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The present study deals with intensified synthesis of designer lipids with application of ultrasound based on
biocatalyzed reaction between long chain triglyceride and medium chain fatty acid. The effects of various re-
action conditions like molar ratio of reactant, reaction temperature, and enzyme loading along with the effect of
ultrasound parameters such as duty cycle and irradiation time on the rate of formation of designer lipids has been
investigated. The ultrasound assisted process was also compared with the traditional process so as to clearly
bring out the intensification effects. During the study, it was clearly demonstrated that the optimum reaction
conditions for maximum yield of designer lipids as 92% was molar ratio of medium chain fatty acid to long chain
triglyceride as 4:1, reaction temperature of 40 °C, enzyme loading of 3%, duty cycle of 70%, 240 W as power
dissipation and 360 min as reaction time. The recyclability study of enzyme showed its effectiveness up to 10
cycles. The synthesized designer lipid showed higher oxidative stability for 35 days and also showed Newtonian
behaviour with eye appealing colour. The current study demonstrates development of an eco-friendly technique

for intensified synthesis of designer lipids having numerous nutraceutical benefits.

1. Introduction:

Designer lipids are commonly referred to as structured lipids or tailor
made lipids synthesized by rearranging or altering the position of fatty
acid to increase the nutraceutical value [1]. Due to rapid globalization
and change in life style of people, there is increase in risk of cardio-
vascular diseases and obesity across the world due to intake of high fat
foods [2]. The modification of fatty acids (addition or removal) from
glycerol backbone can be performed as per need making lipid molecule
more health friendly. The desired fatty acid can be incorporated at
specific position on glycerol backbone to treat certain illness or syn-
drome [3]. Due to various health benefits of designer lipids, there is an
ever increasing need for the synthesis and as the conventional methods
are not sufficient, there is also a need to develop a greener and inten-
sified method for synthesis of designer lipids.

The designer lipids can be synthesized by a chemical or an enzymatic
process based on esterification, interesterification, acidolysis, and
alcoholysis. Chemical synthesis of designer lipid is economical as
compared to enzymatic process but due to the high temperature applied
in the chemical process, there is formation of undesired by-products and

* Corresponding authors.
E-mail addresses: pr.gogate@ictmumbai.edu.in
(U.S. Annapure).

https://doi.org/10.1016/j.ultsonch.2021.105478

(P.R. Gogate), jt.waghmare@ictmumbai.edu.in

random distribution of fatty acid on the glycerol backbone [4]. Enzy-
matic process gives pure product and is an eco-friendly process carried
out at low temperatures. Amongst the different processes for synthesis of
designer lipids [5,6], acidolysis is the frequently used process involving
medium chain fatty acids and long chain triglycerides as the reactants
and lipase as the catalyst. Lipase show more affinity towards medium
chain fatty acid than long chain fatty acids [7]. Medium chain fatty acids
include fatty acid with carbon chain length from C6 - C12, namely
caproic acid, caprylic acid, capric acid and lauric acid. When these
medium chain fatty acids are esterified with the glycerol backbone, they
form medium chain triglyceride [8]. Due to short chain length and
different properties, medium chain triglycerides are believed to be chief
source of energy and mainly used as infant food, additives for weight
loss, in various clinical nutrition and nutraceutical applications [9].
Medium chain triglycerides are metabolized in human body, easily
absorbed and as it goes to liver, it also provides immediate energy (8.4
Kcal/g) and also not stored in body as a fat [10]. Natural source of
medium chain triglycerides is coconut oil and bovine milk [11] though it
can be also synthesized by esterification reaction [12]. When incorpo-
rated into designer lipids the medium chain fatty acids provides
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neutraceutical advantages due to its shorter chain length and different
pattern of metabolism [13]. Medium chain triglycerides are also used in
food preparation in blends with other oil to improve oxidative stability
of deep fried foods [14]. Medium chain triglycerides offer various health
benefits but they lack presence of unsaturated fatty acids. Human body
requires unsaturated fatty acids for various cellular functions and
normal growth of body. Combining medium chain fatty acid with un-
saturated fatty acid would be a great combination for development of
designer lipid and hence the present work is based on synthesis of such
designer lipids from palm olein and caprylic acid.

Palm olein is widely used oil across the world for various food and
pharmaceutical applications due to its unique properties and fatty acid
composition. Cost wise also palm olein is cheaper as compared to other
oils and it is available in ample quantum and throughout the year. It
contains 43.9% oleic acid which has single unsaturation, 40.8% palmitic
acid which is saturated fatty acid and 13% linoleic acid which has two
unsaturation [15]. Presence of monounsaturated and poly unsaturated
fatty acid in palm olein makes it healthy and nutrition rich oil and also
offers improved physical properties like cloud point and pour point
whereas presence of saturated fatty acid improves its stability towards
oxidation and rancidity. Due to its unique fatty acid composition and
presence of fat soluble vitamin and various phenolic components, it
offers significant benefits against obesity, cancer, cardiovascular dis-
eases, diabetes etc. [16]. Considering the numerous advantages offered
by palm olein, it has been considered in the present work for synthesis of
designer lipids.

The conventional methods for synthesis of designer lipids offers
disadvantages in terms of higher reaction times, lower yields and use of
stringent conditions prompting the need for application of intensifica-
tion approaches. Sonication is used extensively for intensification of
organic synthesis based on the significant offered effects by ultrasound
induced cavitation. In ultrasound induced cavitation, there is formation
phase, growth phase and collapse phase of bubbles or cavities in liquid,
ultimately releasing significant energy on collapse [17]. We now present
literature analysis to highlight the utility of the current work. More et al.
[18] used sonication for intensified synthesis of designer lipids from
various edible oil sources and caprylic acid. Intensified yield of 84.5%
was reported using ultrasound at 60% duty cycle in 9.6 h. Deshmane et
al [19] investigated synthesis of medium chain triglycerides using ul-
trasound based on sulphuric acid as a catalyst. Around 98.5% conversion
of fatty acids was reported in 360 min of reaction time. Mohod et al. [20]
studied use of ultrasound for intensification of chemically catalysed
esterification reaction between fatty acid (lauric acid) and glycerol at
larger capacity of 4L using direct and indirect cavitation. Higher con-
version of 77.5% using direct mode of operation for cavitation was re-
ported in 270 min. Some intensification studies using sulphuric acid
(H2SO4) as an acid catalyst are also reported giving higher conversion in
less time [20]. For example, More et al. [21] reported higher conversion
(%) of esterification reaction for the synthesis of triglycerides of caprylic
acid using acid catalyst like sulphuric acid, hydrochloric acid and p-
toluenesulphonic acid. Higher conversion of 96.6% was also reported
using sulphuric acid in 540 min of reaction time. The chemical catalysts
like sulphuric acid and hydrochloric acid are strong acids which are
critical to handle especially at larger scale. Also, with an increase in
temperature, the acid catalyst initiates charring or blackening of product
which again requires additional step of bleaching to remove colour from
product. As an alternative to chemical catalyst, use of enzymatic catalyst
is preferable.

More et al. [18] investigated synthesis of structured lipids catalysed
by Novozyme 435 and another form of lipase using various intensifi-
cation approaches and reported that Novozyme 435 showed higher
catalytic activity (84.4% yield in 360 min of reaction time) as compared
to other form of lipase. Novozyme 435 is also used as a biocatalyst for
synthesis of designer lipids. Novozyme 435 is sn-1, 3 specific enzyme
having affinity towards medium chain triglycerides. In palm olein, sn-1
and sn-3 are esterified with saturated palmitic acid and sn-2 is esterified
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with mono and poly unsaturated oleic and linoleic fatty acid [22]. The
present work concentrates on intensified synthesis of designer lipids
using palm olein and caprylic acid catalysed by Novozyme 435. Designer
lipids containing medium chain fatty acid and monounsaturated fatty
acids will give benefits of both fatty acids to human body. The study also
focuses on use of sonication as an intensification technique and under-
standing influence of ultrasound parameters and reaction parameters on
yield (%) of designer lipid. The recyclability of Novozyme 435 has also
been studied with an intention of designing profitable process for
commercial utilization. The ultrasound assisted process is also compared
with the traditional synthesis of designer lipids to bring out the advan-
tages of using sonication for intensification. The literature analysis
revealed that there is no study on ultrasound assisted intensified syn-
thesis of designer lipids using medium chain triglyceride and palm olein
clearly demonstrating the novelty of the work.

2. Materials and methods
2.1. Materials

Palm olein was purchased from local market in Mumbai, India.
Caprylic acid was procured from Ami Chemicals Pvt. Ltd. Mumbai, India
and Novozyme 435 was obtained as a gift sample from Novozymes Pvt.
Ltd. Bangalore, India.

2.2. Reaction scheme

The acidolysis reaction for intensified synthesis of designer lipid
carried out between palm olein and caprylic acid catalysed by novozyme
435 can be represented as follows:

Ultrasound Cavitation

Caprylic acid + Palm olein Palm olein designer lipids

Novozyme 435

2.3. Experimental methodology

2.3.1. Traditional process of synthesis

A round bottom flask was used for traditional process of synthesis of
designer lipid. The known quantity of caprylic acid and palm olein along
with novozyme 435 was added in the round bottom flask, which was
then kept in rotary shaker operated at 120 rpm (Royal scientific RSW)
and maintained at constant temperature. Both the reactant quantity was
varied from 1 ml to 30 ml with enzyme quantity from 0.1 g to 7g. At
regular intervals, 0.5 ml sample was withdrawn for analysis to check the
progress of reaction.

2.3.2. Ultrasound assisted synthesis of designer lipids

Ultrasonic horn was used for generating cavitation effect in the re-
action mixture. The operating frequency for ultrasonic horn was fixed at
20 kHz with rated power of 240 W. The ultrasonic horn tip diameter was
20 mm. The actual calorimetric efficiency was 7% with actual power
supplied in the system as 16.8 W. The low transfer efficiency can be
attributed to the very low transfer area available in the case of ultrasonic
horn as well as high viscosity of the reaction mixture used in the study.
The reaction mixture containing caprylic acid, palm olein and Novo-
zyme 435 was taken in a 100 ml reaction flask. The flask was kept on
magnetic stirrer for proper agitation and ultrasonic horn was immersed
in the reaction mixture such that the tip of horn was 15 mm below the
top surface of reaction mixture. The ultrasound duty cycle and irradia-
tion time was varied from 50% to 90% and up to 7 h respectively. The
sample was removed at fixed interval to check the progress of reaction.
The reactions were carried out three times to examine the reproduc-
ibility of the results obtained in the study. The data plotted in figure and
discussed in the text is average of 3 readings. Typically the observed
variations in the data was + 2% of the reported data as also represented
in the figures in the form of error bars.
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2.4. Purification of product

Immediately after 360 min of reaction time, the Novozyme 435 was
separated from reaction mixture simply by filtration using whatmann
filter paper 1 with pore size of 11 um. The separated Novozyme 435 was
rinsed with an n-hexane and then dried and it was then reused to check
recyclability of Novozyme 435. The filtrate was given an alkali wash in
order to remove free fatty acid and then it was allowed to pass through a
packed bed of silica to obtain desired purity of designer lipid.

2.5. Analytical methods

2.5.1. Rheological property

Viscosity of designer lipid was measured to ensure flowability of
designer lipid. Viscosity was measured using Brookfield viscometer with
LV2 Spindle.

2.5.2. Colour analysis

Colour of fat / oil is the main attraction of any consumer. Colour is
also an indicator of quality of oil / fat. Colour of oil was evaluated using
AOCS (1989). Lovibond Tintometer was used for colour analysis of oil.
Tintometer used for colour analysis uses series of gradients like red,
yellow, blue colour glasses whereas the sample is taken in a glass tube.
The tube is inserted in the comparator and compared with a yellow
coloured glass discs (taken in the present work) until the nearest possible
match is found. O refers to very light colour and 100 refers to very dark
yellow colour.

During the analysis, all the oil samples were heated at 45 °C and
mixed well. 12 ml of oil sample was poured in sample vial and sample
vial was fixed at sample holding cell. The same process was used for all
the oil samples during the reaction. Designer lipid formed was also
analysed using yellow scale. Typically with the attachment of caprylic
acid at sn 1, 3 position, the colour of reaction mixture changes to yellow
colour with progress of reaction.

2.5.3. Acid value

The presence of free fatty acid is determined according to American
Oil Chemist Society Official Method Te 1a-64. 1 g of sample from re-
action mixture was taken in a conical bottom glass flask and 20 ml of
neutral alcohol was added followed by phenolphthalein indicator. The
solution in conical bottom flask was titrated against 0.01 N KOH. The
acid value was calculated using following equation:

Acid value = 56 x 0.0IN

x Burette reading/Weight of sample taken for titration

Acid value was measured as mg KOH / g of sample. Acid value gives
an idea about the unreacted free fatty acid still present in the reaction
mixture.

2.5.4. Peroxide value

Peroxide value of sample is an indicator of oxidative damage to lipid
molecule. Peroxide value was estimated as per standard protocol given
by the American Oil Chemist Society. 5 g of oil sample was taken in a
conical flask and mixed with 3:2 acetic acid: chloroform solution (50 ml)
along with 0.5 ml of saturated potassium iodide. The resulting mixture
was kept in dark for 1 min for liberation of iodine. After 1 min, the so-
lution was mixed with 30 ml distilled water and this mixture was then
titrated with 0.01 N sodium thiosulphate with starch indicator. The
following equation was used to calculate the peroxide value of the
sample.

Peroxide value = (Sample — Blank) x 0.01 x 1000/Weight of lipid sample.

2.5.5. Calculation of yield (%)
The yield (%) of the designer lipid is calculated on the basis of
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Fig. 1. Effect of molar ratio of caprylic acid: palm olein on the yield of palm
olein designer lipid under conditions of reaction temperature as 40 °C, Novo-
zyme 435 loading of 3%, ultrasonic duty cycle of 70% and irradiation time of
360 min.

theoretical and actual quantum of the designer lipid obtained in the
reaction. The theoretical yield is the maximum amount of product that
could be formed from the given amount of reactant. Actual yield is the
amount of product which is actually formed in the reaction in any spe-
cific set of reaction. For example, when 10 g of palm olein with average
molecular weight 854.3 g/mol was taken for reaction along with 6.74 g
of caprylic acid with molecular weight of 144.21 g/mol, the theoretical
expected yield is 7.37 g for the palm olein designer lipid (629.92 g/mol
as the molecular weight). The actual quantum of the product obtained in
the experiment was 6.8 gm giving a yield of 92%.

2.5.6. HPLC analysis

HPLC instrument obtained Shimadzu was used for confirmatory
analysis of formation of the designer lipids. The technical details of
HPLC system are given below:

Column: - HiQSil C18 with internal diameter of 4.6 mm and height of
250 mm.

Detector: - RID 6A refractive index.

Other accessories: LC-AS pump and CR 4A Integrator.

During the analysis, the sample was dissolved in the mobile phase
consisting of mixture of acetonitrile and acetic acid (90:10 by volume)
and injected at steady flow rate of 1 ml/min.

3. Results and discussion
3.1. Effect of molar ratio on yield of reaction

The effect of molar ratio of caprylic acid: palm olein on the yield of
reaction was studied using different molar ratio as 1:1, 2:1, 3:1, 4:1, 5:1
and 6:1 with reaction temperature maintained constant as 40 °C and
Novozyme 435 loading as 3%. The obtained results are represented in
Fig. 1 where it is seen that the obtained yields at the final equilibrium
were higher at higher molar ratio and the effect was significant for an
optimum change in the molar ratio. Presence of excess free fatty acid in
the reaction mixture drives the reaction in forward direction to a greater
extent and gives maximum yield in given time of reaction. It was also
seen that the increase in molar ratio increased yields significantly only
up to a certain point. The optimum molar ratio which gave maximum
yield was 4:1 (caprylic acid: palm olein) and further increase in molar
ratio had an insignificant effect on the yield of reaction. Increase in
molar ratio beyond 4:1 will increase the free fatty acids beyond ideal
requirement in the reaction mixture which are not utilized positively
and also creates difficulty in separating unreacted fatty acids from
product in the subsequent processing. Taking this aspect into
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Fig. 2. Effect of reaction temperature on the yield of palm olein designer lipid
under conditions of molar ratio as 4:1 (caprylic acid: palm olein), 3% loading of
Novozyme 435, 70% duty cycle and 360 min as irradiation time.

consideration, the optimum molar ratio was established as 4:1 and this
molar ratio was considered for further investigations. Rupani et al. [23]
also studied the effect of molar ratio on the yield of transesterification
reaction catalysed by lipase and reported maximum yield with molar
ratio of a-linolenic acid and olive oil as 4:1. Silroy et al. [24] also
investigated effect of molar ratio of rice bran oil and capric acid on the
yield of acidolysis reaction for synthesis of structured lipids catalysed by
sn-1,3 specific biocatalyst at 45 °C. It was reported that maximum yield
of 30.8% was seen at optimum molar ratio of 3:1 (capric acid: vegetable
oil). Shieh et al. [25] reported highest yield of 51% at molar ratio of
capric acid to triglyceride of oleic acid as 4:1 using immobilized lipases
in a solvent based reaction based on hexane as a solvent. It can be clearly
seen that though the trends of optimum molar ratio is similar, there is a
quantitative difference in the optimum value as well as the maximum
yield clearly establishing the utility of the detailed investigation pre-
sented in the current work.

3.2. Effect of reaction temperature

The effect of temperature on yield was studied by changing reaction
temperature from 20 °C to 60 °C at constant conditions of the molar ratio
and Novozyme 435 loading as 4:1 and 3% respectively. The result is
represented in Fig. 2 where it can be seen that with an increase in
temperature of the reaction mixture, the rate of reaction increases and
the maximum yield is obtained at 40 °C. Beyond 40 °C, there is no
observable increase in the reaction rate with an increase in the reaction
temperature. A positive change in the temperature increases the rate of
formation of product based on intrinsic kinetics but at the same time it
has adverse effect on the activity of Novozyme 435 as well as the cav-
itational activity. The ability of Novozyme 435 to catalyse the reaction
typically decreases beyond the optimum temperature of operation and
this coupled with dominantly reduced cavitational activity results in an
insignificant change in the yield of palm olein designer lipid. The
elevated temperature beyond the optimum results in breaking of weak
hydrogen bonds of protein present in enzymes which affects the catalytic
activity of Novozyme 435. A too much increase in temperature results in
too many cavitation events leading to cushioned collapse as well as
formation of vaporous cavities collapsing with lower intensity, both
contributing to reduced cavitational effects. These counteracting effects
of increased temperatures explains the existence of optimum tempera-
ture. Zou et al. [26] investigated the effect of temperature on the acid-
olysis reaction for synthesis of designer lipids using BCF oil. It was
reported that maximum yield of structured lipids as 43.8% was obtained
at 50 °C. Cao et al. [27] studied interesterification reaction of triacetin
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Fig. 3. Effect of Novozyme 435 loading on the yield of palm olein designer
lipid under conditions of reaction temperature as 40 °C, molar ratio of 4:1
(caprylic acid: palm olein), 70% duty cycle and 360 min as irradiation time.

catalysed by Novozyme 435 elucidating the effect of temperature on the
lipid yield and reported that the maximum yield of designer lipid was
52.1% at optimum temperature of 50 °C. Kim et al. [28] also demon-
strated the effect of temperature on the acidolysis reaction for synthesis
of designer lipids from corn oil and caprylic acid. Investigations revealed
that 55 °C is the optimum temperature for obtaining maximum yield of
designer lipids from corn oil. It is again important to say that optimum
temperature is indeed dependent on the specific system in question.
Considering the outcome of effect of temperature on yield in the present
work, the ideal condition of temperature was established as 40 °C for
maximum yield. The established temperature of 40 °C was considered
subsequently for studying effect of other reaction parameters on the
progress of the reaction.

3.3. Effect of Novozyme 435 loading

Novozyme 435 loading was varied from 1% to 6% to study its effect
on the progress of reaction under constant reaction temperature and
molar ratio as 40 °C and 4:1 respectively. The results represented in
Fig. 3 explain that Novozyme 435 loading of 1% showed lower yield and
the yield of acidolysis reaction increases with an increase in the Novo-
zyme 435 loading up to 3%. Further loading of novozyme 435 at 4% —
6% resulted in no significant effect on the yield of designer lipid. In-
crease in the rate of reaction initially with an increase in Novozyme 435
loading can be credited to the fact that an increase in the loading of the
enzyme offers more active sites for substrate which drives reaction in the
forward direction at a faster rate. Novozyme 435 loading beyond 3% did
not increase yield of reaction because of shift in the controlling mech-
anism for the reaction and availability of enough active sites for the
reaction at 3% loading. Use of Novozyme 435 loading higher than 3%
does not give any benefit in terms of reduction in activation energy
leading almost similar extents of reaction. Considering the fact that
Novozyme 435 loading of 3% gave excellent results and the high cost of
catalyst, the optimum loading was fixed as 3%. Ab et al. [29] studied
effect of enzyme loading on the rate of formation of structured lipids and
reported 6% as an optimum loading of lipase for interesterification of
palm stearin and coconut oil performed under conditions of reaction
temperature as 60 °C and reaction time of 360 min. Lee et al [5]
investigated the synthesis of structured lipid using acidolysis reaction
between groundnut oil and medium chain fatty acid (C8) in the presence
of immobilized lipase as the catalyst. It was elucidated that maximum
yield of structured lipids as 57.7% were obtained at lipase loading of 4%
with the total reaction time of 24 h. The optimum enzyme loading is
dependent on the reaction considered for synthesis of designer lipids
directing the novelty of the current work. The ideal Novozyme 435
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Fig. 4. Effect of ultrasonic duty cycle on the yield of palm olein designer lipids
under conditions of molar ratio as 4:1 (caprylic acid: palm olein), reaction
temperature of 40 °C, Novozyme 435 loading as 3% and 360 min as irradia-
tion time.
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Fig. 5. Effect of ultrasonic irradiation time on the yield of designer lipid under
conditions of molar ratio as 4:1 (caprylic acid: palm olein), reaction tempera-
ture as 40 °C, 70% duty cycle and Novozyme 435 loading of 3%.

loading established in the work for any specific system helps in reduc-
tion in the total processing cost since enzyme cost is typically higher
compared with the chemical catalysts.
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3.4. Effect of ultrasound parameters

Ultrasound parameters play an important role in deciding the extent
of intensification for the synthesis of designer lipids. The parameters
which were studied in present research were duty cycle and irradiation
time. Duty cycle is principal parameter which not only affects yield of
reaction but also affects the economy of the ultrasound assisted inten-
sification process. Duty cycle means on and off time during irradiation
and the duty cycle was varied from 50% (5 s on and 5 s off) to 90% (9 s
on and 1 s off) in the present work. The effect of duty cycle on the yield is
shown in Fig. 4 where it is seen that with an increase in the on time of
irradiation, the process becomes more intensified. Increase in duty cycle
increases exposure of reaction mixture to the cavitation effect leading to
better progress of the reaction. The maximum increase in the yield was
obtained at duty cycle of 70% and only marginal increase in yield was
seen with subsequent increase to 80% and 90%. Subjecting reaction
mixture to cavitation for longer period may not be economical just for a
marginal increase in the yield and hence it is very important to establish
the trends for duty cycle. At very high duty cycle of 80% and 90%,
Novozyme 435 is exposed to the cavitation effect for longer duration and
longer exposure of Novozyme 435 to cavitation effects may result in the
damage to enzyme thereby effecting the enzymatic activity. Longer
exposure also affects the recyclability of Novozyme 435. Considering all
these aspects, duty cycle of 70% was established as the best duty cycle
for the intensified synthesis of palm olein designer lipid.

Similar to the duty cycle, irradiation time is equally important in
determining yield of reaction. The irradiation time was varied from 3 h
to 7 h and the optimum time for obtaining significant intensification of
the synthesis was 6 h as per the results shown in Fig. 5. It was observed
that as the irradiation time increased the reaction mixture was exposed
to ultrasonic effect for more time thereby driving the reaction in forward
direction due to higher cavitation effect.

Credence to the importance of the presented results can be obtained
using the comparison with the literature. Khan et al. [30] reported
maximum yield of 96.6% in 50 min of synthesis at duty cycle of 70% for
the system of synthesis of n-butyl palmitate by esterification reaction
catalysed using immobilized lipase. Similar results for the effect of ul-
trasound duty cycle on the yield of structured lipids were also reported
by Liu et al. [31]. 30% as duty cycle was demonstrated as optimum for
enzymatic synthesis of designer lipids using oleic acid as fatty acid and
triglycerides of palmitic acid. The optimum conditions resulted in
maximum yield of 51.8% in 240 min of reaction. More et al. [32] studied
the effect of ultrasonic treatment on the intensified synthesis of

7

8 9 10 11 12 13 14 15 16

NO. OF CYCLES

Fig. 6. Study on reusability of Novozyme 435 over 15 cycles of acidolysis reaction under optimized reaction and ultrasound parameters (molar ratio of 4:1 (caprylic
acid: palm olein), reaction temperature of 40 °C, Novozyme 435 loading of 3%, 70% ultrasound duty cycle and 360 min as irradiation time).
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Fig. 7. Comparison between conventional synthesis and ultrasonic assisted
synthesis of palm olein designer lipids (molar ratio of 4:1 (caprylic acid: palm
olein), reaction temperature of 40 °C, Novozyme 435 loading of 3%, 70% ul-
trasound duty cycle and 360 min as irradiation time).

tricaprylin by esterification reaction between caprylic acid and glycerol
catalysed using lipase. It was reported that 70% duty cycle was optimum
for maximum conversion of 94.8% in 420 min of reaction time. In pre-
sent study, 70% duty cycle was established as optimum for intensified
synthesis of palm olein designer lipids without any adverse effect on
reusability and enzymatic activity of the Novozyme 435. The quantita-
tive differences in the optimum duty cycle and the time of reaction
established based on the literature comparison clearly depict the
importance of the presented detailed study of duty cycle and irradiation
time in the current system.

3.5. Reusability of Novozyme 435

Recyclability of biocatalyst is important to make process economical
and eco-friendly for possible application in industrial synthesis of
designer lipids. The recyclability of Novozyme 435 enzyme was studied
based on using Novozyme 435 for 15 cycles of esterification reaction
between caprylic acid and palm olein. The obtained results are repre-
sented in Fig. 6. From the Fig. 6, it is clear that there is marginal change
in yield of the esterification reaction for 10 cycles and beyond 10 cycles
there is significant decrease in the enzymatic activity of Novozyme 435
as represented by lower yields in the reaction. The obtained results
explain that application of ultrasound for intensified synthesis did not
affect enzymatic activity of Novozyme 435 significantly for 10 cycles
and hence there can be effective recycle for 10 cycles. The reasons for
the decreased yields after usage for 10 cycles can be based on the in-
hibitions due to the chemical reactions and/or damage to the enzyme
due to cavitational effects. It is interesting to compare the results with
the literature. Liu et al. [31] also reported recyclability of immobilized
lipase for 10 cycles for the case of ultrasound assisted synthesis of
designer lipids from triglyceride of palmitic acid and oleic acid. More
et al. [32] also reported recyclability of Novozyme 435 up to 10 cycles
for the case of ultrasound assisted production of triglycerides of caprylic
acid. More et al. [18] reported recyclability of Novozyme 435 for syn-
thesis of structured lipids up to 15 cycles with optimized sonication duty
cycle of 60% giving 84.5% yield of structured lipids. It is thus important
to note that the effective reuse of the enzymes depends on the specific
system, more importantly, on the interactions of enzyme with the sub-
strate as well as the cavitational intensity generated based on the use of
ultrasound. The negative effects of ultrasound can be minimized by
optimizing the ultrasonic parameters, mainly the power dissipation and
duty cycle. The results demonstrated in the current work clearly
confirmed the effective reuse of the catalyst proving the advantage for
effective application at commercial levels.
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Fig. 8. Reduction in viscosity of palm olein with progress of reaction (molar
ratio of 4:1 (caprylic acid: palm olein), reaction temperature of 40 °C, Novo-
zyme 435 loading of 3%, 70% ultrasound duty cycle and 360 min as irradia-
tion time).

3.6. Comparison of ultrasound assisted synthesis and traditional synthesis
of designer lipids

The traditional or conventional synthesis of designer lipid is
compared with the ultrasonic process for synthesis of designer lipids so
as to establish the process intensification benefits. The obtained results
are represented in Fig. 7. The ultrasonic process with molar ratio of
caprylic acid: palm olein as 4:1, reaction temperature of 40 °C and
Novozyme 435 loading of 3% gave maximum yield of 92% in 360 min of
reaction time whereas the conventional synthesis with same reaction
parameters without ultrasound resulted in yield of only 28% in 360 min.
The conventional process took 28 h for reaching the maximum yield of
90%. In ultrasound assisted process, the passage of ultrasound through
the reaction mixture gives rise to cavitational effects based on the
introduced pressure fluctuations by ultrasound. The generation of tur-
bulence and liquid circulation eliminates the mass transfer resistances
commonly associated with enzymatic reactions. The high degree of
turbulence enhances the rate of mass transfer which results in intensi-
fication [17]. The significant intensification seen in the present work
along with effective recycle of the biocatalyst clearly establish that the
ultrasonic synthesis of designer lipids is an intensified synthesis process
using recyclable Novozyme 435 and has significant commercial interest.
More et al. [18] also investigated synthesis of structured lipids using
sonication and Novozyme 435 as the lipase form and reported that the
sonication approach gave high yield of 84.5% in 360 min as compared to
conventional approach which gave yield of 77.1% after 24 h of reaction
time. It can be thus said that though the trends are similar, the quanti-
tative differences in the intensification confirm the importance of the
present work dealing with designer palm olein based lipids.

3.7. Rheological properties

The most important rheological property is the viscosity, which is
measure of resistance to flow. Palm olein and caprylic acid are both
Newtonian fluids. In the synthesis of designer lipids, there is change in
fatty acid composition of resulting designer lipid, which may increase
the viscosity of products and Newtonian fluids may change to non-
Newtonian characteristics, which may affect the heat transfer rate dur-
ing the reaction. The relationship between shear stress and rate of shear
is given by Newton’s law of viscosity as per the following equation

7= —p(du/dy)

Where,
1 = Shear stress (mPa)
p = Viscosity
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Fig. 9. Change in colour of palm olein with progress of reaction (molar ratio of
4:1 (caprylic acid: palm olein), reaction temperature of 40 °C, Novozyme 435
loading of 3%, 70% ultrasound duty cycle and 360 min as irradiation time).
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Fig. 10. Stability study in terms of formation of free fatty acids in the palm
olein designer lipid.

du/dy = Shear rate (s’l)

The change in viscosity of reaction mixture with progress of reaction
and increase in the yield (%) is shown in Fig. 8. The reaction mixture was
taken in beaker and spindle was dipped in the reaction mixture and
allowed to rotate and reading was displayed on the screen of viscometer
which was then recorded. It is seen that the viscosity of the designer lipid
decreases as the reaction progresses, due to the fact that the sn-1,3 po-
sitions are occupied by caprylic acid due to action of sn-1,3 specific
Novozyme 435. Since caprylic acid have shorter chain length and hence
lower molecular weight as compared to fatty acid present in Palm olein,
the product has lower viscosity. Decrease in viscosity can be hence
considered as an indicator of progress of reaction and intensive forma-
tion of palm olein designer lipids.

3.8. Colour of palm olein designer lipids

Colour is the first point of attraction towards any food and the colour
should be eye appealing. The colour of palm olein was dark yellow
whereas colour of caprylic acid was colourless. The change in colour was
measured on yellow scale. The change in colour with progress of reac-
tion is shown in Fig. 9. With progress of reaction, the dark colour of
reaction mixture fades and becomes light yellow. Colour of designer
lipid can be easily noticed by naked eyes also. The change in colour of
reaction mixture with progress of reaction was due to change in fatty
acid composition of palm olein and attachment of caprylic acid on sn-1,3
position of palm olein. The change in colour was again an indicator of
progress of reaction and formation of palm olein designer lipid.
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Fig. 11. Stability Study of palm olein designer lipid in terms of oxidative
deterioration.

3.9. Change in acid value

In the present work, acid value of designer lipid (the final product)
was also monitored in order to study the storage stability of designer
lipid. Acid value is an indicator of presence of free fatty acids. The fatty
acids are released from the attachments on the glycerol backbone due to
action of heat, water etc. and formation of free fatty acid makes oil
unsuitable for human consumption. Ideally acid value of oil should be
less than 1. The storage stability of palm olein designer lipid was
checked by monitoring the change in acid value over a period of 35 days.
The acid value was checked after every 7 days for 35 days and the ob-
tained results are represented in Fig. 10 where it can be concluded that
the acid value was very low on 7 day of storage time and it remained
unchanged up to 14 day. Subsequently, there was very slight increase in
the acid value of designer lipid and even after 35 days of storage the acid
value of palm olein designer lipid was below 1 making it suitable for
human consumption even after 35 days. The results confirmed excellent
shelf life for the synthesized designer lipids in the present work.

3.10. Peroxide value

Peroxide value is an indicator of oxidative damage to the designer
lipid. The oxidative stability of palm olein designer lipid was also
studied for a storage time of 35 days. The palm olein designer lipid was
checked for its oxidative stability by storing it in a dark place at room
temperature. The analysis of peroxide value was performed after every
7 days for a period of 35 days. The change in peroxide value is repre-
sented in Fig. 11. The peroxide value of synthesized palm olein designer
lipid analysed fresh was 0.6 Meq/kg. The peroxide value remained same
exactly for first 7 days and after that also there was small increase in the
peroxide value. The peroxide value even after 35 days of storage was
1.51 Meq/kg, which was within the acceptable limits. The critical value
of 10Meq/kg and above indicates oxidative damage to oil making it unfit
for human consumption and clearly this limit was not reached in the
current work. The palm olein designer lipid was thus demonstrated
stable to oxidative damage when stored at room temperature for 35
days. The stability is mainly attributed to presence of saturated caprylic
acid at sn-1,3 position. Saturated fatty acid are stable and resistant to
oxidative damage due to presence of single bond. The marginal change
in peroxide value obtained can be attributed to the presence of mono-
unsaturated oleic acid which is susceptible to oxidation. Overall it can be
said that the developed palm olein designer lipid was stable to oxidation
for 35 days at room temperature.
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Fig. 12. HPLC chromatogram to establish the presence of caprylic acid in
designer lipid.

3.11. HPLC analysis

The formation of designer lipid was confirmed with the High Per-
formance Liquid Chromatography analysis. The HPLC Chromatogram is
shown in Fig. 12. The designer lipid contains caprylic acid at position 1
and 3 and oleic acid at position 2 esterified to glycerol backbone. The
HPLC peak was obtained at 6.7 min retention time in the present work.
More et al. [33] also reported HPLC retention time of Moringa oil
designer lipid as 6.7 min. Moringa oil designer lipid also contains cap-
rylic acid at sn-1,3 position and oleic acid at 2 position similar to the
designer lipid obtained in the current work. The HPLC analysis indeed
confirmed the formation of palm olein designer lipids.

4. Conclusions

The present work focused on intensified synthesis of palm olein
designer lipid from palm olein and caprylic acid using Novozyme 435 as
the catalyst. The work demonstrated that with the use of ultrasonic
irradiation, the yield of reaction increased to 92% in much shorter re-
action time of 360 min compared to conventional synthesis where only
28% yield was obtained at 360 min and 90% yield obtained after 28 h.
Effect of different operating conditions revealed that excellent results
were obtained at 70% duty cycle and 360 min irradiation time. The
Novozyme 435 showed same enzymatic activity for 10 cycles and hence
it can be successfully reused for 10 cycles of reaction without affecting
yield. The decrease in viscosity and formation of light yellow colour of
reaction mixture confirmed the formation of palm olein designer lipid.
The oxidative stability of formed palm olein designer lipid was also
demonstrated for 35 days at room temperature. Overall the work clearly
demonstrated an intensified synthesis process for obtaining palm olein
designer lipid having significant commercial importance based on
established optimum parameters and the recyclability of the biocatalyst.
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