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Abstract A solvent-free biocatalytic process for the
synthesis of high quality cetyl laurate, myristate, palmitate
and stearate has been optimized. This enzymatic procedure
follows the fundamental principles of the Green Chemistry
and lead to sustainable products, which can be labeled as
natural and conform to the principal requirements for its
use in high value-added goods. The four esters selected are
the main components of spermaceti, a mixture of waxes
very appreciated in cosmetic and pharmacy because of its
physical properties and emolliency, which was formerly
extracted from the head of the sperm whales. In this paper,
the influence of the amount of biocatalyst, the commer-
cially available Novozym® 435, and the temperature were
studied in an open-air batch reactor before carrying out the
synthesis in a high performance vacuum reactor with dry
nitrogen input to shift the equilibrium towards product
formation. Under optimal conditions, conversion was
higher than 98.5 %. The characterization of the enzymatic
cetyl esters puts in evidence that these are ultra-pure
compounds, which have similar properties to the ones
obtained through the conventional industrial processes with
the extra benefit of being environmentally friendly.
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Introduction

Waxes are esters of fatty acids and long-chain alcohols
(with chain lengths of 12 carbons or more) having a large
number of applications, among which stand out their use in
cosmetics and pharmacy due to their high added value [1].
The main natural sources of wax esters are animals (sper-
maceti wax, obtained around the cranial cavity of the
sperm whale, Physeter macrocephalus) and vegetables (jo-
joba oil, a liquid wax present in high proportions in the
seeds of Simmondsia chinensis, a bush from dessert areas).
Both sources have a quite different composition but a
common attribute: they are expensive and not easily
available.

Spermaceti is a wax rich in high molecular weight
esters, whose scope extends to the pharmaceutical, lubri-
cants, plastics, paper, cosmetic and food industries. Sper-
maceti has been characterized by several authors, among
them Hilditch in 1960 and Wellendorf in 1963, but the
most complete characterization of spermaceti was provided
by Horiguchi et al. in 1999 [2-4]. According to all these
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authors the major constituents of spermaceti are cetyl esters
of linear long fatty acids, mainly myristic and palmitic but
also lauric and stearic. It is a crystalline solid at room
temperature, bright white, and its physical properties are
related to its high content of high molecular weight esters
and relatively low triglyceride content.

Obtaining of synthetic sperm whale oil can be approa-
ched using several processes. Most of them involve the
esterification of cetyl alcohol and linear long chain fatty
acids. These processes differ in reaction conditions, above
all temperature, solvent and the catalysts used. Tradition-
ally, conventional catalysts such as mineral acids (e.g.,
H,SO, or HC]) or metal salts (e.g., tin oxalate) are used at
high temperatures (160-240 °C), but many undesirable
products may be formed in these conditions [5]. Other
approaches for the synthesis of spermaceti oil have been
performed under microwave irradiation, obtaining accept-
able results only if acid activated Indian bentonite is used
as catalyzer in the presence of organic solvents [6].

It is generally known the advantages of Green Chem-
istry technology for pollution prevention. However, Green
Chemistry is also identified with the design of chemical
products or processes that reduce or eliminate the use or
generation of hazardous substances. Moreover, the term
has been expanded recently with the new concept of
chemical sustainability; furthermore it promotes the sus-
tainable use of raw materials. Thus, the traditional chem-
ical industry has to find solutions to achieve a cleaner,
more sustainable and environmentally friendly production.
These solutions involve optimizing processes for the use of
less polluting reagents and solvents, and the recycling of
products as more important goals [7].

An increasingly booming strategy is to completely avoid
the use of solvents in catalytic synthesis. It is desirable that
new processes should be not only efficient, selective and
high yielding but also environmentally friendly. Among the
advantages of solvent-free reactions, we can emphasize [8]:

(a) Reduction of reaction times and
consumption.

(b) Decrease of the reactor volume and hence, its cost.

(c) Cost savings by avoiding the use of solvents and
subsequent product separation.

(d) Higher reactivity, due to the maximum concentration
of reagents.

(e) Some processes are simpler or unnecessary.

energy

One of the most recent examples in process develop-
ment is the biocatalytic production of fatty acid esters for
its use, mainly, in the cosmetics industry. Although sub-
jected to industrial confidentiality, the biocatalytic syn-
thesis of some esters such as myristyl myristate and cetyl
ricinoleate has been described [9-12]. These reports
highlight the high purity of the products obtained and the
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importance of the environmentally friendly process. Pre-
vious works related to the biocatalytic synthesis of cetyl
ricinoleate corroborate that obtaining such esters through
enzymatic-catalyzed processes leads to products which
comply with the high standards required in the cosmetic
field in short reaction times, avoiding secondary reactions
and reprocessing steps [13, 14].

Therefore, in view of the foregoing, the aim of this paper is
to optimize a green process to obtain the main components of
spermaceti (cetyl laurate, CL; cetyl myristate, CM; cetyl
palmitate, CP; and cetyl stearate, CS) in a solvent-free sys-
tem of and using a commercial immobilized derivative of
Candida antarctica lipase, Novozym® 435, as catalyst. The
research started with the optimization of reaction conditions
(amount of immobilized derivative and temperature) in
open-air batch reactors. Then, reactions were performed in a
vacuum reactor with dry nitrogen input to shift the equilib-
rium towards the esterification. Finally, the biosynthesized
esters were analyzed and compared to those reported for
commercially available products.

Experimental
Materials

The biocatalyst Novozym® 435 (Candida antarctica lipase
B immobilized on an macroporous acrylic resin, Lewatit®
VP OC 1600) was kindly provided by Novo Nordisk AS
(Copenhagen, Denmark). Lauric acid, LA, (99 %) was
purchased from Acros Organics. Myristic acid, MA,
(98 %), palmitic acid, PA, (98 %), stearic acid, SA, (95 %)
and cetyl alcohol, CA, were all from Fluka. All other
chemicals were analytical reagent grade.

Ester synthesis

The atmospheric enzymatic synthesis was carried out in
open-air jacketed reactors (250 mL), where 20 g of reac-
tants were introduced in an equimolecular ratio and melted
before adding the immobilized derivative, Novozym® 435.
Biocatalyst amounts between 0.08 and 1.0 g were assayed,
while different temperatures were tested in a range of
50-80 °C. All reactions were performed in a solvent-free
medium with an overhead stirrer equipped with a two-
bladed propeller at 350 rpm, which provided an axial flow.
The importance of the stirring was considered in previous
works, where it has been found out that, for the studied
range, this kind of stirrer at this speed was the most suit-
able (results non shown), as it ensures a great mixing and
no physical damage of Novozym® 435 was observed.
Enzymatic synthesis was also performed under vacuum
conditions (21.3 kPa) with continuous dry nitrogen input
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(25 mL s™"). A glass-jacketed reactor (Parr 5101 series),
100 mL total volume, equipped with a four-bladed turbine-
type impeller was used. Experimental conditions were:
20 g of reactants (1:1 molar ratio), 0.1 or 0.5 g of immo-
bilized enzyme, 350 rpm and 60, 70 °C (CL and CM) or
80 °C (CP and CE).

Each spermaceti ester was synthesized separately and
several samples of ~0.5 mL were taken at different
intervals (stirring stopped a few seconds before) to follow
the reaction course by measuring its acid value.

Conversion is defined as follows:

MX 100 (1)

Conversion (%) = AV

AV, is the acid value at the beginning of the reaction and
AVyis acid value of the final product.

Acid value measurements

The acid value (AV) represents the number of mil-
ligrams of potassium hydroxide necessary to neutralize
free acids contained in 1 g of sample. The results are
the mean of three different measurements and are
graphically represented including error bars (£standard
deviation) [15].

Hydroxyl value measurements

The hydroxyl value is defined as the milligrams of potas-
sium hydroxide used to neutralize the acetic acid remaining
when the hydroxyl groups contained in 1 g of sample are
acetylated [16].

Todine value measurements

The iodine value is used to determine the grade of unsat-
uration of a substance, and it corresponds to the grams of
iodine consumed per 100 g of sample [17].

Water content measurements

The determination of the amount of water contained in the
samples was performed by Karl-Fischer titration (701 KF,
Metrohm), using Hydranal® Composite 5 as titrant.

High performance liquid chromatography (HPLC)

HPLC analysis was carried out using a modular system
from Waters, with a 717PLUS automatic injector and a 600
E quaternary-gradient pump. The system was equipped
with a 2996 photodiode array detector and an XBridge C18
column (4.6 mm x 150 mm), all from waters. The analy-
sis was performed in an isocratic elution, at 35 °C using a

mobile phase of acetonitrile/acetone (50/50 v/v) at a flow

rate of 2 mL min~".

Results and discussion
Influence of the amount of biocatalyst

Lipases have the ability to catalyze the esterification of long-
chained acids with fatty alcohols to produce wax esters under
mild reaction conditions, and the reaction rate can be
improved by using the right quantity of enzyme [5]. Never-
theless, excessive amounts of immobilized enzyme could
difficult mass transfer by creating agglomerations in the
reaction media , and increase production costs, as immobi-
lized biocatalysts are often expensive [18]. Therefore, this
parameter was first studied for the synthesis of the four cetyl
esters (CL, CM, CP and CS). For that purpose, amounts of
Novozym® 435 between 0.08 and 1 g (0.25-5 % of con-
centration, referred to the substrates) were tested.

Taking into account the substrates and products’ melting
points, the reactions were conducted at different tempera-
tures. The synthesis of CL and CM was run at 60 °C,
because at this temperature both substrates and products
were melted (Table 1) [6, 19]. For the production of CP,
temperature was maintained at 65 °C, while the studies
with CS were carried out at 70 °C.

In Fig. 1, it can be observed that higher reaction rates are
obtained increasing the amount of immobilized enzyme.
This effect is more evident for the lowest quantities of bio-
catalyst tested. As an example, if we compare the results
obtained after 60 min of reaction for the CL, we can observe
a conversion of 63.8 % (AV = 47.82 mg KOH g~ ') when
0.1 g of Novozym® 435 are added to the reactor, while it
reaches 95.7 % (AV = 5.70 mg KOH g ") using 0.5 g of
biocatalyst (five times more immobilized derivative) but
only a slight difference is observed when reaction media
contains ten times more biocatalyst than before (95.9 % of
conversion, AV = 5.42 mg KOH g~', when 1 g is used).
Despite these facts, when the lowest quantity of biocatalyst
is tested (0.08 g), the reaction reaches its equilibrium within
a maximum time of 360 min, and it can be seen that the final
acid value is virtually the same for all the amounts of
Novozym® 435 assayed. Similar tendencies are patent in the
synthesis of the other cetyl esters, so 0.5 g (2.5 % of con-
centration, referred to the substrates) is selected as the
optimum amount of immobilized derivative in all cases,
regardless of the operation temperature.

Influence of the temperature

Temperature is a key element in biotechnological processes
as it is strongly conditioned by the enzyme’s stability
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Table 1 Melting point of substrates and products

Compound  Lauric Myristic Palmitic Stearic Cetyl Cetyl Cetyl Cetyl Cetyl
acid (LA) acid (MA) acid (PA) acid (SA)  alcohol laurate myristate palmitate stearate
(CA) (CL) (CM) (CP) (CS)
Melting 44 54 63 69 40 50 54 62
point (°C)
Fig. 1 Influence of the 140

biocatalyst amount in cetyl
laurate (a), cetyl myristate (b),
cetyl palmitate (c) and cetyl 100
stearate (d) enzymatic synthesis :

120

80 |

(a) (b)

(open-air reactor; 350 rpm;
60 °C for CL and CM, 65 °C for 60
CP and 70 °C for CS). 0.08 g
(diamonds), 0.1 g (squares), 40
0.2 g (triangles), 0.3 g (times ‘:;; 50
symbol), 0.4 g (asterisk), 0.5 g T
(circles), 1 g (dashes) g 0
=)
é 120
> 100
<
80 -
60
40
20
0

0

requirements. Depending on pH, temperature of denatu-
ralization for CalB is usually comprised between 50 and
60 °C; although under certain conditions, this phenomenon
has been found to occur even at 40 °C in aqueous solutions
[20]. However, when immobilized and kept dry, CalB
remains functional with no significant loss of its activity for
a long operation time at high temperatures [21]. In this
context, it has been reported that Novozym® 435 can
exhibit its highest activity at 90-110 °C, and be active even
at 150 °C [22]. In addition, when biocatalysts are used, the
optimum temperature should compromise the enzyme’s
stability with other factors, such as economic saving, pro-
cessing conditions and productivity. Whereas high tem-
perature enhances reaction rate, diffusion and reduces
substrates viscosity [23], mild reaction temperature is an
appealing feature of bioprocesses, and sometimes this is
decisive for making it profitable from an economic point of
view [13].

In this paper, different temperatures were studied for the
synthesis of each ester and the lowest values were limited
by the substrate’s melting points. Thus, experiments for the

@ Springer
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200 300 0 100 200 300 400
Time (min)

CL and the CM were conducted at 50, 60, 70 and 80 °C,
while for the CP and the CS were performed at 65, 70 and
80 °C. All the assays were carried out using 0.1 g of
Novozym® 435 to perceive the effect of temperature on
reaction rate without being covered up by the influence of
the biocatalyst concentration.

Observing Fig. 2a, b, it can be noticed that the biosyn-
thesis of CL and CM progresses faster as temperature rises
until 70 °C, but an increase of 10 °C from 70 to 80 °C does
not imply a significant enhancement of reaction rate. After
300 min it is noticeable that there are some differences
between acid values due to the fact that the reaction per-
formance at low temperature requires more time to reach
equilibrium. Because of that, 70 °C has been chosen as
optimum to produce both esters.

On the other hand, for the CP and the CS, which have
higher melting points, faster reactions are observed as the
operating temperature increases and the best results are
obtained at 80 °C, as shown in Fig. 2c, d. Besides the
enhancement of reaction rate produced by temperature, this
can also be the result of improved mass transfer as
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(b)

Fig. 2 Influence of the reaction 140 4
temperature in cetyl laurate (a), -~
cetyl myristate (b), cetyl
palmitate (c) and cetyl stearate 100
(d) enzymatic synthesis (open-
air reactor; 350 rpm; 0.1 g of 80
Novozym® 435). 50 °C 60
(triangles), 60 °C (squares),
70 °C (triangles), 80 °C (times 40
symbol) for a and b, 65 °C -; .
(diamonds), 70 °C (squares), T
80 °C (triangles) for ¢ and d g 0
g 120 4
>
< 100
80
60
40
20
0
0

viscosity decreased, as stated above. In addition, it is
interesting to highlight that reaction yields after 300 min
were similar for all temperatures tested, even at the lowest
one (65 °C). That would probably allow synthesizing all
the esters together at the optimum temperature for the CL
and the CM with good outcomes in terms of productivity.
Given that higher operation temperatures would lead to a
major consumption of energy and that the results obtained
were considered satisfactory enough, temperatures above
80 °C were not studied.

Synthesis of cetyl esters under vacuum

In processes such as esterification, the control of the
amount of water in the reaction media is a key aspect to be
considered to achieve high conversion values [14, 24].
Different methods have been proposed to remove water,
like pervaporation [25, 26], ion-exchange resins [27] or
molecular sieves [28, 29], being vacuum drying a good tool
for large scale production of fatty acid esters as non-
volatile compounds are removed with water [30-32].
Hence, reactions were carried out using the vacuum reactor
described before, with a dry N, input.

Our previous experience in the synthesis of CR showed
that the use of the high performance reactor does not
noticeably improve reaction rate [14], but the product acid
value. Consequently, a preliminary assay was run com-
paring CM synthesis under the same experimental condi-
tions than in the atmospheric reactor (0.1 g of biocatalyst,
60 °C). The progress of the reaction is represented in
Fig. 3, being the final acid value for the product

100

200 300 0 300 400

Time (min)

100 200

140

-
N
o

100 4
80
60
40 -

AV (mg KOH.g")

20-

260
Time (min)

0 100 300 400

Fig. 3 Effect of water removal in the synthesis of cetyl myristate
under the same reaction conditions (350 rpm; 0.1 g of Novozym®
435; 60 °C), open-air reactor (diamonds), vacuum reactor (squares)

synthesized using the vacuum and the open-air reactor 1.22
and 3.94 mg KOH g~' (99.0 and 97.2 % of conversion),
respectively. These results prove that the main advantage
of using this equipment lies in the possibility of improving
conversion rather than increasing the reaction rate.

These results make patent the importance of water not
only for maintaining the conformation of the catalytic site
of CalB, which requires low quantities of water to the
catalytic function [33], but also for pushing the reaction
balance towards product formation. A previous work in the
synthesis of ricinoleic acid estolides in the open-air reactor
has shown that the water present in reaction media depends
on its free evaporation, a process mainly controlled by the
reaction’s temperature and the atmospheric humidity. In
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that sense, the polyricinoleic acid obtained when the
biosynthesis was carried out at the same temperature but at
different relative humidity, 20 and 70 %, had a water
content that varies from 1000 to 3600 ppm, respectively,
and a final product AV ~ 15 mg KOH g~ higher at 70 %.
Besides, results under vacuum with a continuous current of
dry air showed that the product had a water content of
1500 ppm after 24 h, and after 48 h the estolide was almost
anhydrous [34]. In this last case studied, the low quantity of
water in reaction media might have caused problems with
the enzyme activity, but results displayed in Fig. 3 prove
that this negative effect is not observed during the synthesis
CM, maybe because the equilibrium of the reaction was
achieved within 300 min.

In light of the above results, the four cetyl esters were
biosynthesized in the vacuum reactor under the best condi-
tions assayed for the atmospheric experiments, i.e., 0.5 g of
Novozym® 435 and temperatures of 70 °C for the CL and the
CM and 80 °C for the CP and the CS (Fig. 4). As a result of
using the optimum conditions, a similar reaction progress
was observed during the synthesis of the cetyl esters, the
conversion increased by more than 98.5 %, and the products
obtained adjust better to the specifications given by manu-
facturers, as it will be discussed in the subsequent section.

These optimized values are the result of a process that
balances three parameters which are intimately related
among them. The amount of biocatalyst selected does not
limit mass transfer and improves the rate of formation of
the cetyl esters, and so does the selected temperature,
which not only promotes the biocatalyst activity, and
hence, the reaction rate, but also the viscosity and as a
consequence, mass transfer. Vacuum drying ensures the
repeatability of the process, as it makes it independent of
the environmental humidity, and provides a reaction media

140

»

Lo

120

-
(2] (0] o
o o o

1 Lk

AV (mg KOH.g")
3

20

0 100 200 300
Time (min)

Fig. 4 Enzymatic synthesis of the cetyl esters under optimum
conditions (vacuum reactor; 350 rpm; 0.5 g of Novozym® 435;
70 °C for CL and CM, 80 °C for CP and CS), CL (diamonds), CM
(squares), CP (triangles), CS (times symbol)
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which guaranties the enzyme activity while enhancing the
product formation.

However, to verify Novozym® 435 integrity and its
reusability when used in optimum conditions, three con-
secutive assays were carried out using the same immobi-
lized derivative, which was recovered from reaction media,
acetone washed and air dried before being reused. Figure 5
displays the results of the successive experiments, while
the amount of biocatalyst recovered after each use can be
found in Table 2. It can be concluded that the biocatalyst
can be successfully recovered from reaction media and
reused at least twice without apparent loss of its activity
although literature suggest that Novozym® 435 could be
used in more consecutive cycles with marginal losses on
final conversion [35, 36].

Characterization of the cetyl esters and comparison
with the commercial ones

Nowadays, there is a lack of legal regulations regarding the
minimum requirements that fatty acid esters should meet
for their cosmetic use, so manufacturers’ specifications are
an interesting alternative to check if the biosynthesized
esters satisfy the main requisites for these products. A
comparison of the properties of the in-lab esters with those
from technical data sheets corresponding to the commer-
cially available CL, CM, CP and CS is gathered in Table 3.

As it can be observed, the cetyl esters produced by a
lipase-catalyzed process are quite similar to the ones
obtained through chemical synthesis and conforms the
specifications in all cases. HPLC analysis confirms the high
purity of the enzymatic wax esters, as the presence of by-
products or unreacted substrates was not noticeable.
Retention times for substrates and products are specified in
Table 4. Moreover, the use of enzymatic processes for the
synthesis of cosmetic products enables these goods to be
labeled as “natural” [37].

Conclusions

This study shows the great potential of Novozym® 435 to
biocatalyze the synthesis of long chained esters, such as the
main components of natural spermaceti, in a high viscous
solvent-free medium, with excellent results. Even though
higher amounts of biocatalyst and reaction temperatures
are suitable for enhancing the reaction rate and mass
transfer, it has been proven the feasibility of synthesizing
these esters under mild conditions and low concentration of
Novozym® 435, in an open-air batch reactor. These facts
make the process more attractive for economic reasons,
especially if we consider that no special equipment is
needed.
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Fig. 5 Reuse of biocatalyst in 140 4
the synthesis of CL (a), CM (b), - (a) (b)
CP (c¢) and CS (d) under
optimum conditions (vacuum 100
reactor; 350 rpm; 0.5 g of
Novozym® 435; 70 °C for CL 801
and CM, 80 °C for CP and CS), 0
first use (diamonds), second use
(squares), third use (triangles) 40
o 20 \\
S o
x
c d
2, (©) (d)
> 100
<
80
60
40
20
0 —— - -
0 50 100 50 100 150

Table 2 Amount of biocatalyst reused under optimum conditions

Amount of biocatalyst (g)

CL CM CP CS
First use 0.5006 0.5000 0.5000 0.5002
Second use 0.4930 0.4944 0.4962 0.4997
Third use 0.5040 0.4987 0.4853 0.4992

However, the specific applications expected for these
products into industries with strict requirements, such as
the cosmetic one, suggest the use of a vacuum reactor for
water removal to increase the conversion values (conver-
sion >98.5 %). Additionally, the inert atmosphere (N,) in
the reactor hinders secondary reactions. The biocatalytic
synthesis of cetyl laurate, myristate, palmitate and stearate
under the optimum proposed conditions leads to odor and

Table 3 Reported properties of commercial esters and measured properties for the in-lab products

CL CM CP CS
Commercial  In-lab Commercial  In-lab Commercial  In-lab Commercial  In-lab
product® product  product® product  product® product  product® product
Acid value (mg KOH g™ ') <3 1.21 <3 1.81 <3 1.47 <3 1.21
Hydroxyl value (mg KOH g~ ") 4.85 - 6.78 - 6.88 - 0.78
Todine value (1072 g I, g7") - 0.47 <0.5 0.21 <3 0.09 - 0.28
Water content (%) <1 0.45 <0.2 0.00 <2 0.35 <l 0.82
? Venus Ethoxyethers Pvt. Ltd
® Yasho Industries Pvt. Ltd
¢ Fine Organics Ltd
Table 4 Retention times for substrates and products in HPLC analysis
Compound Lauric Miristic Palmitic Stearic Cetyl Cetyl Cetyl Cetyl Cetyl
acid (LA) acid (MA) acid (PA) acid (SA)  alcohol laurate miristate palmitate stearate
(CA) (CL) (CM) (CP) (CS)
Retention 1.020 1.095 1.188 1.309 1.115 2.818 3.404 4.153 5.350
time (min)
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colorless products, that exhibits a high purity and fulfills
the specifications for these currently commercialized fatty
acid esters, with the distinctive feature of being considered
natural products.
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