were obigined. ompW is not suitable to be used as a gene target in V. cholerae because

cholera toxin producer and non-producer cannot be differentfiated.

Key words ompW gene — PCR — PFGE — Vibrio choleare

INTRODUCTION

Cholera is an important disease that has killed
millions of people and it continues to be major health
problem worldwide [1]. The causal agent of cholera
is Vibrio cholerae which produces cholera toxin (CT-
positive). However, CT-negative V. cholerae Ol are also
present and normally isolated from environmental
waters in countries that are not endemic for cholera
such as Japan [2].

Generally, expression of the CT gene (ctx) in V.
cholerae is controlled in a complex manner involving
transcriptional, translational and post-translational
regulations. Previous studies have shown that genes
partially homologous to ompW of V. cholerae are
present in certain other bacteria, such as Escherichia
coli and Aeromonas spp [3,4]. Several functions were
proposed for the OmpW-related proteins in these
bacteria, including their pore- or channel-forming [3]
and colicin receptor properties [5]. Although the precise
function of the OmpW protein in V. cholerae is not yet

known, it may play a role in the adherence process,
which is likely to facilitate the survival of the
organism within the host or in the environment or
both [6]. The genetic diversity and molecular
epidemiology of V. cholerae Ol has been reported
using various molecular techniques such as restriction
fragment length polymorphism (RFLP), pulse-field
gel electrophoresis (PFGE), amplified fragments
length polymorphism and variants of polymerase
chain reaction (PCR)-based methods [7-11].
Nevertheless, the conventional methods of
classifying V. cholerae are biotyping, serotyping and
bacteriophage typing but these methods cannot
differentiate clones. Hence, the need of RFLP is
crucial.

In the present study, we evaluated the use of
PFGE to examine the RFLP patterns of V. cholerae O1
and O139 isolates. The study was extended using
primer pairs targeted to a gene encoding an cuter
membrane protein (ompW), whose nucleotide
sequence was first reported by Jalajakumari and
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Manning [12]. It has been demonstrated that the primers
targeted to ompW are better suited for species-specific
identification due to the unique presence of the gene
with conserved sequences in V. cholerae [13].

MATERIALS AND METHODS

Isolation of V. cholerae

A total of 5 V. cholerae strains isolated from both
clinical and environmental sources in Qsaka, were
included in this study. The strains were isolated locally
and kept as stock cultures. The list of strains which
included 0139, O1 CT-positive and CT-negative were:
0139 Hiroshima, 0139 Hiroshima RET-, O1 no.
960852 (clinical strain), 01 no. 960951 (clinical strain)
and O1 CT no. 9612.

The isolation was performed by standard methods
[14]. Cells were grown on heart infusion broth or agar
plates (Difco, Detroit, USA). The Ol-antigen CT-
positive strains were characterized by conventional
biochemical tests such as IMVic, amino acid and
sugar assimilation tests (15). Biotype determination
was based on haemolysis of sheep erythrocytes and
Voges-Proskauer reaction,

Preparation of DNA for pulse-field gel
electrophoresis

The RFLP pattern analysis for all V. cholerae
strains were performed using PFGE. Agarose plugs
containing DNA for PFGE were prepared using
CHEF bacterial genomic DNA Plugs kit (Bio-Rad
Laboratories, Hercules) with moedifications to the
manufacturer’s instructions. In brief, bacterial cells were
grown for 3 hours at 37°C in heart infusion broth and
bacterial concentration adjusted to the concentration
of McFarland 2. The bacterial cells then were
inoculated into agarose blocks and bacterial genomic
DNA was extracted with lysozyme and proteinase
K solution. Bacterial DNA in agarose plugs were then
digested with Norl restriction enzyme (New England
Biclabs) at 37°C overnight.

Pulse-field gel electrophoresis (PFGE)

Electrophoresis was carried out by the contour-
clamped homogeneous electric field method on a
CHEF-DR H system {Bio-Rad Laboratories, Richmond,
California) in 1% agarose (Pulse Field Certified
Agarose; Bio-Rad Laboratories, Hercules) and 0.5 X
TBE buifer (44.5 mM Tris, 44.5 mM boric acid, 1 mM
EDTA, pH 8.3) at 14°C for 24 h at 150 V, with the

pulse time at 3-40 sec. Gels were stained with SYBR
Green I nucleic acid gel stain (FMC BioProducts,
Rockland, USA) for 30 min and photographed with a
UV transluminator. RFLP patterns were visually
analyzed.

Polymerase Chain Reaction (PCR)
Oligonuclectides were synthesized commercially by
TakaraBio Inc., Shiga, Japan. All amplifications
were performed on a thermocycler (Perkin Elmer).
The primer pair used for ompW was 5°-
CACCAAGAAGGTGACTTTATTGTG-3’ and 5’-
GAACTTATAACCACCCGCG-3" [13]. PCR
amplification of target DNA was carried out according
to Nandi ef af [13] and the cool start method was used
when preparing the master-mix solutions. This is to
minimize the amplication of non-specific bands and
to achieve more accurate amplification. PCR tubes
(200 Wl volume) with a reaction mixture volume of
25 ul were used. Each of the reaction mixtures
contained 3 pl of template DNA (lysate) obtained by
boiling for 2 min, 2.5 pl of primer (10 pmol/ul}, 2.5 i
of 2.5 mM deoxynucleoside triphosphate, 0.3 ul (5 U/
ul) of Taqg DNA polymerase (TakaraBio Inc., Shiga,
Japan), 2.5 | of 10X reaction buffer containing 20 mM
MgCl, (TakaraBio Inc., Shiga, Japan) and 11.8 l of
distilled water. The reaction mixture was subjected to
an amplification of 30 cycles and consisted of three
steps in the following order: denaturation of template
DNA at 94°C for 30s, annealing of the template DINA
at 64°C for 30s, and extension of the primers at 72°C
for 30s. Before initiation of the first cycle, the reaction
mixture was heated at 94°C for 5 min to allow complete
denaturation of the template. PCR products were
electrophoresed through 1.5% (wt/vol) agarose gel and
the amplified products were stained using ethidium
bromide and visualized under UV light.

RESULTS AND DISCUSSION

PFGE

Actotal of 5 V. cholerae serotypes were investigated by
PFGE and the RFLP patterns analyzed. From the
results obtained, there were several patterns based on
Notl restriction (Fig. 1). The 0139 RET" strain had
one extra band as compared to ordinary O139 strains
(Lane 2 and 1, respectively). Different RFLP patterns
of the same strain occurred by deleting certain
sequence. The results also showed the consensus
pattern in all strains tested,




M1 23435

Figure 1. Notl-RFLP patterns among the five V.
cholerae strains. Lane M, 48.5 kb lambda ladder size
marker; lane 1, V cholerae 0139 Hiroshima; lane 2, ¥
cholerae 0139 Hiroshima RET; lane 3, V. cholerae O1
n0.960852; lane 4, V. cholerae Ol no.960951; lane 5, V.
cholerae CT-. & Denotes extra band in V cholerae 0139
Hiroshima RET.

PCR

PCR amplification of ompW gene for V. cholerae
yielded amplicons of 588 bp. From the results
obtained, all V. cholerae strains, including the CT-
strains, were positive for ompW-based PCR assay.
This result supported the finding of Nandi et al. [13] in
which all the Vibric sirains tested were positive to
ompW. Therefore, they concluded that ompW gene
could be used for the species-specific identification of
V. cholerae strains. As ompW is a universal gene

MC1 234 3

Figure 2. Results of PCR amplification obtained with bac-
terial strains using ompW-specific primers. Lane M, 2 kb
lambda ladder size marker; lane C, negative control; lane 1,
V. cholerae 0139 Hiroshima; lane 2, V. cholerae Q0139
Hiroshima RET; lane 3, V. cholerae O1 n0.960852; lane 4,
V. cholerae O1 n0.960951; lane 5, V. cholerae CT-.

present in both CT-positive and CT-negative strains,
it is not suitable to be used as a gene target for the
identification of CT-positive strains.
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Abstract Fatly esters were synthesized in the present study via direct esterification of palm faity acids with alkyl
alcohols. The procedures for the esterificafion and purification of the esters are described. Generally, the alkyl
alcohols used in this study can be divided into two main groups, i.e. water-miscible and water-immiscible. Based
on this difference, two experimental set-ups were used whereby direct esterification involving water-immiscible
alcohols was conducted using @ Dean and Stark set-up while a Soxhlet set-up was used for waier-miscible alcohols.
Under the optimurm condition established, ester conversion and yield of up to 99% and 90%, was obfained respectively

in less than 5 hours reaction fime.

Keywords alkyl esters — esterification — fatty acid esters — palm ol

INTRODUCTION

Esterification refers to the synthesis of esters via
reaction between carboxylic acid with alcohols {1]. The
reaction is essentially the reverse of fat splitting and
may be carried out in the absence of a catalyst but a
reasonable rate can only be achieved at a relatively
high temperature, Strong mineral acids are normally
used in the acid catalyzed esterification, particularly
sulfuric acid and hydrochloric acid, although other
substances such as salts, silica gel and cation-exchange
resins have been used. However, for industrial
processes, sulfuric acid is preferred as the hydrochloric
acid is corrosive. Anhydrous hydrochloric acid may be
used but side products such as the alkyl chlorides may
be formed when the reaction time is prolonged.
Aromatic sulfonic acids {Twitchell reagent) such as
benzeno-sulfonic and p-toluene sulfonic acid catalysts
have been recommended for esterifying long-chain fatty
acids. In the case where no catalyst is employed in an
esterification reaction, it proceeds slowly and requires
higher temperature in order to attain sufficient reaction

rate. Thus, generally a suitable catalyst is able to give a
good conversion rate and yield. Since the reaction
involves a reversible equilibrium, the reaction is
normaily pushed towards the products with the usage
of excess reactants, i.e. either the acid or the alcohol;
or the removal of the co-product (water) continucusly
during the reaction.

The present paper reports the preparation of a series
of palm esters from palm fatty acids with carbon chain
length from & to 18, which are finding new applications
in value-added downstream products such as lubricants
base oils, solvents and biodiesel.

MATERJALS AND EXPERIMENTAL
PROCEDURES

Materials

Caprylic, capric, lauric, myristic, palmitic and stearic
acids of 98% purity and oleic acid of 75% puurity, were
obtained from Southern Acid (M) Sdn. Bhd.
Monohydric alcohols, namely, n-butanol, isobutanol,
2-butanol, isopropanol and 2-ethylhexanol were
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purchased from Fluka. Polyhydric alcohols, namely,
neopentyl glycol, trimethylolpropane and
pentaerythritol were purchased from Merck. All
alcohols used were of reagent grades.

Concentrated sulphuric acid (H,SO,) (98%) and
p-toluene sulfonic {p-TSA) acid were purchased
from Aldrich Chemical and Fluka, respectively.
Toluene, dichloromethane, glacial acetic acid, diethyl
ether, hexanes and thin layer chromatography (TL.C)
plates pre-coated with silica gel 60 F254 were
purchased from Merck. Deuteriochloroform (CDCI,)
was from Sigma-Aldrich while anhydrous sodium
sulphate (Na,S0,), triacontane and N,N-Bis
(trimethylsilyl)trifluoroacetamide (BSTFA) were
supplied by Fluka. Sodium hydroxide (NaOH), sodium
bicarbonate (NaHCO,) and molecular sieves 300
were purchased from Tokyo Chemical Inc. (TCI).

Preparation of fatty esters from water-immiscible
aleohols and fatty acid

A stoikiometric mixture of fatty acid and alcohol was
transferred into a 1-L three-necked round bottom flask.
Additional alcohol (in one to two moles excess) and a
400 mL of solvent (toluene) were added into the
reaction mixture. The reaction flask was then equipped
with thermometer, magnetic stirrer, condenser, a
modified Dean and Stark distillation set-up, a dropping
funnel and a heating plate. The reaction mixture
containing fatty acid, alcohol and toluene was then
heated in an oil bath to the desired reaction temperature
(120°C for monohydric alcohols and 180°C for
polyhydric alcohols) with stirring to provide a
homogenous reaction mixture. When the reaction
mixture has reached the elevated temperature, a
catalytic amount (1 weight per cent of fatty acid) of
the catalyst was added slowly into it. Heating
continued until the reaction is completed.

Reaction progress was monitored by the volume
of water collected in the modified Dean and Stark trap.
Aliquots of reaction samples were taken during the
reaction in order to monitor the formation of fatty esters
by thin layer chromatography (TLC), using a suitable
solvent system.

After the reaction has completed, the crude reaction
product was cooled to room temperature. Then, it was
transferred into a round-bottom flask and subjected to
rotary evaporator to remove toluene and excess alcohol
as much as possible. In order to remove the catalyst
used, the crude product was washed with warm distilled
water until the decanted aqueous layer was neutral.

Then, the product was dried with anhydrous sodium
sulphate (Na,SQ,). The hydrated Na,SO, was filtered
off. The dried product was then passed through a column
packed with silica gel to remove any coloured or
decomposed materials formed during the reaction.
Unreacted fatty acid was removed by washing with
sodium hydroxide (NaOH) or sodium bicarbonate
{NaHCO,) solutions. Traces solvent and water were
further removed by a vacuum pump.

Preparation of fatty esters from water-miscible
alcohols and fatty acids

A stoikiometric mixture of fatty acid (I mole) and
alcohol was transferred into a 1-L two-necked round
bottom flask. An excess of 2 moles of alcohol was
then added into the reaction mixture. The reaction
flask was equipped with magnetic stirrer, a soxhlet
containing molecular sieves in a thimble, condenser
and a heating plate. The reaction mixture now
containing fatty acid and alcohol was heated in an oil
bath to the desired reaction temperature, with stirring
to provide a homogenous reaction mixture. The
temperature of the oil bath was fixed using a
controlled-thermometer, which is connected to the
heating plate. When the reaction mixture has reached
the elevated temperature, a catalytic amount of the
catalyst was added slowly into it. Heating continued
for about 5 hours or until the reaction is completed.
Reaction progress monitoring and purification of the
product was done as described in previous section.

Gas chromatography

Reaction mixtures withdrawn for kinetics study during
reactions and final products were derivatized before
subjected to gas chromatography (GC)  analyses. A
0.02 g sample was weighed into a 2 ml. auto-sampler
vial. Into this vial, a 0.2 mL of internal reference solution
(0.02 g of triacontane in 50 mL dichloromethane) and
1.3 mL of Bis (trimethylsilyl} trifluoroacetamide
{BSTFA) solution (8 mL of BSTFA in 50 mL
dichloromethane) was added accurately by using a
micropipette. The vial, capped tightly with a screw cap
and septum was shaken well and then heated for two
hours at 60 — 70°C for silyllation process. External
standards such as fatty acids and methyl esters were
also prepared in the same manner as sample
preparation. The gas chromatography-flame ionization
detector (GC-FID) and the ternperature programme
used in the analyses are similar to that described by
Lau et al. [2].




RESULTS AND DISCUSSION

Esterification of fatty acids with mono and
polyhydric alcohols

Acid-catalysed direct esterification method was
employed to synthesis the fatty mono-esters and fatty
polyol-esters in the present study. The reactions are
depicted in the chemical equation as depicted in
Figure 1. Direct esterification was the chosen method
as it is the cheapest and most practical way for large-
scale industrial production of esters.

Catalyst, Healing

RCOOH + ROH RCOOR, + H,0

Faity Acid  Monohydric Alcohal Fatty Mono Ester ~ Water

Catalys1, Heating

RCOCH + R,(OH), RCOOR, + HO

Fatty Acid  Polyhydric Alcohol Faity Pelyol Ester ‘Water

Figure 1. Esterification reaction equation for mono
and polyhydric alcohols.

Researchers have pointed out that there is no
universal manner in which esterification reaction can
be driven to completion. The reaction will not go to
completion since it involves a reversible equilibrium.
However, steps were taken to ensure high conversion
from reactants to products in the present study, namely,
the addition of an azeotroping agent, continuous
removal of water {co-product) and using excess of
reactants.

The addition of an azeotroping agent, namely,
toluene (400 mL per mole of fatty acid) in the present
study helps to facilitate the removal of water from the
reaction mixture. Addition of toluene helps the removal
the of water since the boiling point of the azeotrope
mixture of water and toluene is 85°C, thus, water was
easier to remove and at Jower temperature compared to
its boiling point at 100°C.

According to the Le Chartelier Principle, large
excess of one of the reactant or the removal of one of
the product would drive the reaction to completion. In
the present study, an excess of alcohol was used in the
preparation of fatty monoesters (molar ratio of fatty
acid to alcohol = 1:3). Besides using an excess of
reactant, the removal of water (co-product of
esterification process) was also removed continuously
during the reaction. A modified Dean and Stark set-up
was engaged in to shift the equilibrium towards the
products.

Besides pushing the reaction equilibrium towards
the products, removal of water produced along the
reaction also has an added advantage. Volume of water
collected from the separating funnei during the reaction
also served as an indicator to the progress of reaction.
The volume collected was compared to the theoretical
amount by calculation.

Under the most favourable reaction condition
described, high ester conversion (above 99%) was
achjeved for all fatty mono-esters synthesized. The
respective yield of the esterification reactions are
presented in Tables 1 and 2.

Table 1. Yield of fatty mono-esters from water-immiscible alcohols. (Reaction conditions: molar
ratio of fatty acid:alcohol = 1:2; reaction temperature = [20°C; stirring rate = 350 rpm, catalyst
(sulphuric acid concentrated) concentration = 1 wt % based on fatty acid; solvent (toluene) = 400
mL per mole of fatty acid; reaction time = 5 hours.)

Starting material

Synthesized fatty esters Yield (%) Tally acids Kicohol

a-butyl Caprylate 89.4 Caprylic n-butanol
2-butyl Caprylate 88.8 Caprylic 2-butanol
n-butyl Caprate 35.0 Capric n-butanol
2-buty] Caprate 89.4 Capric 2-butanol
n-butyl Laurate 83.6 Lauric n-butanol
2-butyl Laurate 90.5 Lauric 2-butanol
n-butyl Myristate 843 Myristic n-butanol
2-butyl Myristate 88.6 Myristic 2-butanol
n-butyl Palmitate 93.4 Palmitic n-butanol
2-butyl Palmitate 93.3 Palmitic 2-butanol
n-butyl Stearate 94.3 Stearic n-butanol
2-butyl Stearate 88.4 Stearic 2-butanol
n-butyl Qleate 91.4 QOleic n-butanol
2-butyl Oleate 84.5 Oleic 2-butanol
2-Ethylhexyl Stearate 88.5 Stearic 2-Ethylhexanol
2-Ethylhexyl Palmitate 83.6 Palmitic 2-Ethylhexanol
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Table 2. Yield for fatty mono-esters from water miscible alcohols. (Reaction conditions;
molar ratio of fatty acid:alcohol = 1:3; reaction ternperature = 120°C; stirring rate = 350 rpm,
catalyst {concentrated sulphuric acid) concentration = 1 wt % based on wt of fatty acid,
solvent (toluene) = 400 mL; reaction time = 6 houss.)

. . Starting material
Synthesized fatty esters Yield (%) Fatty scids ~loohol
Methyl Caprylate 82.5 Caprylic Methanol
Isopropyl Caprylate 84.5 Caprylic Isopropanol
Methyl Caprate 90.7 Capric Methanol
Isopropyl Caprate 89.8 Capric Isopropanol
Methyl Laurate 88.9 Lauric Methanol
Isopropyl Laurate 86.5 Lauric Isopropanol
Methyl Myristate 92.0 Myristic Methanol
Isopropyl Myristate 88.7 Myristic Isopropanol
Methyl Palnitate 84.8 Paimitic Methanol
Isopropyl Palmitate 86.5 Palmitic Isopropanol
Methy! Stearate 90.6 Stearic Methano!
Isopropyl Stearate 89.4 Stearic Isopropanol
Methyl Oleate 89.6 Oleic Methanol
Isopropyl Oleate 87.9 Oleic Isopropanol

Tahle 3, Yield of fatty polyol-esters. (Reaction conditions: reaction temperature = 180°C; stiring rate =
350 rpm, catalyst (p-toluene sulfonic acid) concentration = 1 wt % based on wt of fatty acid; solvent
{toluene) = 400 mL; reaction time = 5 hours; fatty acid in excess = 2 moles.)

Starting material

Synthesized faity esters Yield (%) Fatty acids Aloohol
Pentaerythritol Tetracaprate 79.4 Capric Pentaerythritol
Pentaerythritol Tetracaprylate 84.5 Caprylic Pentaerythritol
Neopentylglycol Dicaprate 90.8 Capric Neopentyl Glycol
Neopentylglycol Dilaurate 94.8 Lauric Neopentyl Glycol
Neopentylglycol Dioleate 88.7 Oleic Neopentyl Glycol
Neopentylglycol Dicaprylate 89.9 Caprylic Neopentyl Glycol
Trimethylolpropane Tricapylate 86.4 Caprylic Trimethylolpropane
Trimethylolpropane Tricaprate 89.7 Capric Trimethylolpropane
Trimethylolpropane Trioleate 86.8 Oleic Trimethylolpropane

The Dean and Stark set-up was not used for
esterification of fatty acids with water-miscible alcohols,
namely, isopropanol. As it is miscible with water, it
will be entrained out together with water formed during
reaction. To overcome this, a set-up using sohxlet
extractor with a thimble filled with molecular sieves
3A was used to absorb water formed during the reaction.
The molecular sieves were routinely changed every two
hours to increase its efficiency.

As compared to the mono-esters, the yield for
polyol-esters is relatively lower, i.e. between 79 t0 94%
(Table 3). More intense reaction conditions were used

for the esterification reactions between palm fatty acids
and polyhydric alcohols in order to achieve comparable
ester conversion as the palm mono-esters. Due to the
longer chain length and the more steric hindrance
present in polyhydric alcohols molecules as compared
to the monohydric alcohols (Figure 2}, reactions
involving them were conducted at a higher reaction
temperature, ie. 180°C ca. 160°C for the preparation
of mono-esters. An excess of 2 moles of fatty acid were
used for the synthesis of fatty polyol-esters to push
reaction equilibrium towards reaction products.




H,C—0H HC OH H’l\\

3 OH
Methanol Ethanol Isopropancl
I /C\/\
/\/\OH /I\/ OH
n-butanol 2-butanol 2-ethylhexanol
H,OM
GH,OH CH,OH Ci,0
—0— CH,CRB;—C —CH,0H
H,C—C —CH, HOCH;—C —CH, O 37 d
CH,CH
CH,OH CH,OH 2

Pentacrythritol Trimethylelpropane

Neopentylglycol

Figure 2. Molecule structures of mono and polyhydric
alcohols used in the present study.

Kinetics and rate constant of esterification
reaction

From the kinetics data obtained in the present study, it
was found that the initial rate of direct esterification of
fatty acid with alcohol was moderately fast but not as
fast as that described for transesterification of crude
palm oil [3]. The rate of reaction also became slower
asreaction is approaching completion. A typical reaction
profile for the esterification reaction is presented in
Figure 3.

The observation of moderately fast reaction rate in
the initial stage and a slow one when approaching
completion can be explained in terms of mass transfer.
When the reaction mixture consisting fatty acid, alcohol
and solvent (toluene) was heated up to 120°C, fatty
acid became miscible with alcohol and a single phase
was formed. Mixing became insignificant and good
diffusion occurred in the system. As a result, fast

Concentration (%)

i20

%600 93.80 9000
100 4
80 - \ 7000 o
65.00
60 H . -
—+— Caprylic Acid
40 1 3500 —s— 2-Buty} Capryhte
20 10.00 13.00
0 oo 1.20 100
o 30 60 50 i20 150 180 210 240
Reaction time {min)

Figure 3. Reaction mixture profile during
esterification of caprylic acid with 2-butanol.
(Reaction conditions: molar ratio of caprylic acid:
2-butanol = 1:2; catalyst = concentrated sulphuric
acid, 1 wt % based on wt of caprylic acid; Solvent =
toluene, 400 mL per mole caprylic acid, temperature
= 120°C; stiming rate = 350 rpm.)

Concentration
{90}
120

20 - i T -
60 - -
40 —s— n-Butyl Caprylate
w0l ) ~u— 2-Butyl Caprylate
C
0 30 60 90 120 150 180 210 340

Reaction time {mmn)

Figure 4. Ester Conversion during esterification of
caprylic acid with alcohols. (Reaction conditions:
molar ratio of caprylic acid:alcohol = 1:2; catalyst =
concentrated sulphuric acid, 1 wt % based on wt of
caprylic acid; solvent (toluene) = 400 mL per mole
caprylic acid, temperature = 120°C; stirring rate =
350 pm.)

reaction rate was obtained. Depletion of fatty acid and
formation of esters as the reaction progresses results in
lower diffusion and slower reaction rate.

Kinetics data are also in agreement with general
knowledge that the rate of reaction is influence by the
molecule structures of reactants. Figure 4 shows the
percentage of ester conversion in respect to reaction
time for esterification of caprylic acid with »-butanol
and 2-butanol. Relatively, the ester conversicn for n-
butanol is higher than that of 2-butancl. High ester
conversion was obtained for n-butanol (a primary
alcohol) as it has an unbranched alkyl group that
donates electrons to carbon, resulting in stronger carbon
and oxygen bond. As a result, the bond between oxygen
and hydrogen became weaker and more readily to
dissociate from its molecule. 2-butanol (a secondary
alcohol) is a bulkier molecule than »-butanol. Thus,
under the same esterification reaction condition as n-
butanol, a slower ester conversion is observed (Figure
3). The hindered structure of 2-butanol reduces the
chances of reaction with fatty acid due to its hydroxyl
group being shielded by its branched and bulky alkyl
group in the molecule.

Graph of In [concentration of reactant] as a function
of time was used to obtain the order for esterification
reactions in the present study. The method was based
on the integrated rate laws. For first order reaction, -kt
=In([A],/ [A])) where [A], = concentration of reactant
at t time, {A]_ is the initial concentration and k is the
rate constant [4]. According to the integrated rate law
for first order reaction, In [A] = -kt + In [A]_. The slope
of linear graph In [A] versus time (t) will give the k
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In [Caprylic Ackd]
5.0

o

y = -0.0659x + 4.6612
R’ = 0.9853

20 * oG 120

* 10

Reaction time {min)

Figure 5. Graph of In [Caprylic Acid], versus
Reaction Time for Esterification of Caprylic Acid
with n-Butanol. (Reaction conditions: molar ratio of
caprylic acid:alcohol = 1:2; catalyst = concentrated
sulphuric acid, 1 wt % based on wt of caprylic acid;
solvent (toluene) = 400 mL per mole caprylic acid,
temperature = 120°C; stirring rate = 350 rpm.)

la [Caprylic Acid]

50

[
4.0 - _

y =-0.0454x + 4.7264
2

. R’ =0.9939
2.0
1.0
0.0 A

Q pit 43 60 80 100 120

Reaction Lime (min)

Figure 6. Graph of In [Caprylic Acid], versus
Reaction Time for Bsterification of Caprylic Acid
with 2-Butanol. (Reaction conditions: molar ratio of
caprylic acid:n-butanol = 1:2; catalyst = concentrated
sulphuric acid, 1 wt % based on wt of caprylic acid;
solvent (toluene) = 400 mL per mole caprylic acid,
temperature = 120°C; stirring rate = 350 rpm.)

Table 4. Rate constant for selected esterification reactions. (Reaction conditions:
molar ratio of caprylic acid:alcohol = 1:2; catalyst = concentrated sulphuric
acid, 1 wt % based on wt of caprylic acid; solvent (toluene) = 400 mL per mole
caprylic acid, temperature = 120°C; stirring rate = 350 rpm.)

Reaction product Reaction order Rate copstant, k R?
(min )

n-butyl Caprylate 1 6.59 x 107 0.9853

2-butyl Caprylate 1 4.54 x 107 0.9939

value. The technique of flooding, i.e. the assumption
of a stoikiometric excess of all but one reactant so that
effectively the concentration of only one reactant
changes with time, is applied in the current study to
attain the esterification reaction rate constant. As
discussed in the previous section, the esterification
reactions involving monchydric alcohols uses excess
of the alcohols to push the equilibrium towards the
products. Using the integrated laws, graphs of In

[caprylic acid], versus t for esterification reaction of
caprylic acid with n-butanol and 2-butanol are presented
in Figures 5 and 6, respectively and their k values are
summarised in Table 4.
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Abstract  Conventional fixed-iarget type of solar furnace requires the size of the parabolic reflecior nearly the
same as that of heliostat. In contrast, the newly proposed non-imaging focusing heliostat, which can perform off-
axis-focusing and sun-tracking concurrently, has significantly reduced the size of solar image during the first sfage
focusing and hence the required size of the parabolic reflector is also greatly reduced. Following the previous
publication on the practical verification of the new solar furnace to achieve 3400°C, this paper further explores the
characteristics of the new solar furnace through the theoretical study of the hot spot formed ot the focusing point of
the parabolic reflecior. The relations of the size of hot spot and the solar concentration ratfio with incidence angle,
L/H, ratio of the heliostat as well as /D ratio of the parabolic reflector are reported.

Keywords hot spot — non-imaging focusing heliostat — solar furnace — parabolic reflector — optical madeling

INTRODUCTION

Conventional fixed-target type of solar furnace
comprises of two components: heliostat and parabolic
reflector. The function of heliostat is to track the sun
and redirect the sunlight onto a parabolic reflector
located at a fixed position. While, the parabolic reflector
accomplish the function of concentrating the sunlight
at a focusing point to form a hot spot. In practice, some
conventional heliostats are canted in order to reduce
the size of solar image and hence the size of parabolic
reflector, but the image size can only be partially reduced
due to the effect of the off-axis aberration. As a result,
the conventional solar furnaces over the world, i.e.
Odeillo Solar Furnace at France and White Sands Solar
Fumnace at U.S. etc., are all inevitably designed in such
a way that the total reflective area of the heliostat is
almost the same as the aperture area of parabolic
reflector [1].

In order to greatly reduce the size of parabolic
reflector, non-imaging focusing heliostat was first
proposed by Chen et al. in 2001 [2]. The newly
proposed heliostat consists of many small movable

mirrors arranged into M rows and N columns so that
each element mirror can play the role as a single unit of
heliostat. Therefore, the required size of parabolic
reflector can be reduced to the size of single element
mirror. The major challenge of this new proposal is
how to realize the mechanical implementation for
controlling all the element mirrors because of each
mirror will require two-degree-of-freedom. If there are
M rows and N columns of element mirrors in the
heliostat frame, the total required controlling devices
shall be equal to the number of 2XMXN. Tt will be too
complicated to be implemented in practice and also
very costly, To overcome this problem, the spinning-
elevation tracking method was explored so that the
sagittal and tangential directions are always fixed with
respect to the heliostat frame during sun tracking.
Therefore, the movements of all the mirrors in the
heliostat frame can be grouped according to a certain
regulation to superpose all the mirror images into one.
Due to the fact that the new heliostat is an off-axis
focusing and tracking device, mirror images cannot be
perfectly overlapped all the tirne and instead they form
a certain kind of distribution pattern scattered within a
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small area near the focusing point. This distribution
pattern of mirror images was identified as residual
aberration and the detail study of its characteristic was
done [3}

Two prototypes were constructed to verify the
theory of non-imaging focusing heliostat and to study
its applications in harnessing solar energy. The first
prototype was the smallest solar furnace in the world
with total collective area of 4 m® In our laboratory
testing on the new solar furnace, the highest achievable
temperature of 3400°C was recorded through the
melting of pure tungsten wire [4]. Following the
verification of the theory, the second prototype of new
solar furnace with total collective area of 12.96 m* was
built for the application of potatoes peeling using highly
concentrated sunlight [5].

In fact, the maximum achievable solar
concentration as well as the temperature of solar furnace
is determined by a hot spot formed at the target point.
Practically, the size of the hot spot can be maneuvered
to accommodate various applications’ needs. In this
paper, we will study and analyze the characteristics of
the hot spot for the newly proposed solar furnace using
mathematical modeling method. Furthermore, the
performance of solar furnace including daily and yearly
changes of the hot spot size in the relation with the
design parameters will also be discussed.

METHODOLOGY OF HOT SPOT ANALYSIS

In the study of residual aberration for non-imaging
focusing heliostat, Chen ez al. have developed a special
methodology to analyze the daily and yearly distribution
pattern of solar images for the new heliostat [3].
Foliowing the previous study, we employed the same
methodology in performing an optical modeling of non-
imaging focusing heliostat and its complementary
parabolic reflector as to analyze the hot spot of new
solar furnace. The configuration of the new solar
furnace is shown in Figure 1, where the vertex of
parabolic reflector is placed at the focusing point of the
heliostat and both of their optical axes are coaxial. In
the optical modeling, coordinate transformation is
employed to describe the movements of the heliostat
frame and the associated elerment mirrors. Besides, ray-
trace method is employed to find the intersection point
between the reflected ray from the heliostat and the
surface of parabolic reflector, as well as the intersection
point between the reflected ray from the parabolic
reflector and target plane.

Incotming suntay

Parabolic reflector

g m—mm——

Focusing hot spet

D

AT . #

Man-imaging
focusing
heliostat

Figure 1. Configuration of the new solar furnace that
consists of non-imaging focusing heliostat and a
parabolic reflector,

The methodology to analyze the hot spot of the
new solar furnace is divided into two stages: first stage
is to model the mechanism of non-imaging focusing
heliostat which performs sun tracking and sunlight
focusing simultaneously; second stage is to model the
parabolic reflector, which will further focus the sunlight
to form a hot spot at the target plane.

To accomplish two simultaneous functions, the
non-imaging focusing heliostat has to perform two
different kinds of movements: global movement and
local movement [4]. In the global movement, the
heliostat frame will rotate with an angle o around the
spinning-axis and with an angle #around the elevation-
axis, which are described as

p=sin = sin & cos wsin @sin b + cos & sin @cos ¢+ sin Jsin geos @

cos ’
f=——=4, @
and

B =sin” ~c0s & cos @(sin Acos @ + cos Acos ¢sin )~ cos & sin weas Asin g @
- +sin 8(cos Acosgoosd - sin ®sin ) !

&)

where §1s the declination angle, @ is the latitude, wis
the hour angle, ¢ is the facing angle of non-imaging
focusing heliostat, and A is the target angle of non-
imaging focusing heliostat.

In the local movement, all element mirrors attached
to the heliostat frame will be tilted in group manner
with an angle ¢ for the mirrors arranged in rows and
an angle y for the mirrors arranged in columns, which
are described as

1. | H_cosB
O =-f L A 4
2 [H,sine-z-t.:] @

1 4 A,
=, R 5
i 2 n [Lcasa] ©




where H_is the perpendicular distance between the
center of master mirror (the mirror that is located at the
centre of heliostat frame) and the central line of the
row where the concerned element mitror is located, H;
is the perpendicular distance between the center of
master mirror and the central line of the column where
the concerned element mirror is located, and L is the
horizontal distance from the intersection point of
spinning-axis and elevation-axis to the vertex of the
parabolic reflector.

In the simulation of the hot spot at the target plane,
we have made two simplifications to the methodology
of optical modeling in order to reduce the computing
time without much affecting on the final result. First,
we assume that all the suniays are parallel by omitting
the solar disc effect where the sunrays are slightly
deviated from the ideal paralle]l rays with maximum
deviation angle of *+ 4.653 mrad [6]. Second, we
represent the image of each element mirror by a finite
number of parallel sunray that are uniformly incident
onto the element mirror in the grid form (see Fig. 2).
Additionally, we also considered that all element mirrors
are flat and its pivot point located at the centre of the
Mirror.

Prior to carry out the mathematical analysis, an
initial coordinate of reflective point for the particular
element mirror located at i-th row and j-th column is
defined as (H, H} , Hz)a.op, where the other two subscribes
o and p represent the position of the reflective point at
o-th row and p-th column in the element mirror. In the
following text, we call this reflective point as primary
reflective point as to differentiate it from the reflective

imaging
Focusing
Heliostat

t at (Pa Py, Pr)
Parshelic Reflector

Figure 2. Schematic diagram to show how a ray that
incident onto i-th, j-th, o-th, p-th reflective point located
at i-th, j-th mirror and is then reflected towards the
parabolic reflector. In the highlighted diagram (at the
right), we represent each facet mirror by 9 rows and 9
columns of reflective points in the grid paftern.

point on the parabolic reflector that will be called
secondary reflective point. Fig. 2 shows that each
element mirror is represented by 9 rows and 9 columns
of primary reflective points and the origin of the
coordinate system, O (0, 0, 0), is located at the centre
of the heliostat frame.

During sun tracking, the heliostat frame initiates
global movement to rotate about O for achieving the
angles p and 6, while the concerned element mirror
engages local movement to tilt about its pivot point for
achieving the angles ¢ and ¥ The combination of two
movements will relocate the primary reflective point
to a new coordinate (H’, H, H’)

y ijop”

The matrix for the coordinate transformations from

Hijop:'- (H, H), Hz).-,-ap to I-I’ijop = (H’l, H ’) ., H :t)r:jap is
described as
M, = [pl[8][o][Y] {6)

and hence we also can write it as

H =M H €]
Ljap i ijop
where
[ cosp  sinp O cos® 0 sin®
[pl=|-sinp cosp 0 fol=| 0 1 0 |
0 0 1 —sin® 0 cosB
(coss 0 —sinc I 0 ]
el=| o 1 o | [y]: 0 cosy —siny
|sing 0 coso 0 siny cosy

In ray-trace technique, we need to find the unit
vector of the primary reflected ray from the heliostat in
order to trace the secondary reflective peint that is
located on the surface of the parabolic reflector. To do
s0, we have to define the unit vector of incident sunray
I[=13%+ ij) + 1,z , which is described in terms of
sun’s position angles of p and § as

=cosBcosp
(8)

IX
f, =—cosBsinp
I,

= sinP

Before sun tracking, all the element mirrors are
assumed to be oriented in such a way that their normal,
are pointing towards + z direction as shown in Fig, 3.
Therefore, the normal of the mirror in the initial
otientation can be described by unit vector § = 3 or
its corresponding matrix form as
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Figure 3. Schematic diagram to show the coordinate
system with the origin O is at the intersection point of the
elevation-axis and spinning-axis. Before sun tracking, afl
the facet mirrors are assumed to be oriented in such a way
that their normal, are pointing towards + z direction.

Similar to the case of the reflective point, the initial
unit vector normal, N, will also undergo the
coordinate transformation M, when the element
mirror performs global and local movements during
sun tracking. Consequently, we will have new unit
vector normal, N, =N X+N y+N_Zor its
corresponding matrix form as

op = M N (10)

Based on the unit vectors of both the incident sunray
and the normal of the element mirror, the unit vector of
the primary reflected ray from the heliostat

Rijop = Rrx+ Ryy + R:2 can be obtained as

R =2IN +I,N +I.NN -1,
R_v = Z(IxNx + 1.\’N)' + [:Nz )N‘ -

R=2IN +IN,+I.NN, I,

(11

Given the unit vector of the primary reflected ray and
the coordinate of the primary reflective point, the line
equation of the primary reflected ray can easily be
derived as

P~H, P -H,

x X

R

M.P:_H:
R R.

x ¥

(12)

where (P, P, P )is the coordinate of the secondary
reflective point located on the surface of parabolic
reflector.

On the other hand, the surface equation of the
parabolic reflector is written as

S=pP*+P +4f(P.-L) (13)
where fis the focusing distance of the parabolic reflector.

To obtain the coordinate of secondary reflective point
(P, Py, P), the value of S in the eqn. (13) is first set to
zero and then solved with egn. (12).

From the eqn. (13) the unit vector normal of the
parabolic reflector, N’ jop = =N %+ N/ y + N Z,can
be derived from the gradient of the surface equatlon
and then divided by its magnitude as shown

< VS
Nijop " 9] (14)

Again, with the reflection equations similarto eqn. (11),
the unit vector of the secondary reflected ray,
RW =R i+R, y+R Z, can be obtained as
2RV, + RN, +RNIN, - R
ARN +R N+ RN,V R,
2ARN+ RN, +RNIN. R,

x

R,
R, (15)
R

Finally, in order to determine the image point on
the target plane that is placed perpendicular to the optical
axis of parabolic reflector, we have to solve the line
equation of the secondary reflected ray with the surface
equation of the target plane. The coordinate of the image
point on the target is then calculated as

R

T =—"\L-—f-P)+P
SelL-r-p)eE,

x

R
T, = R,(LfP)P

Given the coordinate of (T, T), we will be able to plot
the distribution of solar images that forms the hot spot
of the solar furnace on the target plane.




CHARACTERISTIC STUDY OF THE
HOT SPOT

It is well known that the size of the hot spot is the key
factor for the success of a solar furnace. This is because
the highest achievable temperature of a solar furnace
system depends on the solar concentration ratio and
thus the size of hot spot. Following the results gained
from previous prototypes of new solar furnaces, in this
paper we would reveal the theoretical study of the new
solar furnace systemn using the above methodology. As
to relate the study with the previous practical work, we
choose all the parameters of our case study to be the
same as that of the first prototype of new solar furnace.
In the first prototype, the non-imaging focusing heliostat
consists of 25 mirrors arranged into 5 rows and 5
columns with the dimension of each element mirror as
40cm X 40cm. In addition, we assume that the new
solar furnace system is located at Kuala Lumpur,
Malaysia, with latitude @ = 1.57° m, while other
parameters include target angle 4 = 0°, facing angle ¢
=(°, slant range L = 1{1.0 m as well as focusing distance
of parabolic reflector £ = 15.0 cm and its aperture size
D =60cm.

Using the methodology of the hot spot analysis,
the changes of solar images distribution pattern on daily

1
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and yearly basis are plotted as shown in Fig. 4 and Fig.
5 respectively. Referring to Fig. 4, the distribution
pattern of the solar images is actually a distorted image
of 25-mirror heliostat. Apparently, the solar image of
the master mirror is perfectly collapsed into a point in
as much as the sunray reflected from the master mirror
is parallel and on-axis towards the parabolic reflector.
Whereas for the solarimage other than that of the master
mirror, the image is distorted to a comet-like pattern in
as much as the sunray reflected from this mirror is off-
axis towards the parabolic reflector. Apart from that,
the images distribution pattern is symmetric along the
axis of the central column, while it is asymmetry along
the axis of the center row. This asymmetrical pattern of
the hot spot is caused by the tilting angles of the upper
rows are greater than the tiling angles of the lower
TOWS.

With the above parameters, the incidence angle, 8,
is nearly constant in the same day but the angle o
changes is with the local time at the rate of about 15°
per hour during daily sun fracking. Hence, the
distribution pattern of solar images remains unchanged
during the course of the day. Fig. 4(a)-(d) illustrate how
the distribution pattern rotates around the optical axis.
In the yearly sun tracking, the incidence angle will vary
as the declination angle of the earth changes over the

L N T T TR T TR T ) BED 08 BEE &8N

(b) Local Time: 1200 Hour
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(d) Local Time: 1800 Hour

Figure 4. The distribution pattern of solar images for the new solar furnace that consists of 23-mirror
non-imaging focusing heliostat and parabolic reflector. The plots show the daily changes of the hot
spot pattern on 21% March for local time 0900 Hour, 1200 Hour, 1500 Hour and 1800 Hour.

31

ve-/7 7 [900z) soidodt a4l u ABOjOULRISL pUE SaUDS JO [BLUNOT




<+
ik
M~
™
~N
%)
j]
jo]
I
g
o
e
@
£
=
£
=)
o
Q
o
o
b
B
©
[
~
Y
C
L
()
L]
4y
O
o
C
=
S
o]
=

i
LT F] IO

AL
' l-t modE A a4n 1 i LELN A 1] LR

{c) 21* September

i
§.
5
&
A,
dmtrane sy

-y
Y
u" !
i

i
(2T Y T Y TR T TR Y T R T T T TR T 1

(b) 21* June

o & f;
'\"" <
n ‘ X ““: 5

| Jorne

“!l RTINS X TR 13 ] LR N LI X LA F )

(b) 21* December

Figure 5. The distribution pattern of solar images for the new solar furnace that consists of
25-mirror non-imaging focusing heliostat and parabolic reflector. The plots show the yearly
changes of the hot spot pattern on 21% March, 21* June, 21% September and 21 December.

year. From Fig. 5(a)-(d), the coverage area of the
distribution pattern alters with the incidence angle in
different months. On 21¥ December, the incidence angle
is the largest over the year with 56.2° but the size of the
hot spot is the smallest. In contrast, the incidence angle
is the smallest on 21% June, with 33.9°, whilst the hot
spot is the largest. This can be explained from the result
of residual aberration in the first stage focusing by the
heliostat [4] as higher incidence angle leads to a larger
aberrant spread. This also indicates that the reflected
rays from the heliostat are closer to parallel rays. For
parabolic reflector, the focusing effect is better if the
sunrays are more parallel relative to its optical axis.
Thus, this explains why larger incidence angle leads to
better overall result.

DESIGN PARAMETERS OF SOLAR
FURNACE

In general, the characteristic of the hot spot can be
analyzed through its relationship with three major
design parameters. These parameters are incidence
angle, L/th ratio of the heliostat and #D ratio of the
parabolic reflector, where H | is the perpendicular
distance between the centre of the master mirror with
the centre line of the peripheral row or column. The

incidence angle is considered as one of the design
parameters because the range of incidence angle is
determined by the orientations of the heliostat, which
are the target angle, A, and the facing angle, @.

From the above plotted distribution pattern of solar
images, it is obvious that they are not perfectly
superposed onto each other. Instead, the sunrays
reflected from all the mirrors in the heliostat frame and
parabolic reflector are inevitably spread and therefore
the focusing spot is aberrant. Since the aberrant spread
is not uniformly distributed, we naturally approximate
the size of hot spot as the rectangular area of the aberrant
spread where 80% of the solar rays are confined within.

Figure 6 compares the effects of varying the L/H |
ratio of the heliostat to the size of hot spot for the
incidence angle of 30°. In the same graph, the average
concentration ratio of the hot spot is also plotted to
shows its relationship with L/H  ratio. In the design of
solar furnace, the larger the UHP ratio, the better is the
average concentration, and hence the higher is the
temperature obtained. This is due to the fact that the
reflected rays from the heliostat will be closer to paraliel
rays as the ratio of I/H , is increased.

Figure 7 shows how the size of hot spot and average
concentration ratio varies with /D ratio of parabolic
reflector in the design of solar furnace with condition
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Figure 6. Graphs to show the size of hot spot and average
solar concentration ratio versus the Ld, ratio, provided
that incidence angle = 30° and the 7D of parabohc reflector
=0.5.
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Figure 7. Graphs to show the size of hot spot and average

solar concentration ratio versus the #D ratio of the parabolic

reflector, provided that incident angle = 30° and the LH,

of the heliostat = 10,

of incident angle = 30° and L/H, ratio = 10. In contrast
to Iﬂph ratio of the heliostat, the smaller value of D
ratio will produce higher value of the average
concentration ratio,

Finally, Figure 8 reveals the relationship between
the incidence angle and the average concentration ratio
of the solar furnace provided that L/H , ratio = 10 and
/D ratio = 0.5. In cornmon practice, most of the solar

§

Average concentration
2
=

0 10 20 30 40 50 60

Incident angle

Figure 8. Graph to show the average solar concentration
ratio versus the incidence angle, provided that the L/
H, ratio of the heliostat = 10 and the #/D ratio of the
parabolic reflector = 0.5.

furnace designs are not desirable to have high incidence
angle as the power losses is serious due to the cosine
effect. Therefore, we are only interested on the effect
of the incidence angle up to 60° and it is found that the
average concentration ratio is proportional to the
incidence angle.

CONCLUSION

Unlike the conventional fixed-target of solar furnace,
the newly proposed non-imaging focusing heliostat,
which can perform off-axis-focusing and sun-tracking
concurrently, has allowed a much smaller parabolic
reflector to be used. In our case study, the reflective
area of new heliostat is 2.0 m X 2.0 m while the aperture
size of parabolic reflector is only 60 cm in diameter. In
this paper, the methodology of hot spot analysis and
the characteristic study of the new solar furnace were
presented. In general, the size of the hot spot and hence
the solar concentration ratio are proportional with
incidence angle as well as L/H , ratio of the heliostat,
while is inversely proportzonai with /D tatio of the
parabolic reflector.
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Abstract Base-catalyzed reactions of glycerol with dicarboxylic acid esters (C,-C,) produced a mixture of mono-
and di-esterified glycerol. These esters 2,3-dihydroxy-propyl methyl succinate, 1,3-dimethoxysuccinyloxy propan-
2-0l, 2,3-dihydroxy-propyl methyl glutarate, 1,3-dimethoxyglutaryloxy propan-2-ol, 2,3-dihydroxy-propyl methyl
azelate and 1,3-dimethoxyozelyloxy propan-2-ol which were ot reported were separated chromedographically

and elucidoted spectrometrically.

Keywords Diglycerol ester — dimethy! ester — glycerol — monoglycerol esfer

INTRODUCTION

Glycerol is one of the oleochemicals that can be derived
from oils of rapeseed [1], sunflower [2], soybean [3],
crambe [4], camelina [4] and palm fruits {5]. As glycerol
is the by-product in the production of biodiesel [2], we
would envisage that there would be a surplus of glycerol
due to the increased in demand for bicdiesel. As there
are limited reports in the synthesis of glycerol with
short-carbon-chain dicarboxylic acid esters, the present
studies on synthesis of glycerol ester by alcoholysis of
glycerol with dicarboxylic acid esters (C,~C,) represent
a contribution to this subject. It was noted that
dicarboxylic glycerol ester possess properties of
Iubricant {6], surfactants [7] and thin film coating [8-
9]. In this paper, the physical properties and potential
applications of synthesized glycerol esters were
evaluated.

MATERIALS AND METHODS

Materials

Glycerol with purity of 99.2 % was purchased from
Fisher Chemicals. Dicarboxylic acid ester, i.e. dimethy!
succinate, dimethyl glatarate, dimethyl adipate and
dimethyl azelate and molecular sieves 4A were

purchased from Fluka whereas potassium hydroxide
was purchased from J.T.Baker. All the solvents used
in LCMS were of HPLC grade.

Methods

Alcoholysis reactions were performed in a 1000 ml
three-necked flask equipped with a reflux condenser,
thermometer and sampling port. The reactor was
immersed in a water bath and agitation was provided
by a magnetic stirrer. The reaction of glycerol with
dicarboxylic acid ester in the molar ratio 4:1 was carried
out at 80°C, catalyzed by 0.2 wt% of potassium
hydroxide (KOH) and 2 wt% of molecular sieve for 6
hours. The reaction products were washed with water
and followed by extraction of glycerol esters. 100 ml
of products were placed in a separating funnel and
extracted with 30 ml of chloroform. The funnel was
shaken for 2 minutes. The chloroform phase was
collected ina 150 ml round bottom flask. The extraction
was repeated twice with 30 ml of chloroform. Finally,
the combined chloroform extracts were concentrated
by a Rotary vacuum evaporator at 60 °C.

Analysis
IR spectrum of glycerol esters was recorded on a Nicolet
magna FI-IR 350 spectrometer. (GC analysis of glycerol
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esters were performed on an Agilent 6890N gas
chromatograph equipped with a flame ionization
detector fitted with a DB Wax 30 m x (.32 mm x 0.25
#m column. The oven temperature was programmed
from 60 °C to 230 °C with increment at 2 °C/min. The
injector port temperature was set at 240 °C and the
detector temperature at 260 °C. GCMS was performed
on an Agilent 6893 series gas chromatograph fitted with
aDB Wax 30 m x 0.32 mm x 0.25 ym capillary column
and temperature programming was similar to GC.
LCMS was performed on PE Sciex API 100 LC/MS
fitted with a SGE GL Wakosil 150 mm x 2 mm x 5 um
C-18 column. Water with 0.1 % of formic acid and
methanol with 0.1 % of formic acid in ratio (55:45)
was used as mobile phase for Flow Injector Analysis.
Viscosity was obtained by using a common ¢ross arm
viscometer and viscosity index was calculated using
ASTM method D445-88 [10] and ASTM D 22706-79
[11]. Pour points were measured by ASTM method D
97-87 [12] to an accuracy of + 3 °C. Cloud points were
determined by AOCS method Cec 6-25 [13] to an
accuracy of + 1 °C. Densities were measured by DMA
5000 Anton Paar density meter. Electrical conductivities
were measured by Crison conductivity meter. The
measurements of surface tension were performed by
using the Sigma 70 tensiometer.

Identification of the synthesized compounds are
described below.

(1) Products identified from reaction of glycerol with
dimethyl succinate

2,3-dihydroxy-propyl methyl succinate (A) : IRv__
cm’: 3408, 2953, 1727, 1641, 1433, 1217. EI-GCMS
mv/z (tel. int.): 139 (M*-OH, 1), 175 (M*-OCH,, 5), 147
(CH,,0,%5), 115 (CH,0,%, 100%), 59 (CH, 0,7, 20).
APCI-LCMS m/z (rel. int.): 207 [(M+H)*, 100%].
1,3-dimethoxysuccinyloxy propan-2-ol (B) : IR v__
cnr: 3408, 2953, 1727, 1641, 1433, 1217. EI-GCMS
m/z (rel. int.): 320 [M*, 2], 289 (M*-OCH,, 5), 189
(CH,O,% 7), 175 (CH 0. 10), 115 (CH.O,*,
100%), 59 (C,H,0,", 20). APCI-LCMS m/z (rel. int.):
321 [(M+HY*, 100%].

(2) Products identified from reaction of glycerol with
dimethyl glutarate

2,3-dihydroxy-propyl methyl giutarate (C) : IRv__
om': 3443, 2951, 1726, 1640, 1444, 1216. EI-GCMS
m/z (rel. int.): 220 [M*, 3], 203 (M*-OH, 1), 189 (M*-
OCH,, 10), 129 (CH,0,*, 100%), 101 (CH,0,%, 45),
59 (C,H,0,%, 53). APCI-LCMS m/z (rel. int.): 221

[(M+H)*, 100%].

1,3-dimethoxyglutaryloxy propan-2-ol D) : IR v__
cm’: 3443, 2951, 1726, 1640, 1444, 1216. EI-GCMS
m/z (rel. int.): 289 (M*-C(=0)OCH, 5), 189 (C,H,0,,
7}, 129 (CHO,%, 100%), 101 (CH,0,*, 10), 87
(CH,0,% 11), 59 (CH,0,% 20). APCI-LCMS m/z (rel.
int.): 349 [(M+H)*, 100%].

(3) Products identified from reaction of glycerol with
dimethyl adipate

2,3-dihydroxy-propyl methyl adipate (E) : IR v__
cm': 3410, 2951, 1724, 1639, 1442, 1213, EL.GCMS
m/z (rel. int.): 203 (M*OCH, 5), 175 (M*-C(=0)OCH,,
10), 173 (C H,,0,%, 22), 161 (CH, 0% 15), 143
(CH, 0/, 100%), 115 (CH, 0, 30), 59 (CH,O,%,
21). APCI-LCMS m/z (rel. int.): 235 [(M+H)*, 100%)].
1,3-dimethoxyadipyloxy propan-2-ol (F) : IRv__cnr
113410, 2951, 1724, 1639, 1442, 1213. EI-GCMS m/z
(rel. int.): 345 (M*-OCH, 3), 317 (M*-C(=0)OCH,, 7),
303 (C H,,0,% 15}, 143 (C,H 0. 100%), 115
(CH,, 0,5, 40), 73 (C,H,0,% 20), 59 (C,H,0.*, 18).
APCI-LCMS my/z (rel. int.): 377 [(M+H)*, 100%].

(4) Products identified from reaction of glycerol with
dimethyl azelate

2,3-dihydroxy-propyl methyl azelate (G): IRv___cnr
1:3412,2950, 1723, 1637, 1443, 1215. EI-GCMS m/z
(rel. int.): 276 [M*, 2], 259 (M*-OH, 5), 217 (M*-
C(=0)0CH,, 7), 215 (C H O, 15), 203 (C_H O,*

20), 185 (C,H. 0y, 100%), 157 (C,H. 0,7, 205, 59
(C,H,07, 25). APCI-LCMS nv/z (rel. int.): 277
[(M+H), 100%].

1,3-dimethoxyazelyloxy propan-2-ol (H} : IRv__cmr
113412, 2950, 1723, 1637, 1443, 1215. EI-GCMS m/z
(rel. int.): 429 (M*-OCH, 7), 401 (C, H,0.", 10), 303
(C,H,,0,%20), 185 (C H, 07, 100%), 157 (C,H, Oy,

20), 73 (C,H,0,% 25), 59 (C,H,0,", 30). APCLLCMS
w/z (rel. int.): 461 [(M+H)", 100%).

RESULTS AND DISCUSSION

Glycerol esters (A-H) from the reaction of glycerol with
dicarboxylic acid methyl esters (dimethyl succinate,

1l I 1l 1
OH a0 OC(CH,),COMe OC{CH.),COMe
oH Il i KOH KOH
+  MeOC(CHy),£0Me — = [—OH — |-oH
oH

CH O(If(CHz)nﬁ(JMe

Figure 1. Schematic of synthesized mono- and
di-glycerol esters (n=2,3.4,7).




dimethyl glutarate, dimethyl adipate and dimethyl
azelate) were synthesized. The general scheme of
synthesis is illustrated in Figure 1.

The proposed mechanism as in Figure 2 showed
the reaction of the base with the alcohol (glycerol) to
produce an alkoxide, (i) [14]. The alkoxide (i) will attack
the carbon atom of carbonyl group in dicarboxylic acid
methyl esters to generate a tetrahedral intermediate, (ii).
The formation of glycerol monoesters is due to the
intermolecular rearrangement and cleavage of methoxyl
group as a leaving group. The deprotonate catalyst
produce an alkoxide that regenerating the active species
which is now able to react with a second molecule of
the alcohol and the reaction repeated another catalytic
cycle to produce di-glycerol ester.

Based on the mechanism, mono-glycerol esters
were initially formed whereas di-glycerol esters were
formed from the mono-glycerol esters. Therefore, we
can envisage that yield of mono-glycerol esters were
much higher than di-glycerol ester as shown in Figure
3. In addition, the glycerol esters formed from the
reaction of glycerol-dimethyl azelate were highest
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Figure 2. Proposed mechanism for the formation
monoester (n=2,3,4,7).
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Figure 3. Percent conversion of mono- glycerol ester
by glycerol with dimethyl succinate, (x); dimethyl
glutarate, (C; dimethyl adipate, (A); dimethyl azelate,
() and di-glycerol ester by glycerol with dimethyl
suiccinate, (0); dimethyl glutarate, (@); dimethyl adipate,
(A);and dimethyl azelate, ().

followed with dimethyl adipate, dimethyl glutarate and
dimethyl succinate as shown in Figure 3.

IR spectrum of all compounds showed an
absorption at 3408-3412 cm! that are characteristic of
the OH stretching from glycerol, along with the
absorption at 1723-1727 cm! that are C=0 stretching
for glycerol esters, 1637-1641 cm! band that are C=0
stretching of dicarboxylic acid esters and 1230 cm!
band that are bending of the C-O-C group in ester. The

=0 stretching is useful for monitoring the formation
of glycerol esters.

In the EI mass spectrum, all glycerol esters showed
a characteristic fragment of [C(=0)(CH,) C
(=0)OCH,]* which is the cleavage at oxygen atoms of
ester bond of the glycerol ester. The fragment ions serve
as primary function of depicting the types of
dicarboxylic acid esters that have reacted with glycerol.
The reaction of dimethyl succinate with glycerol gives
fragment ions m/e 115; dimethy] glutarate with glycerol
gives fragment ions m/e 129; dimethyl adipate with
glycerol gives fragment ions m/e 143; and dimethyl
azelate with glycerol gives fragment ions m/e 1835,
Identification of M* can be verified by the acyliam ion,

*.31, as shown in Figure 4 [15]. Formation of acylium
ton was due to the loss of methoxyl group by simple a-
cleavage for all the products. Another significant ion in
methyl ester was m/e 59, [CH,OC(=0)]*, which is also
due to the a-cleavage in ester linkage [15-16]. The
fragmentation pattern of m/e 59 is shown in Figure 4.

Due to the bombardment of the molecules with 70
eV beams of electrons at EI-GCMS, only a few glycerol
ester’s molecular ion were obtained [15-17]. Therefore,
APCI-LCMS, a soft ionization technique, was used in
order to obtain the molecular ion [17-19]. In the positive
jon mode, the reagent ion generaily acts as an acid,
donating a proton to the synthesized compounds (M)
and thus producing [M+H]* as a pseudo-molecular
{even electron) ions for the glycerol esters. CI-MS
spectrum gave a molecular ion for compounds A, B, C,
D, E, F, G and H at m/e 206, 320, 220, 348, 234, 376,
276 and 460, which correspond to the molecular
formula CH O, C H,0O, CH O, C.H O

14762 137720797 16~ 6° 157724797
-

o)
Il --OCH
H,c0LC—R ————>

M* Mt31

Figure 4. Simple a-cleavage of methoxy! group; where
R = (CH,) O(C=0)CH,CHOHCH,0H or (CH)),
O(C=0)CH,CHOHCH,OC(=0)(CH,) C(=0)OMe.
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Figure 5. Formation of mfe 59; where R =
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CwH:sO'G’ CnstO'9’ C13H2406 and C23H4009=
respectively. As results of this, compounds 2,3-
dihydroxy-propyl methyl succinate (A), 1,3-
dimethoxysuccinyloxy propan-2-ol (B), 2,3-dihydroxy-
propyl methyl glutarate (C), 1,3-dimethoxyglutaryloxy
propan-2-ol (D), 2,3-dihydroxy-propyl methyl adipate
(E), 1,3-dimethoxyadipyloxy propan-2-ol (F), 2,3-
dihydroxy-propyl methyl azelate (G) and 1,3-
dimethoxyazelyloxy propan-2-ol (H) were assigned
based on the GCMS and LCMS.

Glycerol esters have been reported to have a direct
application as non-ionic surfactant [20], emulsifying,
thickening agent and as plasticizers [21]. However, we
are focus on the application as lubricant or surfactant,
The measurement of viscosity, viscosity index, pour
point, cloud point, density, surface tension, specific
gravity and electrical conductivity of the glycerol esters
were surnmarized in Table 1. Dynamic viscosity of
compounds A, C, E and G were 20, 23, 25 and 115 ¢P
respectively. These data showed that they are possessing
properties of a newtonian fluid which is similar to
mineral oil and thin motor oil. Electrical conductivities
of mono-glycerol esters were from 0.46to 1.29 4#S/m
meet the ASTM 4865 guide (Standard Guide for the
Generation and Dissipation of Static Electricity in
Petroleum Fuel Systems) for lubricants. The kinematic
viscosity of mono-glycerol esters is in the range from
16 to 98 ¢St at 40 °C and 3 to 11 ¢St at 100 °C.
Compound E has a viscosity 3.96 ¢St at 100 °C that is

Table 1. Physical data of mono-glycerol esters.

in the range of 2.3 to 5.4 ¢St at 100 °C which was the
specification for adipates that are commonly used in
synthetic lubricants such as screw compressor oils, gear
and transmission oils, automotive crankcase oils, and
hydraulic fluids. However, VI of the mono-glycerol
esters are range from 33 to 95 did not meet the
specification of industrial mineral lubricating oils which
normally have VI from 90 to 175. The density of
compounds A, C, E, and G were more than 1g/ml which
was also out of the range of the lubricant specification
(0.86 to 0.98 gfml).

Surface tension of A, C, E and G were at a range
from 29 to 30 mN/m. These values are close to the
surface tension of the industrial surfactants which range
from 26-28 mN/m [23]. Surface tension decreased when
the carbon chain length of dimethyl ester increased.
This is probably due to polarity of the molecules [24].
From the literature, mono- and di-glycerides are mild
surfactants and widely used in food industries. They
also can be reacted further to produce more complex
products such as the phospholipids {25] which are the
most common biosurfactants. Besides that, succinate
glycerides can .be used in the preparation of
sulphosuccinates. Sulphosuccinates are used in
conjugation with harsh detergents like sodium lauryl
sulphate to reduce the irritation of the sulphate ester. In
addition, pour point of mono-glycerol esters was range
from -15 to-45 °C, and useful in cool temperature. This
pour points are superior to the current surfactants
{glycerol mono-oleate and glycerol mono-stearate)
which have pour peint 6 °C [26]. Based on the physical
data of mono-glycerol ester, they can be used as a
precursor for biopolymers which will benefit the
surfactant industries.

Acknowledgements — We thank University of Malaya
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work.

Properties Temperature, °C A C E G
Kinematic viscosity, cSt. 40 16.21 18.54 21.31 98.34
100 3.22 3.52 3.96 10.95
Dynamic viscosity, cP 25 20.12 23.21 25.77 115.58
Viscosity index, VI - 33 38 70 95
Pour point, °C - -42 -42 -45 -15
Cloud point, °C - -18 -20 -22 9
Density, g/ml 25 1.2379 1.2159 1.2094 1.1753
Specific gravity, g/ml 25 1.2416 1.2187 1.2130 1.1788
Electrical conductivity, 10°pS/m 25 1.29 1.13 1.00 0.46
Surface tension, mN/m 25 30.70 30.50 30.30 29.51
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Abstract We implement a modification of the Numerov method to numerically solve the time-
independent Schrédinger equation in one dimension. We show that this modification, suggested by
Zongcheng Wang {2005}, significantly improves on the calculation of the wave-function as compared to the

tradittonal Numerov algorithm.

Keywords Numerov algorithm — time-independent Schrédinger equation

INTRODUCTION

The time-independent Schrodinger equation (TISE) is
a fundamental equation in non-relativistic quantum
mechanics. Because analytical solutions are available
for only a few families of potentials, the TISE often
needs to be solved numerically. There are many
approaches; see, for example, the recent papers of
Simos [1] and Vanden Berghe ef al. [2] One useful
algorithm has been that of Numerov [3] which has
found wide application. Very recently, Wang [4] has
reported on a modification, called the P-stable
Numerov method. Wang showed that this modification
resulted in a 10- to 500-fold improvement in the
evaluation of the bound-state eigen-energies, and a
5000- to 10°-fold improvement in the eigen-energies
of resonant states for a potential of a Woods-Saxon
form. However, Wang did not explicitly show in his
paper how the generation of the wave-function was
improved by the modification. Hence, in this paper, 1
wish to investigate the P-stable Numerov method by
numerically solving the TISE for the simple harmonic
oscillator potential, whose wave-functions and eigen-
energies are known analytically.

NUMERICAL SOLUTIONS OF THE TISE

The time-independent Schrodinger equation (in one
dimension) can be written as

W (k)= F(x)w(x), (1

where  is the wave-function and is a function
whose specific form depends on the potential function
used. Wang [4] has derived the following P-stable
Numerov formula:

5h? 0 o Y
WVira = |Ias '*'?FMJWM _[I_EFRJWi].[E_EFk+2] » (2)

where ¢ is a position-dependent parameter defined
as

5h% B
o, =T|FH,|+2{1+—1—2—|FM|Jcos(h {FM|) ., Fas0 (33)
and
as =2 * FJ:-H > 0 (3b)
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Here, 4 refers to the spatial step-size. Equation (3a) is
the P-stable modification to the Numerov method. It is
applicable in the classically-allowed region, and slightly
modifies the oscillatory character of the wave-function.
In the traditional Numerov method, ¢, is always equal
to 2. In the classically-forbidden region, there is no
departure from the traditional Numerov method. Both
the traditional and the P-stable Numerov formulas share
the same local truncation error, i.e., O(h®).

We apply the P-stable Numerov method, as well
as the traditional approach, to the simple harmonic
oscillator problem. Here, the TISE takes the form (with
respect to the dimensionless coordinate z)

v (2)=(a-2" . @)
The conditions necessary for an acceptable wave-
funciion, i.e. a continuous wave-function and first-
derivative for all values of z, constrain the values of

parameter A and, hence, the eigen-energy. Specifically,
the eigen-energies E,, and parameter A are given by

1
Ey m[N —5)}‘1&),

A=2N-1.

&3]

Here, i@ is twice the zero-point energy (which we
may arbitrarily fix in our calculation), and the bound
states are labeled by N e {1,2,3,---}. Equation (4) can
be solved analytically and its (un-normalized) solution
is

W) =" Hy,y(2), ©)
where H denotes the Hermite polynomials.

RESULTS AND DISCUSSION

We generate the wave-function w(z) numerically
using the traditional, as well as the P-stable method,
which is then compared to the analytical formula
given by (6). In this calculation we set fg =10 and
generate ¥(z) from left to right in the region
—1.1zy £ zs1.1z,, where the classical turning point
i$ z,= JA.With this choice of z, the calculation
begins (and ends) in the classically-forbidden
regions. The spatial step-size is computed using
h =22z, /{npts —1), where npts refer to the number

of equally-spaced points in the region. As a
representative case, we choose N =7 and npts = 101 in
this calculation.
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Figure 1. Difference in the wave-functions
generated using the traditional Numerov formula
(dotted line) and the P-stable method (full line),
with respect to the analytical formula for
eigenstate N=7.

in Figure 1, the full line (dotted line) shows the
difference between the numerically-generated wave-
function using the P-stable method (traditional
Numerov method) and the analytical solution given by
{6). The classically-allowed region is defined by
|z| <3.606 and step-size used is & = 0.0793.

The analytical wave-function (not shown) has 6
nodes. Figure 1 shows the wave-function difference
oscillating about zero for both methods. However, it is
clear that the oscillation worsens as z increases for the
traditional Numerov method. On the other hand, in the
P-stable method, the oscillation is markedly reduced
so that the difference is very small when the classically-
forbiddenregion is reached. If the calculation is repeated
using a smaller step size, say with spts = 151, the
magnitude of the wave-function difference is reduced
by roughly a factor of 5 but the oscillation pattern
remains identical to that shown in Figure 1. This
suggests that, all else being equal, the P-stable
modification to the Numerov method will yield
substantiaily better wave-functions than the traditional
algorithm.

The superiority of the P-stable method over the
traditional one becomes even more striking for higher
eigen-energy bound-states. For example, if the
calculation is repeated using & = 15 and npts = 201 as
shown in Figure 2, it is clear that the wave-function




difference due to the P-stable method is smaller that
that of the traditional method by approximately one
order of magnitude. Hence, the P-stable modification
to the Numerov method vields much more accurate
wave-functions as the number of oscillations in the
classically-allowed region increases.
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Figure 2. Difference in the wave-functions generated
using the traditional Numerov formula (dotted line)
and the P-stable method (full line), with respect to
the analytical formula for the eigenstate N=15.

CONCLUSION

We have explicitly shown that the P-stable Numerov
algorithm is a significant improvement over the
traditional Numerov method. Although both methods
share the same local truncation error the P-stable method
ensures that oscillatory part of the wave-function,
generated in the classically-allowed region, is generated
more accurately than previously achieved using the
traditional Numerov method. The superiority of the P-
stable method is evident especially when the number
of oscillations in the wave-function increases. Hence,
the P-stable Numerov algorithm should become the
method of choice in the numerical solution of second-
order ordinary differential equations, in general, and
the time-independent Schrédinger equation, in
particular.
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Absiract This paper reports on the fabrication and the resulis from a material experiment performed on SUNSAT.
The electrical resistance of a YBCO superconductor and a glassy carbon material were measured for a period of
about 2 years in the low-earth orbit SUNSAT. The stability of a constant current source construcied for the experiment
was also monitored and was found fo remain stable during the two-year period despite the variation in the
temperaiure of the satellite’s interior. Our resulfs also indicate that oxygen in the YBCO lattice struciure remains
stable in space environment during the period of study. This study also shows that the glassy carbon material is also

stable during the two-year period.

Keywords materials in space — SUNSAT

INTRODUCTION

An experimental study on the effect of space conditions
on two advanced materials was initiated in 1996 as a
joint project between School of Applied Physics,
Universiti Kebangsaan Malaysia (UKM), National
Space Agency, Malaysia and the University of
Stellenbosch, South Africa. The objective of this
experiment was to stndy the effect of microgravity,
space radiation and condition on two materials: high
temperature superconductor, and glassified carbon
prepared form oil palm empty fruit bunches. Inaddition,
the stability of a current source was also tested.

The experiment essentially consists of two modules
weighing 28 g. The materials for testing were placed
on the exterior while the electronic module was placed
in the interior. Both modules were fabricated at UKM.
SUNSAT, a low earth satellite with orbit altitude of
600-840 km, was designed and built by the Faculty of
Engineering, University of Stellenbosch, South Africa.
The weight of the satellite is 64 kg with dimension 450
mm X 450 mm X 600 mm. Apart from carrying
experiment modules from Malaysia, this satellite also
carries instruments for remote sensing, sun’s sensors

and others. SUNSAT was launched from Vandenberg
Air Force Base in California USA on 23 February 1999.

OVERVIEW OF THE MATERIALS AND
EXPERIMENT MODULES

Materials: Superconductor and Glassy Carbon

A superconducting material can carry electricity
without any resistance at low enough temperature.
This material can be potentiaily used in systems for
satellite communications. The superconductor used
for this experiment is YBa,Cu,0O, , (YBCO) and the
structure is shown in Figure 1. The preparation
method of the YBCO was described elsewhere [1].
The oxygen content is important in the superconducting
and electrical property of the YBCO because it can
affect the density of charge carriers. Hence variation
in the electrical resistance reflects the oxygen content
of the material.

The glassy carbon used in this experiment was
prepared from oil palm empty fruit bunches [2]. Oil
palm empty fruit bunches is a potentially valuable
starting material for manufacturing solid carbon
products, which are widely used in the field of
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electrical engineering because they are inexpensive and
available in very large quantities as a waste material
from palm oil mills. In this context it was therefore
important to study the electrical properties of carbon
prepared from empty fruit bunches. As a light material
and good electrical conductors it can also be potentially
used in space applications.

The diameter of the YBCO and glassy carbon
samples is 13 mm and 10 mm, respectively. The
samples were mounted on the sample module and the
resistance measurements were obtained by the two-
point contact measurement as discussed below.

O
O——0
O Ba
O QL Cu
Cgo—(?
O Y
/SZ ;)
T O

Figure 1. Structure of the YBa,Cu,Q,,
superconductor.

Electronic and Sample Modules

Figure 2 shows the electronic and sample modules used
m the experiment. The electronic module consists of a
commercially available FET 2N3819 which provides
a constant current to a =1 % tolerance, metal-film
resistance R_of 100 €2 and a standard platinum resistor
temperature sensor as shown in Figure 3.

The resistance of platinum sensor at room
temperature is 110 €2 and it increases with temperature.
The temperature sensor and the sample module were
attached at the external of the satellite and exposed to
the space environment with expected temperature
variations between -30 °C and +60 °C whilst the
electronic module was attached at the internal [3, 4].
The resistance of the materials was determined from
the voltage difference across the samples and the

constant current 1.38 mA applied (Fig. 4). The overall
mass of both modules is 28 g.

Figure 2. Photograph of the electronic and
sample modules.

+12V unregulated

i

a

2N3819
+5¥ regulated

LMI124]
o, Vo
_I\AN__ LM124]
g 3.5k
R 1kQ V.

10082

1.2 ki

+3V lated
Tempermure reguime

sensor

ko= 39K

Figure 3. The circuit diagram of the module of the
constant current source.n A platinum resistor
temperature sensor was used to measure the external
temperature of the satellite.

I,=1.38 mA
2N3819
+5V
1.2kQ
] M~ M4
Sample >...._
- output to R or
D

rr

Figure 4. Circuit diagram of module to measure
the electrical resistance of the samples.




Table 1. Current / from the 2N3819FET with variation in the internal and external temperatures of the

satellite.
Date 1 £0.04 mA Internal Temperature External Temperature
O °C)
May 6, 1999 1.38 - -15 to 60
June 7, 1999 1.38 17 t0 23 -15to 60
April 2, 2000 1.38 28 to 32 -10 to 60
May 5, 2000 1.38 32to 36 10 to 50
RESULTS AND DISCUSSION Figure 5 shows the typical variation of resistance

The stability of 2N3819 FET as a constant current
source for space applications has been monitored.
Our data indicate that it performed reasonably well in
space in space environment (Table 1). The long-term
current level is constant even though the internal
temperature of the satellite is increasing. This
indicates that the FET can provide a steady cumrent
for an internal temperature variations between 17 °C
and 36 °C. Our result can be useful in designing
circuit for constant current source with stability of
about 3 %. The requirements in space applications
are varied and very specific [5.6]. In applications
where a higher current resolution is required, a higher
bit A/D converter should be considered.

‘ May 20, 199!9 GMT: 12:38':03

of YBCO with temperature for three-earth orbit
cycles as well as the temperature of the sample. The
time interval between successive peaks in the figure is
about 100 minutes which is equivalent to one earth
orbit cycle. The satellite also rotates about its axis
five times for every earth-orbit cycle and the several
smaller temperature peaks in between the larger
peaks is due to this rotation.

The normal state resistance of YBa,Cu,O,, is
very sensitive to the oxygen content [7]. For example
the resistivity of YBa,Cu, O, , (non-superconducting)
is several orders of magnitude higher than YBa,Cu,O,
(superconducting). A rise in resistance of the YBCO
sample indicates among others the amount of oxygen
that left the sample. Figure 4 shows a typical resistance

g4 F—— 50
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1 Py
-+ 500 0
—~ ]
®) l o
o 20 o+
——* Er l | g
o | i + 450 O
5 i [ e
® 0T H | 2,
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Figure 5. Variation of YBCO resistance with temperature in three earth-orbit cycles.
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Conversion of palm oil to medium-chain-length polyhydroxyalkanoates
by bacteria isolated from oil palm estate soil
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Abstract A Psevdomonas CN selective medium was used to isolate pseudomonad bacteria from soils taken from
an oil palm plantation. The isolates were screened for the ability to metabolise palm oil and fo synthesise
polyhydroxyalkanoates (PHA). Each of the isolates was culiured in a nitrogen-limiting medium containing 0.5% w/
v crude palm olein {CPO) as the sole carbon source. Cells from the positive cultures were stained with Nile Blue A
to detect the presence of intracellular PHA. Out of 19 isolates obtained from the Pseudomonas CN selective
medium, only two, namely MHT and MH2, could produce PHA from CPO. Grown in shake flasks at 30°C for 48
hr, MH1 produced 1.3 g/L of dry biomass of which 10.8% was PHA, whereas MH2 produced 2.6 g/L of dry
biomass of which 18.3% was PHA. The extracted PHA formed a sticky yellowish transparent film at room temperature.
Nuclear magnetic resonance spectrometry and gas chromatography confirmed that the material produced by
MH1 and MH2 was PHA, ., containing 3-hydroxyoctanoate {55 mol%) and 3-hydroxydecancate {33 mol%) as the
predominant monomers. Differential scanning calorimetry showed that both the polymers had low crystallinity,
and gel permeation chromatography showed that they had low molecular mass and a polydispersity of 1.7. Inthis
study, a simple method based on liquid-liquid separafion was developed to rernove oily impurities from the extracted

PHA.

Keywords liquid-liquid separation — medium-chain-length PHA ~ palm oil — Pseudomonas

INTRODUCTION

Petrochemical plastics, in various forms, have many
industrially-useful properties such as inertness to
chemical reactions, durability, impermeability to water
and air, lightweight, mechanical strength, elastomeric,
and transparent. However, the many types of single-
use disposable plastic products are now one of the
biggest environmental pollutants. This and the finite
amount and rapid depletion of petroleum deposits have
prompted a global search for alternative materials which
have the useful properties of plastics but with additional
important traits such as degradability to harmiess
components, as well as to be synthesised from
renewable resources. Bacterial polyhydroxyalkanoates
(PHA) have all the traits of an environmentally-friendly
plastic material but the cost of production is very much
higher than that of petrochemical plastics. Therefore,
an important focus in PHA research is in reducing the

cost of production. Plant oils are especially suited for
the production of the medium-chain-length PHA
(PHA,, ), a copolyester in which the monomeric
composition is related to the carbon source fed to the
bacteria. However, not many PHA-producing bacteria
could metabolise palm oil directly; the triglycerides
have to be saponified to fatty acids before they could
be used as an effective carbon source.

In view of the close association between plant oils
and PHA,, synthesis, the objective of this study is to
specifically isolate palm oil-utilising, PHA, . -
producing Pseudomonas species from oil palm estate
soil.

MATERIALS AND METHODS
Source of indigenous bacteria

Soil samples, from ground susface to a depth of 5 cm,
were collected from three sites in an oil palm plantation
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curve at various temperatures. There is no observable
change in the resistance throughout the two-year
period. This indicates that the material is stable
against space environment. This also indirectly indicates
that the oxygen is stable in the YBCO crystal lattice.

Figure 6 shows the resistance of glassy carbon
against variation in temperature. The resistance
remained constant at 14 Q throughout the two-year
period. This is somewhat expected as carbon is
generally a stable material.

It is interesting to investigate further the effect of
space environment on the YBCO superconductor
especially in the geosynchronous orbit where most
communication satellites operate. Satellites in the
geosynchronous orbit will also experience low
temperature (about 80 K) which is lower than the
critical temperature of most high temperature
superconductors such as the YBCO material. A four-
point probe measurement instead of two-point probe
measurement will give absolute value of the resistivity
instead of resistance value in this study. This will in
turn gives quantitative value of the oxygen content in

May 6, 1999 GMT: 1:38:22
H

the YBCO. In addition, the effect of space environment
for more than two years is also useful in deciding
whether these materials can be used in longer space
missions.

In conclusion, we have investigated the stability
of YBCO ceramics and glassy carbon in space
environment on SUNSAT and found that these two
materials are stable against environment during the
two years period. The stability of 2N3819 FET as a
constant current source for space applications has
also been monitored and found 1o be suitable for
space applications,

Acknowledgements - We thank Prof. Jan I. du Plessis,
Dept. of Electrical and Electronic Engineering, University
of Steltenbosch, South Africa for offering s to participate in
the SUNSAT program. We also thank Malaysia Airline
and the Malaysian Ministry of Science, Technology and
Innovation for their support. We acknowledge Mr. Niki
Steenkamp, University of Stellenbosch and Mohd. Roslki
Kaskandar (UKM) for their kind assistance.

UTC: 925954762

20 1||!i|||IEIII

Resistance of YBCO (Q)

(D, ) aunjeledwa |

+ 40

| S

110*
Time(s)

] I

1510* 210* 2510*

Figure 6. Variation of resistance of glassy carbon with temperature in four earth-orbit cycles.
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Abstract Two series of dimer liquid crystals of Schiff base ethers 1,10- and 1,12-bis[((p-substituted-
phenylimino)methyl)phenylldecyl and dodecyl possessing different substituents of H, Br, Cl, OH, CH,, and CH,
were isolated and characterized. The aromafic mesogenic units attached with the para-substituent were connected
to the flexible spacer of either decyl or dodecyl carbon chains at the para position. Majority of the title compounds
thus obtained are monotropic exhibiting nematic mesomorphism. Whilst the compound possessing a spacer with
carbon number 10 and a terminal Br atom exhibits both nemafic and smectic phases, its analogue with greater
carbon number of 12 in the spacer perturbed the liquid crystalline behaviour, The compound with OH as substituent

upon heating shows pseudomorphism of nematic phase prior to the melfing.

Keywords liquid crysialline properties ~ dimer — Schiff base ethers — pseudomorphism

INTRODUCTION

Investigation on dimer or twin liquid crystals has
received growing interests among material chemists
aiming at studying the influence of various parameters
associated with the nature or the conformation of the
molecule in mesophase. The length and the parity of
the connecting spacer have once been reported as
influential towards the phase transitional properties of
the dimers, trimers and main chain liquid crystal
polymers [1-7]. The recent study based on theoretical
model revealed that the alternation in isotropization
temperatures and their respective entropy changes have
been ascribed to the different number of conformers
with parallel orientations of the mesogenic units for
odd and even dimers. In this regards, the dimers
connected with an even spacer, more parallel
orientations of the mesogenic groups are possible than

for dimers connected by an odd spacer.

Since then the effort in seeking for liquid crystal
with enhanced thermal stability have been intensified
by forming the molecule with different shape which
encompasses H-shaped liquid crystals [8, 9] and T
shaped liquid crystals {10]. In recent years, the
unprecedented mesomorphic properties of non-linear
mesogenic units has also been found on banana-shape
liquid crystals which exhibits novel and fascinating
liquid crystalline phases due to their bent shapes [11-
13].

For the present study, we synthesize two series of
dimer liquid crystals wherein the mesogenic units
derived from various substituted Schiff bases were
connected by -(CH, ), - and —(CH,) ,- , respectively. The
substituents of different electronegativities residing at
the para position in these molecules are bromine,
chlorine, hydroxyl, methyl and ethyl groups.
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EXPERIMENTAL

Materials

4-hydroxybenzaldehyde, 1,10-dibromodecane, 1,12-
dibromododecane, aniline, 4-bromoaniline, 4-
chloroaniline, 4-hydroxyaniline, 4-methylaniline and
4-ethylaniline were directly used without further
purification.

Methods

CHN microanalyses were performed by 2400 and
2400 LS series I CHNS/O microanalyzer. IR spectra
were recorded using a Perkin Elmer 2000 FTIR
Spectrophotometer in frequency range 4000-400 cm.,
The spectra of the compounds were measured in thin
film sandwiched between two zinc selenide (ZnSe)
windows. 'H and "*C spectra were recorded on a
Bruker 400Mhz Ultrashield™ FI-NMR Spectrometer
using CDCI, as a solvent and TMS as an internal
standard.

The thermal behaviour of the title compounds were
analyzed through the determination of transition
temperatures by using Shimadzu DSC-50 calorimeter
with a flow of dry nitrogen as a purge gas for the
samples and reference cells at a heating and cooling
rates of 5°Cmin" and -5°Cmin’, respectively. The
temperature range 30°C to 220°C was employed
throughout the study. A polarizing microscope and a
Mettler FP52 hot stage were used for the texture
observation over different mesophasic regions.

Synthesis of bis(p-benzalidene)decyl ethers
1,10-bis(p-benzalidene)decyl ether, 1a. A mixture
containing 4-hydroxybenzaldehye (6.5 g, 53 mmole)
and potassium carbonate (8.7 g, 63 mmole) was heated
in DMF (100 mL). 1,10-dibromodecane (7.5 g, 25
mmole) was then added dropwise into the mixture. The
resulting solution was heafed and stirred at 120°C for
12 hours. After cooling, the diluted HCI was added to
the solution. The light brownish precipitate was filtered
and recrystallized with ethanol. Yield 80%. m.p.81-
83°C. IR (ZnSe), 2930 cm* (C-H aliphatic), 1687 cm
(C=0), 1265 cor! (C-O).

1,12- bis(p-benzalidene)dodecyl ether, 1b. The
same procedure as described above was repeated but
1,10-dibromodecane was replaced by 1,12-
dibromododecane (10.3 g). Yield 78%. m.p.79-81°C.
IR (ZnSe}, 2930 cmr! (C-H aliphatic), 1687 cm™ (C=0),
1265 em! {C-0).

Synthesis of 1,10-bis[((p-substituted-phenylimino)
methyDphenyl]decyl and 1,12-bis[((p-substituted-
phenylimino)methyl)phenyl]ldodecyl ethers
1,10-bis{(phenylimino)methyl]phenyljdecyl
ether, 2a. 1la (2.6 g) and aniline (0.3 g} in a ratio of
2.1 to 1 were dissolved in ethanol before being heated
at 60°C for 3 days. The resulting solution was cooled
down whereupon precipitate formed. The light
brownish powder was filtered and washed with
ethanol. The solid thus obtained was subsequently
recrystallized from chloroform. Yield 71%. Anal: Calc
for C,H,,O,N,: C81.17, H 7.57, N 5.26. Elementary
analysis: Found, C 81.16, H 7.46, N 5.17. IR (ZnSe)
cm™: 2937.0,2852.3 (C-H aliphatic), 1605 (C=N), 1246
(C-O); 'H-NMR (CDCL,) 8 ppm: 8.40 (s, IH, CH=N),
7.84,7.00 (d, aromatic ring), 4.04 (t, O-CH,) and 1.39-
1.87 (C-H aliphatic chains); *C-NMR (CDCL) & ppm:
162.34 (C,-0), 159.7 (C=N), 1529 (C,-N), 115.2-
130.8 (C, -H), 68.7 (CH,-0), 26.3-29.7 (C-H).

The other dimer liquid crystals within the same
series were prepared following similar procedure of
which 1a was reacted with the substituted anilines
(i.e. 4-bromoaniline, 4-chloroaniline, 4-hydroxyaniline,
4-methylaniline and 4-ethylaniline). The products thus
synthesized were abbreviated as 3a-7a, respectively.
The similar synthetic method was applied to the b
series wherein the spacer by —(CH,), - is replaced by —
(CH,) ,-. The products obtained for the latter series
were abbreviated as 2b-7b. The subsequent reactions
leading to the formation of all title compounds (2a-7a
and 2b-7b) were shown in Figure 1.

The analytical results for the above mention
compounds are listed as follows:

(@) 1,10-bis{(p-bromophenylimino)methyl]phenyl]
decyl ether, 3a. Yield 77%; Anal: Calc for
C,H,,O,N,Br,: C62.62, H5.55, N 4.06. Found: C
62.60, H 5.25, N 3.96. IR (ZnSe) cm'': 2937, 2852
(C-H aliphatic), 1606 (C=N), 1251 (C-O) ; 'H-
NMR (CDCL,) & ppm: 8.36 (s, 1H, CH=N), 7.85,
7.07 (d, aromatic ring), 4.04 (t, O-CH,) and 1.37-
1.87 (C-H aliphatic chains); *C-NMR (CDCL) 3
ppm: 162.0 (C, -0), 159.0 (C=N), 153.0 (C, -N),
1152-1324(C, -H), 68.81 (CH,-0), 26.3-29.7 (C-H).

(b) 1,10-bis[(p-chlorophenylimino)methyljphenyl]
decyl ether, 4a. Yield 81%; Anal: Calc for
C,H,,O,N.CL: C71.87, H6.37,N 4.66. Found: C
7191, H6.17, N 443. IR (ZnSe) cor*; 2943, 2853
(C-H aliphatic), 1603 (C=N), 1250 (C-0); *H-NMR
(CDCL,) & ppm: 8.37 (s, 1H, CH=N), 7.86, 7.00 (d,
aromatic ring), 4.04 (t, O-CH,) and 1.37-1.87 (C-
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H aliphatic chains); *C-NMR (CDCL) 6 ppm:
162.2 (C, -O), 159.3 (C=N), 152. (C, -N), 115.3-
132.6 (C, -H), 68.6 (CH,-0), 26.2-29.4 (C-H).
1,10-bis{(p-hydroxyphenylimino) methyl [phenyl]
decyl ether, 5a. Yield 81%; Anal: Calc for
C,H,ON,: C76.56, H7.14, N 496. Found: C
7632, H7.09, N 4.79. IR (ZnSe) cm': 3437 (O-
H), 2931, 2852 (C-H aliphatic), 1608 (C=N}, 1250
(C-0); 'H-NMR (CDCl,) 8 ppm: 8.40 (s, 1H,
CH=N), 7.85, 7.00 (d, aromatic ring), 4.03 {t, O-
CH,) and 1.35-1.88 (C-H aliphatic chains); "C-
NMR (CDCL) & ppm: 162.2 (C, -0), 159.3 (C=N),
152.9 (C,-N), 115.3-132.6 (C, -H), 68.6 (CH,-0),
26.2-29.4 (C-H).
1,10-bis{{p-methylphenylimino)methyl jphenyl|
decyl ether, 6a. Yield 81%; Anal: Calc for
C,H,ON,: C81.39, H 791, N 499. Found: C
80.84, H 8.01, N 4.70. IR (ZnSe) cm™: 2937, 2850
{C-H aliphatic), 1607 (C=N), 1248 (C-O); '"H-NMR
(CDCL,) & ppm: 8.40 (s, 1H, CH=N), 7.85,7.00 (d,
aromatic ring), 4.03 (t, O-CH,) and 1.35-1.88 (C-

"H aliphatic chains); *C-NMR (CDCL,) & ppm:

162.2 (C, -0, 159.3 (C=N), 152.9(C, -N), 115.3-
132.6 (C, -H), 68.6 (CH,-0), 26.2-29.4 (C-H).
1,10-bis{(p-ethylphenylimino Jmethyl [phenyl Jdecyl
ether, Ta. Yield 81%; Anal: Calc for C,H,O,N,;:
C81.59,H 822, N4.76. Found: C 81.45, HE&.13,
N 4.68. IR (ZnSe) cm’: 2935.8, 2852.6 (C-H
aliphatic), 1606 (C=N), 1249 (C-0) ; 'H-NMR
(CDCL) 6 ppm: 841 (s, 1H, CH=N), 7.86, 6.97
(d, aromatic ring), 4.03 (t, O-CH,) and 1.28-1.86
(C-H aliphatic chains); “"C-NMR (CDCL,) & ppm:
162.2(C, -0), 159.1(C=N), 150.6 (C, -N), 115.2-
130.7 (C, -H), 68.7 (CH,-0), 26.3-29.8 (C-H).
1,12-bis{(phenylimino jmethylJphenyljdodecyl
ether, 2b. Yield 70%; Anal: Calc for C, H ,O,N,:
C 81.39,H 7.91, N 5.00. Found: C8077 H'? 92,
N4.86. IR (ZnSe) cr': 2937, 2850 (C-H aliphatic),
1607 (C=N), 1247 (C-O) ; 'H-NMR (CDClL,) &
ppm: 8.40 (s, 1H, CH=N), 7.87, 7.18 (d, aromatic
ring), 4.06 (t, O-CH,) and 1.36-1.86 (C-H aliphatic
chains); “C-NMR (CDCL,) & ppm: 162.4 (C, -O),
159.8 (C=N), 152.9 (C, -N), 115.2-130.8 (C, -H),
68.7 (CH,-0), 26.3-29.8 (C-H).

1,12-bis[(p-bromophenylimino)methyl [phenyl]
dodecyl ether, 3b. Yield 76%. Anal: Calc for
C,H,_,ON,Br,: C 63.52, H5.89, N 3.90. Found:
C6361,H 675 N 3.83. IR (ZnSe) crl: 2035,
2850 (C-H aliphatic), 1606 (C=N), 1249 (C-O) ;
'H-NMR (CDCL,) d ppm: 8.36 (s, 1H, CH=N), 7.85,

7.06 (d, aromatic ring), 4.03 (t, O-CH,) and 1.35-
1.86 (C-H aliphatic chains); “C-NMR (CDCL,) 6
ppm: 162.6 (C, -0), 160.1 (C=N), 151.9 (C, -N),
115.2-132.5(C, -H), 68.7 (CH,-0), 26.3-29.3 (C-
H).

(hy 1,12-bis{(p-chlorophenylimino )methyl]phenyl]

o)

@

dodecyl ether, 4b. Yield 80%. Anal: Cale for
C H,ON,CL: C 7248, H 6.72, N 4.45. Found: C
7222, HG. 44 N4 31. IR (ZnSe) cm’; 2936, 2852
(C-H aliphatic), 1606 (C=N), 1250 (C-0); 'H-NMR
(CDCL,) & ppm: 8.36 (s, 1H, CH=N), 7.85,7.12 (d,
aromatic ring), 4.03 (t, O-CH,) and 1.35-1.86 (C-
H aliphatic chains); “C-NMR (CDCI,) & ppm:
162.7(C, -0), 160.1 (C=N), 151.9 (C, -N), 115.3-
130.9 (C, -H), 68.7 (CH,-0), 26.3-29.8 (C-H).
1,12-bis{{p-hydroxyphenylimino)methyl [phenyl ]
dodecyl ether, 5b. Yield 81%; Anal: Calc for
C,H, ON,: C7699, H 748, N 4.73. Found: C
76.11, H7.64, N 4.50. IR (ZnSe) cm: 3436 (O-H)
, 2932, 2851 (C-H aliphatic), 1609 (C=N), 1251
(C-0); '"H-NMR (CDCl,) 8 ppm: 8.40 (s, 1H,
CH=N), 7.85, 7.00 (d, aromatic ring), 4.03 (t, O-
CH,) and 1.35-1.88 (C-H aliphatic chains); “C-
NMR (CDCI,) 8 ppm: 162.2(C, -0), 159.3 (C=N),
152.9(C, -N), 115.3-132.6 (C, -H), 68.6 (CH,-O),
26.2-29.4 (C-H).
1,12-bis{(p-methylphenylimino)methyl jphernyl]
dodecyl ether, 6b. Yield 81%; Anal; Calc for
C,H,ON,: C81.59, H 822, N 4.76. Found: C
82.22, H 8.38, N 4.76. IR (ZnSe) cm': 2937, 2850
(C-H aliphatic), 1607 (C=N), 1249 (C-0) ; ‘H-
NMR (CDCL) & ppm: 8.40 (s, 1H, CH=N), 7.86,
7.00 (d, aromatic ting), 4.03 (t, O-CH,) and 1.36-
1.88 (C-H aliphatic chains); “C-NMR (CDCL) 6
ppm: 162.2 (C, -0), 159.3 (C=N), 1529 (C, -N)
115.3-132.6 (C, -H), 68.6 (CH,-0), 26.2-29.4 (C-
H).

(&) 1,12-bis[{p-ethylphenylimino)methyljphenyl]

dodecyl ether, Tb. Yield 81%; Anal: Calc for
C,H,,0,N,: C 81.77, H 8.50, N 4.54. Found: C
81.74, H 8 82, N 4.50. IR (ZnSe) cm’!: 2936,
2850 (C-H aliphatic), 1607 (C=N), 1248 (C-O)
; 'TH-NMR (CDCL,) 8 ppm : 8.41 (s, 1H, CH=N),
'7.86, 6.97 (d, aromatic ring), 4.03 (¢, O-C11,) and
1.29-1.86 (C-H aliphatic chains); "C-NMR
(CDCIL,) 6 ppm: 162.4 (C, -0), 159.1 (C=N},
150.2 (C,-N), 115.2-130.7 (C, -H), 68.7 (CH,-
0), 26.4-29.8 (C-H).
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RESULTS AND DISCUSSION

Synthesis and molecular formula determination
The synthetic methods for the preparation of 1a-7a and
1b-7b were carried out according to the similar manner
as shown in Figure 1. The CHN microanalytical data
are agreeable with the empirical formula for all
derivatives in a and b series.

IR spectroscopy

The characteristic absorption band, which can be
assigned to the stretching vibration of C=0 bond in 1a
and 1b appears at 1687 cm’. However, this band is not
observed in their derivatives (2a-7a and 2b-7b). Abroad
band assignable to the OH in the starting material of 4-

2HD \ / CHO + BrCHACHY), CHaBr

0 0
+ 2 HBr

1(1a:n=8and 1b:n=10}

X=H, br, 1, OH, CH. CaHg

n38.10

L
g o

toTHO

Compound n X
2a 8 H
2b 10 H
3a 8 Br
3b 10 Br
4a ] Cl
4b 10 Cl
Sa 8 OH
5b 10 OH
6a 8 CH,
6b 10 CH,
7a 8 C,H,
7b 10 CH

Figure 1. Synthetic routes toward the formation of
1,10-bis(p-benzalidene)decyl ether (1a), 1,12 bis{p-
benzalidene)dodecyl ether (1b) and their derivatives
(2a-7a and 2b-7h).

hydroxybenzaldehyde is found to be absent in the IR
spectra of the intermediary compounds 1a and 1b. The
IR analytical data of all the title compounds sandwiched
in zinc selenide windows show a band at a frequency
within the range of 1603-1609 cm’. This observation
could be due to the stretching vibration of imine C=N
group in 2a-7a and 2b-7b leading to the assumption
that the formation of Schiff bases in these derivatives
is viable following the steps as depicted in Figure 1.

'H and *C NMR spectroscopy

The molecular structure of all the title compounds in
solution can also be substantiated by the 'H NMR
spectra. The resonances and the pattern of the
diagnaostic peaks are similar among these compounds.
The inspection from NMR data shows that the
methylene protons adjacent to the -OCH, - group appear
as a quintet at 1.87 ppm and the remaining protons as a
broad multiplet at 1.37 ppm [14]. The presence of a
decyl group in 3a can be evident from the appearance
of a triplet at 4.04 ppm indicating the presence of
—-OCH,- group [14, 15]. The aromatics protons in
compound 3a appear as two doublets with their
resonances observed at 7.07 and 7.85 ppm [16, 17]
suggesting the symmetrical environment for these two
sets of protons. The resonance due to the azomethine
proton appears as a singlet at 8.36 ppm [18]. The
assignment based on the *C-NMR spectrum of 3a is
also consistent with its postulated structure. The
chemical shift at 68.81 ppm indicates the presence of
carbon in alkoxyl fragment of O-CH,,. The resonances
for the remaining carbon chains were observable within
the chemical shift of 6 = 26.3-29.7 ppm. Whilst the
peaks assignable to the aromatic carbon appear at the
range of & = 115.2-132.4 ppm, the signal ascribed to
the azomethine carbon (C=N) is observed at 159.0 ppm.
The structural characteristic as inferred from 'H and
BC NMR spectra for all compounds 2a-7a and 2b-7b
were found to be in agreement with the molecular
structure as illustrated in the analytical results.

Thermal and optical behaviour
The phase transitions of the two homologous series of
compounds 2a-7a and 2b-7b were investigated by DSC
technique as described in the experimental section. The
phase transition termperatures and the enthalpies for
these series as inferred from the DSC data are presented
in the respective Tables 1 and 2.

Inspection from Tables 1 and 2 indicates that
compounds 2a and 2b upon heating exhibit a clear




isotropic melting from crystalline state at 152°C and
150°C, respectively. Upon cooling they undergo
crystaliization at respective temperature of 128°C and
127°C.

Compounds 6a, 6b and 7b are monotropic liquid
crystals with entalpy changes (AH) failing within a range
of 13-17 Ig™'. These compounds show only the nematic
phase owing to the increased molecular flexibility of
the dimer. However, the members 3a, 4a and 7a exhibit
enantiotropic nematic phase during both heating and
cooling cycles. The rationale behind the emergence of
enantiotropic properties of 3a, 4a and 7a in comparison
with 6a, 6b and 7b is not clear. Although the
electronegativity arising from the halogen atom of either
Br and Cl in respective compound 3a and 4a for which
the spacer consists of 10-carbon chain can be considered
as one of the contributing factors towards promoting
the nematic phase, but the increase of carbon number
to 12-carbon in the spacer has perturbed the stability of
this mesophase as those observed for 3b and 4b.

Table 1. Phase transitions and transition enthalpy changes
for compounds 2a-7a upon heating and cooling. Cr: crystal,
N: nematic, SmA: smectic A, I: isotropic.

Compound Phase transitions/C (corresponding
enthalpy changes/Jg'}
2a Cr152 (159 I
1128 (125) Cr
3a -H4E@)Cr 172 (O2yN 173 (10) 1
1180 (10) N 178 (7) SmA 168 (83) Cr
da Cr 164 (108) N 173 (10}
1176 (13) N 163 (100) Cr
5a - 183 (27) Cr 202 (132) I
1174 (119) Cr
6a Cr 138 (148) I
1154 (14) N 151 (136) Cr
7a Cr 148 (98) N 154 (13) I

F154 (12} N 141 (93) Cr

Table 2. Phase transitions and transition enthalpy changes
for compounds 2b-7b upon heating and cooling. Cr: crystal,
N: nematic, I: isotropic.

Compound Phase transitions/C (corresponding
enthalpy changes/Tg)
2h Cr 150 (166) T
1127 (150) Cr
3b -170(3)Cr178 (121) 1
1176 (131 Cr 169 (7) -
4b Cr 172 (140 1
1170 (148) Cr
5b - 178 (54) Cr 194 (117) XL 158 (84) Cr
6h Cr1539(172) T 155 (1N 135 (13 Cr
7b Cr 145 (145} I1 142 (13) N 138 (138) Cr

This phenomenon can be exemplified by
compound 4a wherein the cooling cycle led to the
formation of a nematic phase with a schlieren texture
(Fig. 2a) which turns into crystal phase at 163°C.
However, the compound 4b upon cooling undergoes
crystallization at 170°C without experiencing the
transformation via intermediary mesophase.

Observation under polarized microscope upon
cooling the compounds 6a, 6b, 7a and 7b also exhibit
schlieren nematic texture prior to the crystallization.
For compounds 6a, 6b and 7b, the mesophases are
observed only during the cooling cycle. As for
compound 7a, the nematic phase is observed when this
compound is treated on the slide wherein the polarized
light is passed through over heating and cooling
processes. This phenomenon can be ascribed to the
tendency of the spacer as that reported for compounds
3 and 4 of which the 12-carbon perturbed the formation
of nematic phase when the temperature of the compound
is gradually increased. In contrary to compound 7a,

(b

Figure 2. Optical photomicrographs of (a)
compound 4a at 174°C, and (b) compound 3a at
172°C.
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compound 7b upon heating reaches the isotropization
at 145°C without the formation of mesophase.

Another notable feature observed in each of the
compounds 3a, 3b, 5a and 5b is the appearance of an
endotherm below the transition temperature of Cr-N or
Cr-I at 141°C, 170°C, 183°C and 178°C, respectively.
Observation upon compounds 3a and 3b under
polarized light have found that the phase for which the
transition temperatures occurred before the isotropic
melting are featureless mesomorphs. However, the
gradual lowering of temperature enables the compound
3a to transform info a nematic phase with a threaded
schlieren texture before changing to the smectic
mesophase with the latter mesophase possesses larger
thermal stability. The appearance of smectic phase
around 178°C has been confirmed by repeating the
cooling cycle on the same compound 3a for which both
the focal-conic and psuedoisotropic textures were
observed. This phenomenon suggested that the
molecular packing of this compound (3a) with Br
substituent upon cooling exhibits an orthogonal
arrangement of SmA (Fig. 2b).

TFurther investigation upon compounds 5a and 5b
wherein an endotherm appeared in each compound
before the melting process has been observed under
polarized microscope. Surprisingly, even though these
compounds upon ceoling have not given evidence of

mesophase but the reverse thermal process has clearly
shown an existence of a pseudomorph of the nematic
phase which resembles the Grandjean terxture [19-21].
The occurrences of this mesophase in 5a and Sb before
melting can be rationalized by the presence of
intermolecular hydrogen bonding which leads to the
increase of melting point.

CONCLUSION

Two series of new dimeric liquid crystals have been
synthesized and characterized. The presence of
substituents (B, Cl, OH, CH, and CH,) at the para
position in the terminal aniline fragments has led to the
formation of symmetrical structure with liquid
crystalline properties. Upon cooling these compounds
exhibit nematic and also smectic phases except the
compound with OH substituent which shows
pseudomorphism of nematic phase before melting.
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(Felda Palm Industry Sdn. Bhd., Bentong, Pahang,
Malaysia). Site A was around young oil palm trees, Site
B was around mature oil palm trees, and Site C was
where harvested oil palm fruit bunches were always
stacked to await collection for transport to the mill.

Isolation of Pseudomonas strains

One gram of soil was placed in 200 mL of sterilised
Pseudomonas CN medium [1] and incubated with
shaking, 240 rpm, at 30°C in an orbital shaker. After
3 days, loopfuls of cultures were taken and dilation-
streaked on Pseudomonas CN agar plates. Bacterial
colonies appeared in the plates after 3 to 7 days of
incubation at 30°C. Selected colonies were purificd
by repeat dilution-streaking on fresh Pseudomonas
CN agar plates. Colony morphology of the isolates
on Pseudomonas CN agar plates was recorded.

Sereening for palm oil-utilising and PHA-
producing bacteria

Each isolate was first grown in a nutrient-rich medium
[2] to generate large amount of cells which were
subsequently transferred to a nitrogen-limiting E2
medium [3] containing 0.5% w/v crude palm olein
(CPO) as the sole carbon source. Those isolates
which grew in CPO were stained with Nile Blue A
to detect for the presence of intracellular PHA [4].
Positively-stained isolates were later identified by
using the BIOLOG Microstation System equipped
with MicroLog3 4.01C programme.

PHA production

PHA production was conducted usmg shake-flasks,
240 rpm and 30°C. Cells were first cultured in a
nutrient-rich medium to produce large amount of
biomass. When the culture attained an optical density
of 0.5 at 660 nm, the cells were harvested by
centrifugation at 5500 rpm for 15 minutes at 20°C,
washed with sterile 0.85% saline solution and
transferred aseptically to a nitrogen-limiting E2
medium containing 0.5% w/v CPO as the sole
carbon source. After 48 hr, the cells were harvested
by centrifugation, washed and dried in a hot-air oven
to constant weight,

PHA extraction

PHA was extracted from dry cells using chloroform
extraction and was subsequently precipitated with
methanol. The precipitate was re-dissolved in a
minimal amount of chloroform and methanol-

precipitated again as a means to purify the extracted
PHA [3]. The precipitated PHA was eventually dried
in a 50°C vacuum oven and weighed.

Analysis of PHA

The molecular structure of the PHA was analysed
by 400-MHz 'H and 100-MHz “*C nuclear magnetic
resonance (NMR) spectrometry. The monomer
composition of the PHA was determined by gas
chromatography (GC) [5]. 3-hydroxyalkanoic acid
methyl ester standards (C8, C10, C12, C14 and C16)
were used to determine the respective retention times
and to quantify the individual monomeric units of
the PHA. The glass-transition temperature (T o
melting temperature (T ) and enthalpy of fusu)n
(AH_) of the PHA were analysed with a differential
scanning calorimeter. The molecular weight distribution
of the PHA was determined with a Gel Permeation
Chromatograph. 2 mg PHA was dissolved in 1 ml
tetrahydrafuran, filtered through a 0.45um filter
and injected into a GMHXL column (30 cm by
7.8 mm internal diameter) maintained at 40°C.
Calibration was performed with polystyrenc
standards of low polydispersity.

RESULTS AND DISCUSSION

Isolation and screening for palm oil-utilising PHA
producers

The soil in some parts of the oil palm plantations may
contain higher levels of oils and lipids due to seepage
from damaged fruits. Microbial communities could
evolve in such soil whereby the oil would be utilised
by some species for growth and metabolism,
including the ability to synthesise PHA. This was the
reason why soil samples from oil palm plantation
were chosen as a source of bacteria for this study.
During the isolation process using Pseudomonas
CN medium, 19 pure bacterial isolates were selected:
3 from Site A, 9 from Site B and 7 from Site C. Only
five of these isolates (one from Site B and four from
Site C) grew well in the CPO medium, and only two
of them, namely MH1 and MH2 (both from Site C),
were positively-stained with Nile Blue A (Table 1).
This means that MHI and MH2 are able to grow and
accumulate PHA in medium containing CPO as the
sole carbon source. Therefore, it was envisaged that
palm oil-metabolising bacteria could have evolved in
such soils.
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Abstract Thermal fusion reaction between coail fly ash, a waste product which has an abundant source of silica
from coal powered power station, and sodium hydroxide at 550°C has been the standard procedure to prepare
sodium silicate performed by researchers working with this waste material. Sodium silicate is a versatile starting
material for the preparation of zeclites and other mesoporous materials such as MCM-41. A faster method to
prepare sodium silicate is reported in this paper. The fusion reaction between coal fly ash and sodium hydroxide
was performed in a domestic microwave oven and the reaction was completed within minutes to afford sodium
silicate as shown by XRD studies. An SEM micrograph of the microwave assisted fusion produd showed larger
spherical agglomerates of sodium silicate and sodium aluminosilicaie compared to those obtained from the

thermal fusion reaction at 550°C.

Keywords coal fly ash — sodium silicate — microwave

INTRODUCTION

Coal fly ash (CFA) is derived from the minerals
found in coal during its combustion. Coal combustion
method contributes approximately 37 % of the total
electricity production in the world [1]. Pulverized
coal injected into the furnace undergoes combustion
with pre-heated air in coal fired power stations which
resulted in CFA as a by-product. During coal
combustion, the minerals partially melt to form fly
ash particles in which the crystalline phases such as
quartz and mullite remained in the core while the
glass phase comprised aluminosilicates cover the
surface.

The glass phase plays an important role in the
zeolite formation because of its high solubility in
alkaline solution. The thermal fusion of coal fiy ash
and sodium hydroxide has been the standard
method to prepare sodium silicate [2]. Coal fly ash and

sodium hydroxide (CFA: NaOH =1 : 1.2 by weight)
was heated in a furnace at 550°C for 1 hour to obtain
a fused mass. The fused mass based on its XRD is
found to be sodium silicate.

Sodium silicate is an important starting material
and a source of soluble silica for the preparations
of zeolites such as faujasite, zeolite P, zeolite X,
hydroxysodalite [3-5] and mesoporous materials such
as MCM-41 [6,7]. Zeolites have wide applications
amongst which include adsorbents, reaction catalysts,
catalyst support and filtering agents [8-16]. Recently,
microwave assisted zeolite synthesis has been
reported in the literature [17]. However, till date
there has been no report in the literature on the
microwave assisted synthesis of sodium silicate.

A proposed reason for this is the one-step thermal
fusion method reported in the literature has been
successfully and widely used by researchers in
converting quartz and mullite found in silica into the
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more soluble form of sodium silicates and other
aluminosilicates [18]. Hence there is no strong reason
to find an alternative method to prepare sodium silicate.

This paper reports the results of our attempt to
synthesize sodium silicate using a domestic microwave
oven. Using the microwave assisted method the reaction
time was significantly reduced from 60 minutes to 2
minutes. The shortening of reaction time proves
attractive for efficient industrial production.

EXPERIMENTAL PROCEDURE

Materials

CFA used in this study was obtained from Kapar Power
Station which belonged to the National Electricity
Board of Malaysia. Sodium hydroxide of analytical
grade from Merck was used without further
purification. The chemical composition of CFA is
shown in Table 1.

Table 1. Chemical composition

(wt %) of as-received CFA.
Oxide wt %
Si0, 65.7 +0.02
ALO, 155+0.01
Fe,0, 15.7x0.01
K,0 1.43 +0.01
Ca0 1.16 £0.01
TiO, 0.34 +0.01
MnO 0.09+0.01
Na,O 0.03=0.01

Microwave assisted reaction of CFA and NaOH
Sodium hydroxide (2.2 g} was ground in a mortar
and pestle until fine. CFA was dried overnight in an
oven at 120 °C before use. 2.0 g of CFA was then
added to the NaOH powder and the mixture was
ground further to mix both starting materials together.
The mixture was transferred to a porcelain crucible,
covered and then heated for 2 minutes at 450 Watts
in a domestic microwave oven.

The above reaction was repeated with various
other combinations of CFA to NaOH as shown in
Table 2. Ratios between CFA : NaOH from 1: 1.1 up
to I : 1.8 were attempted. It must be noted at this
point that the optimum ratic between CFA and
NaOH used in the thermal fusion method reported
in the literature is 1 : 1.2 [7].

Table 2. Various ratios of CFA to NaOH (irradiation
time 2 minutes).

Reaction  Massof  Mass of CFA:NACH
CFA(g) NaOH(g)
1 2.0 24 1:12
2 2.0 29 1:14
3 2.0 3.2 1:1.6
4 2.0 3.6 1:1.8
Characterization

X-ray diffraction patterns of the products were recorded
on an automatic diffractometer Rigaku Geiger-Flex
using CuK, radiation (30 kV, 20 mA) for 2q angles
from 10-80 degrees (sintered CFA with/without alkali
additive). The particle morphologies were observed
by a Scanning Electron Microscope (SEM) of Phillips
X2500, JEOL JSM 6300 and LEO 1450 VP with
acceleration voltage of 20 kV. The samples were
deposited on a carbon tape mounted on a sample holder
sputtered with 60 nm thickness of gold.

RESULTS AND DISCUSSION

When CFA and NaOH of various ratios from 1:1 to
1:1.8 were subjected to microwave radiation for 2
minutes, the product obtained in each case was gray in
colour. The products from the reactions of CFA : NaOH
of mass ratios 1:1.1 - 1:1.4 were friable/powdery in
texture. However, the products obtained from the
reactions of CFA : NaOH of mass ratios 1:1.6 - 1:1.8
were hard and removing them from the crucibles proved
to be difficult when on a number of occasions the
crucibles cracked before all the product could be
removed from them. Thus it can be concluded from
these observations that as the amount of NaOH in the
reaction mixture increased, the hardness of the fused
product also increased. It is worth noting at this stage
that the thermal fusion reaction carried out at 550 °C
for 1 hour also produced a gray coloured powdery
product.

X-ray diffraction patterns

The X-ray diffraction pattern of as-received CFA
exhibits mullite and quartz as the major crystalline
phases and aluminosilicate glass as an amorphous phase
(Fig. 1a). The XRD patterns of the fused products from
the various ratios of CFA : NaOH (1:1.1 - 1:1.8) are
shown in Figures Ib — H. Products from the CFA :
NaOH=1:1.1 and 1:1.2 reactions arc observed to have
similar XRD patterns where the major phase observed




is due to sodium silicate. The disappearance of both
quartz and mullite peaks in the fused products indicated
that silica in its crystalline form had reacted with NaOH
to form soluble sodium silicate species.

However, as the ratio of CFA : NaOH increased
(1:1.4-1:1.8), the XRD patterns of the products showed
the presence of other peaks in addition to those due to
sodium silicate. The additional peaks observed are
indicative of the presence of mixed phases although
the major phase was still due to sodium silicate.

The XRD pattern for the product obtained from
the microwave assisted fusion reaction of CFA and
NaQOH (ratio 1:1.2) was compared with that of the
product using the thermal fusion method (Fig. 2). It is
observed that the peaks present in the XRD pattern of
the sodium silicate produced from the thermal fusion
method are present in the product from the microwave-
assisted reaction. This implied that the microwave
assisted fusion reaction between CFA and NaOH has
been successful and that the major product obtained is
sodium silicate together with faujasites. The fusion
reaction using the domestic microwave oven is thirty
times faster compared to the thermal fusion reaction (2
minutes versus 60 minutes).

Morphology
The SEM image of as-received CFA is shown in Figure

3a. The as-received CFA exhibited a number of smooth
spherical particles of cenosphere morphology
interspersed with aggregates of crystalline compounds.
The spherical particles with diameter less than 20 pm
which are smooth and glassy are the amorphous
aluminium silicate. The crystalline compounds
observed are mullite and quartz. The images of both
the microwave assisted fused CFA and thermally fused
CFA are shown in Figures 4b and 4c respectively. Both
images exhibit amorphous spherical agglomerates of
sodium silicate and sodium aluminosilicate with the
agglomerates from the microwave assisted reaction
being much larger. No compound of distorted
octahedron morphology corresponding to faujasites was
observed in the SEM image of the product from the
microwave assisted reaction. However, faujasite peaks
were observed in the XRD of the product from the
microwave assisted reaction. The larger agglomerates
observed in the SEM image of the microwave assisted
product could be due to fast melting of the silica when
the microwave oven was turned on. This is in contrast
with the thermal assisted reaction where the silica
melted slowly as the temperature increased hence
resulting in smaller agglomerations. Because of the
larger agglomerations preduced in the microwave
assisted reaction, crystalline fanjasites of distorted
octahedron morphology formed may be hidden by them.
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Figure 1. XRD images of (a) as-received CFA, (b) CFA:NaOH = 1:1.1,
{c) CFA:NaOH = 1:1.2, (d) CFA:NaOH = 1:1.4, (e) CFA:NaQOH = 1:1.6,
and (f) CFA:NaOH = 1:1.8. M = Mullite; Q = Quartz; § = Sodium silicate;
F = Faujasite.
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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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Figure 3. Interaction graph of various significant two-
factor interaction terms during lactic acid production
(a) temperature and bead diameter interaction (b) pH
and bead diameter interaction and (c) Na-alginate and
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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