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ARTICLE INFO ABSTRACT

Keywords: Esterification reaction between formic acid and alcohols (C4, C8) catalyzed by lipases was performed in solvent

Esterification and solvent-free systems. High Performance Liquid Chromatography (HPLC) was used to study the kinetic

Lipase parameters (Michaelis-Menten) and the reaction conditions by monitoring the ester synthesis. The optimal

E‘I’HCTC i“dd conditions for formate ester synthesis were found to be: 0.5 M of formic acid, 1.5 M of alcohol, 2% of Novozym
ycero

435at 40 °C and 400 rpm in acetonitrile solvent without molecular sieves. In solvent-free system, the optimal
conditions were found to be: 1 M of formic acid, 10 M of alcohol, 2% of Novozym 435 at 40 °C and 400 rpm
without molecular sieves. These optimal conditions resulted in maximum ester yield about 90% for 8 h in solvent
system and 5h in solvent-free system. Among all esterification reactions, the esterification reaction of formic
acid with octan-1-ol in solvent-free system was the better regarding the quantity of esterified formic acid, cat-
alytic efficiency of lipase and the required reaction time. Under these optimal conditions, the biocatalyst could
be reused for six reaction cycles keeping around 97% of its initial activity after treatment process with n-hexane.
Consequently, this enzymatic procedure in solvent-free system could provide formate esters for food and cos-

Solvent-free system

metic applications.

1. Introduction

In the context of the valorization of biomass, the glycerol, a co-
product of biodiesel production, could be transformed into a mixture of
carboxylic acids (glycolic, glyceric, formic, lactic, tartronic and oxalic)
using chemical catalysts (Skrzynska et al., 2016a, 2016b). One of dif-
ferent strategies proposed to recovery and valorize those carboxylic
acids is their transformation into esters by esterification reaction. As the
formic acid is a major acid in the mixture of carboxylic acids produced
from the chemical oxidation of glycerol, the esterification reaction of
formic acid with alcohols was investigated in this article.

Esters are widespread in nature as responsible compounds for the
aroma of many fruits such as bananas, strawberries
(Riemenschneider and Bolt, 2005). In industry, these compounds have
attached attention for their various uses as aroma, emulsifying agents,
humectants ... in food, perfumery, chemical, cosmetic and pharma-
ceutical applications (Almeida et al., 2007; Nurdock, 2010). For ex-
ample, formate esters have been used as favors in industrial applica-
tions (Nurdock, 2010). Butyl formate has a fruity, plum-like odor and
corresponding taste and n-octyl formate has a fruity odor with a rose-
orange note and a bitter flavor, refreshingly fruity green at low
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concentrations (Nurdock, 2010). Recently, formate esters such as octyl
formate was used by formate dehydrogenase as a reactive solvent to
regenerate NADH from NAD™ (Frohlich et al., 2011; Janssen et al.,
2014).

Among the approaches used in the synthesis of esters, the ester-
ification and transesterification are considered as the most common.
These processes are usually performed by reaction between electro-
philes (acyl donor) such as acids or esters and nucleophiles (acyl ac-
ceptor) such as alcohols, esters using chemical or enzymatic catalysts in
organic or aqueous media (Khan and Rathod, 2015). Due to the
growing safety and environmental concerns, the synthesis of esters
using enzymes was constantly investigated as an attractive alternative
to toxic, environmentally unfriend and non-specific chemical ap-
proaches (Khan and Rathod, 2015). Indeed, the enzymatic synthesis of
esters has gained interest because of the mild reaction conditions and its
high catalytic efficiency. Among the enzymes used in the synthesis of
esters, lipases were successfully used to catalyze esterification and
transesterification reactions of different carboxylic acids that contain at
least one hydroxyl or acid group as described by several studies
(Aschenbrenner et al., 2009; Mirzarakhmetova, 2012).

Lipases are known as triacylglycerol ester hydrolases, EC 3.1.1.3.
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They are versatile enzymes, mainly used to hydrolyze ester bonds of
triacylglycerols (oils and fats) and to release fatty acids, diacyglycerols,
monoacylglycerols and glycerol. Lipases, under certain conditions such
as lack of water or presence of nucleophilic molecules “alcohols” in
reaction medium, are able to catalyze the reverse reactions (ester-
ification and transesterification) (Bornscheuer, 2002). Indeed, the ester
formation can be performed directly by the acid esterification in the
presence of alcohol with a generated water molecule as a co-product or
indirectly by the transesterification reactions of esters with alcohol
(alcoholysis), with acids (acidolysis) or with other esters (inter-
esterification) without a produced water molecule (Gunstone, 1999).
The lipase-catalyzed ester synthesis usually occurs in organic medium
with minimal amount of water that is necessary to polarize reactive
groups in the active site and on the surface of the enzyme. The presence
of water especially influences reactivity in acyl transfer reactions.
Generally, lipases require low amount of water in reaction medium to
keep their activity and catalyze the synthesis reaction (Kremnicky et al.,
2004).

Several studies have reported the ester synthesis from carboxylic
acids such as lactic, malic, glycolic, glyceric and acetic acids with dif-
ferent nucleophiles such as alcohols, esters, and fatty acids in the pre-
sence of low amount of water almost 1% in organic medium (hexane,
acetonitrile ...) or solvent-free system (Kiran et al., 2000; Martins et al.,
2013; Mirzarakhmetova, 2012; Park et al., 2001; Roenne et al., 2005;
Sundell and Kanerva, 2014; Torres et al., 1999a; Torres and Otero,
1999b, 2001). Up to now, the enzymatic synthesis of formate esters
were only performed either by lipase-catalyzed transesterification re-
action of ethyl formate to octyl formate (Janssen et al., 2014) or by
transformation reaction of aliphatic aldehydes into alkyl formates using
monooxygenase from Aspergillus flavus (Ferroni et al., 2017). Conse-
quently, the direct enzymatic synthesis of formate esters from formic
acid (C1) by esterification reaction was not yet reported in the litera-
ture.

In the context of carboxylic acids valorization produced from the
chemical oxidation of glycerol, a co-product of biodiesel production,
the esterification reaction of formic acid, the major produced carboxylic
acid, with two alcohols (butan-1-ol and octan-1-ol) was performed by
lipases in organic solvent and in solvent-free system. The reaction
parameters such as temperature, reaction medium, molar ratio (acid:
alcohol), acid concentration, biocatalyst charge, water content, alcohol
chain length, shaking speed, molecular sieves, carbon accounting/ma-
terial balance and reaction time, as well as Michaelis-Menten kinetic
parameters (Km, Vmax, Kcat), were studied. Finally, the stability and
the recycling of lipase enzyme for multiple batches were tested.

2. Materials and methods
2.1. Chemicals and enzymes

Formic acid, butan-1-ol, octan-1-ol and acetonitrile were purchased
from Sigma-Aldrich (France) with purity over than 97%. Immobilized
lipases (Novozym 435 from Candida antarctica, Novolime®, Lipozym®
RM IM from Rhizomucor meihei, Lipozym~ TL IM from Thermomyces
lanuginosus) and Free lipases (Novozym® 40116; EversaTranform;
Callera” Trans; Patalase” 2000L; Lipozym" TL from Mucor meihei) were
purchased from Novozymes (France). Immobilized lipase (Lipase ac-
rylic resin from candida Antarctica; Lipase from Candida rugose) and free
lipases (Lipase from Rhizomucor miehei; Lipase from Thermomyces lan-
ginosus; Lipase from Aspergillus niger) were purchased from Sigma-
Aldrich (France). Immobilized lipase (Lipase B from Candida antarctica
immobilized on ECR1030M (CalB immo plus); L. Lifetech™ ECR 8204F)
purchased from Purolite (United Kingdom). All other chemicals were
analytical grade.
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2.2. Lipase activity

The lipase activity was determined using a spectrophotometric
method based on monitoring the hydrolysis of p-nitrophenyl acetate (p-
NPA) to p-nitrophenyl (p-NP), a yellow compound quantified by the
absorbance at 400 nm as according to the method of Barros with some
modifications (de Barros et al., 2009). The reaction medium (1 ml) is
composed of 10 ul of p-nitrophenyl acetate (50 mM) and of 990 ul of
sodium phosphate buffer (100 mM, pH 7.2). The reaction was started by
adding 5 mg of immobilized enzyme or 5 pl of free enzyme at 37 °C. The
blank reaction was prepared without nitrophenyl acetate. One unit of
lipase activity is defined as the amount of enzyme required to release
1nmol (10~ °mol) of p-nitrophenyl per minute at pH 7.2 and 37 °C
using p-nitrophenyl acetate as substrate.

Activity (nanomole min " 'mL~! (Units/ml) = [(AA400nm/min Test -
AA 400nm/min Blank) (df)] / [(0.0148) (0.005)] df: Dilution factor

0.0148: Micromolar extinction coefficient of p-nitrophenyl at 400 nm

0.005 = Volume of added enzyme (ml)

The enzymatic activity of each enzyme using the spectro-
photometric method based on monitoring the hydrolysis of p-ni-
trophenyl acetate (p-NPA) to p-nitrophenol (p-NP) was shown in
Table 1. The results showed that all immobilized enzymes are more
effective than free enzymes.

2.3. Esterification reaction

The substrates (butan-1-ol or octan-1-ol and formic acid) were dis-
solved in organic solvent at different molar ratios. In organic solvent,
the reaction was carried out in a glass tube (working volume of 5ml)
under atmospheric conditions at 50 °C and 700 rpm for 24 h. The re-
action was started by adding 2.5% (w/v) of enzyme. In solvent-free
system, the formic acid was directly dissolved in the alcohol used as
nucleophile and reaction medium under the same reaction conditions as
previously described in organic solvent. Two controls without lipase
were performed under the same reaction conditions in organic solvent
and in solvent-free system. Samples were taken at different time in-
tervals to follow the ester formation using high performance liquid
chromatography. Before analysis, samples were carefully filtered with
Minstar-RC membranes (Sartorius porosity 0.2 um). Each analysis was

Table 1
Hydrolytic activity of different lipases.

Immobilized lipase Hydrolytic activity (U/mg)

L. Candida rugosa 1.2 * 0.05"
L. Candida antarctica 1.1 * 0.15%
L. Candida antarctica (CalB) 1.2 + 0.05°
Novozym 435, Candida antarctica 0.9 * 0.10%
Novolime 1.3 = 0.15®
Lipozym TL IM, Thermomyces lanuginosus 1.4 = 0.10*
Lipozym RM IM, Rhizomucor meihei 1.1 + 0.05°

Free lipase Hydrolytic activity (U/pl)

Lipozym TL, Mucor meihei 6.9 + 0.25%
Patalase 2000L 3.4 x 0.15%
EversaTranform 3.6 *= 0.10¢
L. Rhizomucor miehei 3.3 = 0.10°
L. Thermomyces langinosus 2.3 * 0.05
Callera” Trans 7.1 = 0.20°
Novozym 40116 5.6 + 0.15°
L. Aspergillus niger 5.2 = 0.10°

One unit of lipase activity is defined as the amount of enzyme required to re-
lease 1 nanomol (10~ 2mol) of p-nitrophenyl per minute at pH 7.2 at 37 °C
using p-nitrophenyl acetate as substrate.
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made in triplicate.
2.4. Analysis of reaction mixtures

To monitor the ester formation, reaction mixtures were analysed
using High Performance Liquid Chromatography (HPLC) (Shimadzu
Class-VP HPLC system with computer-controlled system containing
upgraded Class-VP 6.1 software). For analysis the content of reaction
media, a reversed phase column Iuna omega RP-18 (Merck,
25 cm X 0.46 cm, particle size 5 pm) was used. The detection was car-
ried out using the Refractive Index Detector (RID) and Photodiode
Array Detector (UV). The elution was performed using an isocratic
method of solvent A: water/sulphuric acid (100:0.06; v/v) and solvent
B: acetonitrile (42:58, respectively) at a flow rate of 0.5 ml/min during
15 min. The injection volume of sample was of 10 pl. The ester yield is
calculated as following:

Ester yield (%) = [ester concentration/initial acid concentration] x 100

2.5. Enzyme kinetics and substrate specificity

The Km value and maximum velocity (Vmax) (Michaelis-Menten
kinetic parameters) of lipase B (Novozym 435) were determined by a
Lineweaver-Burk plot. For that, different concentrations from 0.1 to
0.5M of formic acid were esterified with two alcohols (butan-1-ol,
octan-1-ol) in solvent and solvent-free system by lipase enzyme at 50 °C.
Substrate specificity (Vmax/Km) which determine enzymatic affinity
towards formic acid was calculated by the data obtained from the above
plot (Lineweaver and Burk, 1934).

2.6. Water content measurement

Water content was determined by the Karl Fischer method using a
KF DL18 Mettler Toledo apparatus (Barcelona, Spain). Water content of
the reaction mixtures were determined by titration. A blank consisting
solely of acetonitrile was used to eliminate errors associated with the
water content of the acetonitrile.

2.7. Carbon accounting and material balance

To check if all carbons of acid and alcohol introduced in the ester-
ification reaction contributed at the ester synthesis and there are not
second reactions or lost carbon, the carbon accounting and material
balance were calculated as following:

Carbon accounting (%) = (carbon number of ester x its concentration)
/ [(carbon number of transformed acid x its concentration) + (carbon
number of transformed alcohol x its concentration)] x 100

Material balance (%) = [(Mw of transformed acid x its
concentration) + (Mw of transformed alcohol x its concentration)] /
[(Mw of formed ester x its concentration) + (Mw of formed water x its
concentration)] x 100

2.8. Lipase stability and re-use

The stability of lipase was studied under the reaction conditions as
previously described. After the esterification reaction, the immobilized
enzyme was separated from the reaction medium by vacuum filtration
using a sintered glass funnel. Then, in order to remove any water or
acid from the support, the recovered lipase was washed with four vo-
lumes of n-hexane because of its highly volatile, then dried during the
night at room temperature and finally reused in a new fresh reaction as
reported in another study with some modifications (Martins et al.,
2013). To study the effect of hexane, the other reactions were
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performed with recovered lipase without further treatments with n-
hexane. The residual activity of recovered lipase is expressed in terms of
a percentage relative to the ester yield obtained using a standard re-
action with fresh lipase.

2.9. Statistical analysis

The experimental results were performed in triplicate. The data
were recorded as means *+ standard deviation (SD) and analysed by
SPSS (version 11.5 for Windows, 2000; SPSS Inc.). One-way analysis of
variance was performed by ANOVA procedures. Significant differences
between means were determined by Duncan's Multiple Range tests.
Differences at p < 0.05 were considered significant.

3. Results and discussion
3.1. Esterification reaction in solvent medium

3.1.1. Influence of reaction medium

The esterification reaction of formic acid with butan-1-ol was per-
formed in different solvents to study their influence on the ester
synthesis. In this series of experiments, molar ratio (1:1) of formic acid
and butan-1-ol was used. Lipase Novozym 435 was used as a biocatalyst
because it is more common enzyme to catalyze the reaction esterifica-
tion. Reaction medium (5 ml) was composed from formic acid (0.2 M)
and butan-1-ol (0.2 M). The ester synthesis was started by adding 2.5%
(w/v) of immobilized lipase Novozym 435 at 700 rpm and 50 °C for
24 h. In this experiment, four solvents (n-hexane, acetonitrile, acetone
and 1,4-dioxane) with log P (3.5, —0.33, —0,24, —1.1 respectively)
were tested. Results demonstrated that the esterification reaction in
acetonitrile achieved the best yield of ester (about 73%) in comparison
with the ester yield in other solvents as shown in Fig. 1. This result is in
accordance with previous results obtained by Torres et al. who found
that acetonitrile used as reaction medium achieved the best yield of
ester between lactic acid and dodecanol, compared to the other solvents
(hexane, acetone, 1,4-dioxane). This result can be due to the high so-
lubility of formic acid in acetonitrile in comparison with other solvents
(Torres and Otero, 1999).

3.1.2. Screening of enzymes

Various lipases (immobilized and free) were screened for their
catalytic efficiency in the esterification reaction between formic acid
and butan-1-ol (Table 2). Reaction mixtures were composed of 0.2 M of
formic acid and 0.2 M of butan-1-ol in 5 ml of acetonitrile. The reaction
was started by adding 2.5% (w/v) of immobilized lipase or 2.5% (v/v)
of free lipase at 50 °C for 24 h. Among tested lipases, three immobilized
lipases and one free lipase could only catalyze the esterification reac-
tion. The highest yield of ester was obtained using Novozym 435 as

100 -
90 4
80 -
70 4
60 1
50 A

a
b
c
40 4
30 4 d
20 4
107 -
0

Acetonitrile

Yield of esetr (%)

Hexane Acetone 1,4-Dioxane

Reaction medium

Fig. 1. Ester yield (butyl formate) in various solvents. Reaction conditions:
formic acid (0.2 M), butanol (0.2 M), Novozym 435 (2.5% (w/v)) and 5ml of
organic solvent, 24 h, 700 rpm and 50 °C. Each value is expressed as mean =
standard deviation (n = 3). Values not followed by the same letter in each line
are significantly different at the 0.05% level (Duncan's test).
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Table 2
Ester yield of butyl formate catalyzed by different lipases.

Immobilized lipase Ester yield (%)

L. Candida rugosa 0
L. Candida antarctica 66.8 = 2.3
L. Candida antarctica (CalB) 57.5 + 1.4°
Novozym 435, Candida antarctica 72.2 = 1.9
Novolime 0
Lipozym TL IM, Thermomyces lanuginosus 0
Lipozym RM IM, Rhizomucor meihei 0

Free lipase Ester yield (%)

Lipozym TL, Mucor meihei
Patalase 2000L
EversaTranform

L. Rhizomucor miehei

L. Thermomyces langinosus
Callera” Trans

Novozym 40116

L. Aspergillus niger

==l NeE-]

26.8 = 2.6

Each value is expressed as mean = standard deviation (n = 3). Values not
followed by the same letter in each line are significantly different at the 0.05%
level (Duncan's test).

shown in Table 2. This result is in accordance with previous results
reported on the esterification reaction between carboxylic acids such as
lactic acid and alcohols such as hexadecanol (Roenne et al., 2005) or
fatty acids such as caprylic acid (Torres and Otero, 2001) where No-
vozym 435 gave the best yields of ester production.

3.1.3. Effect of formic acid:butane-1-ol molar ratio

The molar ratio between formic acid and butan-1-ol was varied
while the other parameters were held constant at 50 °C for 24 h. The
concentration of 0.1 M for both substrates was used for a ratio of 1:1.
Firstly, the acid concentration was held constant at 0.1 M while the
alcohol concentration increased to obtain a ratio of 1:5 and vice versa to
obtain a ratio of 5:1. Fig. 2 shows that 1:3, 1:4, 1:5 are the favorable
ratios, yielding about 93% of ester. In previous study, it was found that
the presence of excess dodecanol achieved the highest ester yield at the
molar ratio of lactic acid to dodecanol of 1:10 (Torres and Otero, 1999).
Consequently, the excess alcohol achieves the shift of the reaction
equilibrium towards the ester formation. In the case of formic acid
excess, the ester yield decreases almost 50% at ratio 2:1 and it becomes
almost null at ratio 5:1. This result can be due to the enzyme inhibition/
denaturation by the high acidity of formic acid or the insufficient
quantity of alcohol. For that, new quantity of butan-1-ol was added to
the esterification reaction at ratio 5:1 in order to know if the enzyme is

100 -
90 -
80 -
70 -

Yield of ester (%)

0.1:0.1  0.1:02 0.1:03 0.1:04 0.1:0.5

Ratio (formic acid: Butan-1-ol) (M)

a a a
b
C
60 -
50 - d
40 .
30 -
20 -
10 - f f

0.1:0.05 0.1:0.033 0.1:0.025 0.1:0.020
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still active. New addition of buta-1-nol achieved almost 31% of ester
yield without addition of fresh enzyme. This result confirms that the
enzyme is still active and the decrease of ester yield is due to the in-
sufficient quantity of alcohol (data not shown). The same result was
obtained in previous work between lactic acid and dodecanol. Indeed, it
was found that the lower ester yield was obtained with the decrease of
dodecanol concentration below 0.05 M. This result was due to the de-
crease in the reaction rate associated with the lower concentration of
the reactant (Torres and Otero, 1999).

3.1.4. Effect of formic acid concentration

The maximum concentration of substrates used in the esterification
reaction is a challenge to be applied in industrial domain. With the goal
of increasing the concentration of formic acid without negative effects
on the ester yield or the reaction rate, various concentrations were
studied in acetonitrile. The other parameters, such as the formic
acid:butan-1-ol molar ratio 1:3, the temperature at 50 °C, 700 rpm and
2.5% (w/v) of Novozym 435 for 24 h, were constant. The results de-
monstrate that the ester yield is similar up to 0.5M of formic acid as
shown in Fig. 3. At the concentration above 0.5M of formic acid, the
ester yield decreases. This result can be due to the increase of acidity
and/or water quantity, related to the formic acid concentration in-
crease, which influences the enzyme activity. To evaluate the potential
effect of the acidity, the enzyme was recovered from the reaction
medium at the concentration of 1M of formic acid, washed using
hexane in order to remove any water from the support, dried at room
temperature during one night and reused in a new reaction (Martins
et al., 2013). The results showed that the ester yield was almost null
using the reused enzyme at 0.5 M of formic acid (data not shown). This
result confirms that the enzyme at the concentration of 1 M of formic
acid loses its activity due to the high acidity that denatures the enzyme.

3.1.5. Effect of the lipase charge

The influence of enzyme loading on the ester yield was studied.
Various amounts of Novozym 435 were employed to synthesis of butyl
formate in acetonitrile. The other parameters, such as the formic
acid:butan-1-ol molar ratio 1:3, the concentration of formic acid and
butan-1-ol (0.5M and 1.5 M respectively), the temperature at 50 °C and
700 rpm for 24 h were constant. The results show that the ester yield
increases with increasing amounts of biocatalyst as shown in Fig. 4. The
best result (almost 90% of ester yield) is obtained with 20 mg/ml of
Novozym 435, the smallest amount necessary to produce the highest
yield of butyl formate. At the amount above 20 mg of Novozym 435, the
ester yield does not increase.

Fig. 2. Effect of the formic acid/butan-1-ol molar
ratio in the enzymatic synthesis of butyl formate.
Reaction conditions: 0.1 M of formic acid and 0.1 M
of butan-1-ol (molar ratio 1:1), 2.5% (w/v) Novozym
435, 5ml acetonitrile, 24 h, 50 °C and 700 rpm. Each
value is expressed as mean + standard deviation
(n = 3). Values not followed by the same letter in
each line are significantly different at the 0.05% level
(Duncan's test).
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Fig. 3. Effect of formic acid concentrations on the
enzymatic synthesis of butyl formate in acetonitrile.
Conditions: formic acid/butan-1-ol molar ratio 1:3,
2.5% (w/v) Novozym 435, 24 h, 50 °C, 700 rpm were
constant. Each value is expressed as mean *
standard deviation (n = 3). Values not followed by
the same letter in each line are significantly different
at the 0.05% level (Duncan's test).

100 + . a a a

90 - b

80 A
;\3 70 -
o 60 - c
2
@ 50 -
S 40
=]
E’ 30 ~
> 20 -

10 A

0 - ‘
0.1 0.2 0.3 0.4 0.5 0.6 0.7

3.1.6. Effect of reaction temperature

To find the optimal temperature of esterification reaction, five levels
of temperature (30-70 °C) were tested. In this experiment, the ester-
ification reaction was carried out in 5 ml of acetonitrile at molar ratio of
formic acid and butan-1-ol of 1:3, the concentration of formic acid and
butan-1-ol (0.5M and 1.5M respectively), 2% (w/v) of Novozym 435,
700 rpm for 24h. The results show that the optimal esterification
temperature is of 40 °C (Fig. 5). At the temperature over 40 °C-60 °C,
the ester yield is constant due to the high degree of thermal stability of
this lipase as reported in literature (Kirk et al., 1992). At 70 °C, the ester
yield decreases probably due to the thermal denaturation of lipase. This
result is confirmed by other studies that reported the esterification
using Novozym 435 at the range of temperatures between 40 and 60 °C
(Martins et al., 2013; Torres et al., 1999; Torres and Otero, 2001).
Additionally, another study found the optimal temperature at 40 °C for
transesterification catalyzed by Novozym 435 between ethyl formate
and octan-1-ol (Janssen et al., 2014).

3.1.7. Effect of shaking speed

Five speeds of shaking between 300 and 700 rpm were tested for
5ml of reaction medium. The other parameters such as molar ratio of
formic acid: butan-1-ol (1:3), the concentration of formic acid and
butan-1-ol (0.5 M and 1.5 M respectively), 2% (w/v) of Novozym 435 at
40°C for 24 h were held constant. The results show that all shaking
speeds resulted in the same ester yield of butyl formate except at
shaking speed of 300 rpm (Fig. 6). This result confirms that shaking
speed at 400 rpm is enough to assure a good contact between the
substrates and the lipase.

100 A

Yield of ester (%)

d
(]
1
0.8 0.9 1

Concentration of formic acid (M)

100 ~ a a
90 +
80 -
70 A b
60 -
50 A
40
30 A c

20 A
10 A
0,

30 40 50 60 70
Temperature (°C)

Yeld of ester (%)

Fig. 5. Effect of reaction temperature on the synthesis of butyl formate obtained
using Novozym 435 lipase. Reaction conditions: 0.5 M of formic acid; 1.5M of
butan-1-ol; 2% (w/v) of Novozym 435; 24 h; and 700 rpm in 5 ml of acetoni-
trile. Each value is expressed as mean + standard deviation (n = 3). Values not
followed by the same letter in each line are significantly different at the 0.05%
level (Duncan's test).

3.1.8. Effect of molecular sieves

As hydrolysis is merely the reverse reaction of esterification, the
hydration degree of the reaction medium can play an important role in
determining the maximal yield of esterification (Aschenbrenner et al.,
2009). For that, the presence of various amounts of molecular sieves in
the reaction medium in order to control the water quantity was studied.
The reaction was realized under the optimal conditions: temperature of
40 °C; formic acid: butan-1-ol molar ratio of 1:3, Novozym 435 content
of 2% (w/v); acid concentration of 0.5M and 400 rpm for 24 h. In this
reaction, there are four sources of water: acetonitrile, formic acid,

Fig. 4. Effect of the amount of Novozym 435 on the
enzymatic synthesis of butyl formate ester.
Conditions: 0.5 M of formic acid, 1.5 M of butan-1-ol,
5 ml of acetonitrile, 50 °C and 700 rpm. Each value is
expressed as mean * standard deviation (n = 3).
Values not followed by the same letter in each line
are significantly different at the 0.05% level
(Duncan's test).
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Fig. 7. Effect of the presence of molecular sieves in reaction medium on the
yield of butyl formate. Conditions: formic acid: butan-1-ol molar ratio of 1:3,
0.5M of formic acid, 1.5M of butan-1-ol in acetonitrile solvent at 40 °C,
400rpm for 24h. Each value is expressed as mean =+ standard deviation
(n = 3). Values not followed by the same letter in each line are significantly
different at the 0.05% level (Duncan's test).

enzyme support and water generated during esterification reaction. The
results show that the addition of various amounts of molecular sieves at
the start of reaction has a negative effect on the ester yield in acet-
onitrile (Fig. 7).

Generally, the presence of molecular sieves in reaction medium
seems to sequester the generated water and then shift the reaction to-
wards the ester formation. Furthermore, the molecular sieves can also
strip the minimal amount of water essential to maintain the enzyme
activity and thus decrease the enzyme activity. In general, a low water
around the active site of lipase is necessary to maintain the enzyme
activity in an esterification system. Therefore, the molecular sieves can
play a dual effect: positive effect by the absorption of the generated
water in the reaction and negative effect by the absorption of the water
necessary for enzyme activity. In the other hand, it can also absorb the
polar acids used such as formic or lactic acid due to its small size and its
polarity (Torres and Otero, 1999). This adsorption phenomenon would
decrease the concentration of formic acid in the reaction medium and
then would decrease its availability for the esterification by lipase.

In our case, the presence of various amounts of molecular sieves
decreased the ester yield in acetonitrile due to absorb both the water
generated from esterification reaction and necessary water to maintain
the enzyme activity. In addition, the molecular sieves can absorb the
formic acid in the reaction medium and consequently its availability in
reaction medium will be reduced. To confirm this hypothesis, the water
content in the reaction medium in the presence and the absence of
molecular sieves was determined (Table 3). The water content without
molecular sieves is about 1% corresponding to almost 0.55 M obtained
by 0.5M of formic acid. This water content decreases at 0.1% in the
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Table 3
Water content of reaction medium in the presence of various
amounts of molecular sieves.

Molecular sieves (mg) Water content (%)

0 1.191 * 0.040%
5 0.115 + 0.015"
10 0.082 + 0.013¢
15 0.053 + 0.009¢
20 0.031 * 0.008°
25 0.027 + 0.006°

Each value is expressed as mean =+ standard deviation (n = 3).
Values not followed by the same letter in each line are significantly
different at the 0.05% level (Duncan's test).

presence of minimal amount of molecular sieve (5mg/ml). The low
water amount decreases the conversion of formic acid at a rate of 20%
probably due to insufficient quantity of water to maintain the enzyme
activity. In previous work, the esterification between lactic acid
(0.55M) and dodecanol (0.55M) resulted in 1.3% of generated water
(almost 0.7 M) (Torres and Otero, 1999). In the same work, it was found
that 0.28% of water in reaction medium is necessary to maintain the
enzyme activity and to realize maximal conversion of lactic or glycolic
acid. This result confirms why the presence of 5 mg of molecular sieve
in our reaction medium decreased the ester yield.

3.1.9. Effect of alcohol chain length

Esterification of formic acid was carried out using two alcohols
(butan-1-ol and octan-1-ol) under the same optimal conditions de-
scribed above. The optimal conditions determined were acetonitrile as
reaction medium, temperature of 40 °C, molar ratio of 1:3 (formic acid:
alcohol); Novozym 435 content of 2% (w/v), acid concentration of
0.5 M. The results show that the same maximum yield of ester (almost
93%) is obtained for 8 h in the presence of butan-1-ol with initial re-
action rate of 0.048 M/h (Fig. 8-A) and for 7 h in the presence of octan-
1-ol with initial reaction rate of 0.06 M/h (Fig. 8-B). So, the reaction
rate in the presence of octan-1-ol was higher than that in the presence
of butan-1-ol. In previous studies, it was found that the esterification of
lactic acid with alcohols constituted by 8, 12 and 16 carbons achieved
the same ester yield (94-96%) for 24—-48 h using Novozym 435 (Roenne
et al., 2005; Torres and Otero, 1999) without specifying the time re-
quired to obtain the maximum yield for each alcohol. These results
confirm that Novozym 435 has a higher affinity towards the alcohol
with long chains than short chains (Roenne et al., 2005).

Kinetic parameters of Michaelis-Menten (Km and Vmax) were de-
termined by a Lineweaver-Burk plot. The results demonstrate that Km
with octan-1-ol (0.38 + 0.01 M) is lower than that for butan-1-ol
(0.48 = 0.02M) while the maximum velocity Vmax of reaction with
octan-1-ol (0.0026 = 0.0004 M/min) is almost 2 fold higher than that
with butan-1-0l (0.0011 + 0.0003 M/min). Consequently, the catalytic
efficiency (Vmax/Km) with octan-1-ol (0.0071 + 0.002) is almost 3-
fold higher than that with butan-1-ol (0.0022 + 0.001). As the Km
value reflects the affinity between the enzyme and substrate, the lower
value with octan-1-ol indicates a higher affinity of Novozym 435 for
esterification of formic acid with octan-1-ol.

3.2. Esterification reaction in solvent-free system

Due to the growing safety and environmental concerns as well as to
reduce the toxicity of products obtained by the reaction, the elimination
of solvent in esterification reaction is desirable. In this case, the alcohol
is considered as a reaction medium and a nucleophile reagent (acyl
acceptor) in the same time.

Initially, the esterification reaction of formic acid was performed
under the same optimal conditions described above in the presence of
solvent except the formic acid:alcohol molar ratio and the acid
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Fig. 9. Effect of formic acid concentration on the enzymatic synthesis of butyl
formate in solvent-free system. Conditions: 10 M of butan-1-ol, 2% (w/v) of
Novozym 435 at 40 °C and 400 rpm for 24 h were held constant. Each value is
expressed as mean *+ standard deviation (n = 3). Values not followed by the
same letter in each line are significantly different at the 0.05% level (Duncan's
test).

concentration. In this study, butan-1-ol is used as a reaction medium at
10 M and various concentrations of formic acid were studied. The re-
sults demonstrate that the ester yield is similar up to 1 M of formic acid
as shown in Fig. 9. At the concentration of formic acid above 1 M, the
ester yield decreases probably due to the negative effect of acidity on
the enzyme activity. Consequently, the acid:alcohol molar ratio of 1:10
was desirable for esterification reaction of formic acid in the presence of

butan-1-ol in solvent-free system.

In order to study the effect of alcohol chain length on the ester yield,
the esterification reaction was carried out without organic solvent using
two alcohols (butan-1-ol C4 and octan-1-ol C8) under previous optimal
conditions. The results showed that almost 90% of ester yield was ob-
tained after 5h with butan-1-ol and after 3 h with octan-1-ol as shown
in Fig. 10. This result is in accordance with the result obtained in the
case of esterification reaction of formic acid with butan-1-ol and octan-
1-ol in acetonitrile used as a reaction medium. Despite the octan-1-ol is
a fatty acid alcohol and its viscosity is higher than that of butan-1-ol,
the reaction rate of esterification in octan-1-ol used as a reaction
medium was higher than that in butan-1-ol. This result confirms that
shacking speed was enough in order to distribute the formic acid in
reaction medium..

Kinetic parameters of Michaelis-Menten (Km and Vmax) were de-
termined by a Lineweaver-Burk plot to confirm the difference between
esterification reaction rates of formic acid in butan-1-ol and octan-1-ol
as reaction media. The results demonstrated that the constant (Km) of
esterification reaction in octan-1-ol (0.18 + 0.01 M) was lower than
that of esterification reaction in butan-1-ol (0.23 + 0.02 M) while the
maximum velocity (Vmax) of reaction in octan-1-ol
(0.0082 + 0.0003 M/min) was almost 2 fold higher than that of re-
action in butan-1-ol (0.0045 + 0.0003 M/min). Consequently, the
substrate  specificity (Vmax/Km) of reaction in octan-1-ol
(0.0455 + 0.0005) was almost two-fold higher than that of reaction in
butan-1-ol (0.0216 = 0.0003). Consequently, the catalytic efficiency



A. Aljawish, et al.

Biocatalysis and Agricultural Biotechnology 20 (2019) 101221

100 1~ a a Fig. 10. Effect of chain length of alcohols used as a
90 4 b reaction medium on ester yield. Optimal conditions:
1M of formic acid; 10 M of alcohol (butan-1-ol, C4)
—_ 80 1 c (A) and (octan-1-ol, C8) (B); substrate molar ratio
&\o/ 70 4 (1:10); 2% (w/v) Novozym 435; 40 °C; and 400 rpm.
5 60 - Value is expressed as mean * standard deviation
@? d (n = 3). Values not followed by the same letter in
z,t) 50 1 e each line are significantly different at the 0.05% level
] '
= 40 4 ¢ (Duncan's test).
230 A
- b g
20 A
10 A i
0 T T T T T T T T T
0 0.15 0.3 0.45 1 2 3 4 5 7
Temps (h) A
100 A a a a a
90 A
S 80 A b
< 70 A
8
*g 60 - c
5 301 d
o 40 1
S e
= 30 1 .
20 A
10 | i
0 T T T T T T T T T
0 0.15 0.3 0.45 1 2 3 4 5 7
Temps (h) B

for esterification reaction of formic acid in octan-1-ol is higher than that
in butan-1-ol due to a better Km.

3.3. Lipase stability and re-use

One of important properties of immobilized enzymes is the possi-
bility of their recovery and reusability. These properties give important
economic and environmental advantages in future industrial applica-
tions using immobilized enzymes. For that, the possibility of recovery
and reusability of Novozym 435 was tested. The esterification reaction
was performed in solvent-free system under optimal conditions de-
scribed above: formic acid (1 M), octan-1-ol (10 M), temperature of
40 °C; formic acid:octan-1-ol molar ratio of 1:10, enzyme content of 2%
(w/v) and 400 rpm for 4 h. Then, lipase enzyme was recovered, washed
with n-hexane, dried during one night at room temperature and then
reused in a new fresh reaction. The washing process is repeated be-
tween batches and one batch is realized each four days for one month. A
control was carried out without washing with n-hexane. The results are
expressed as enzyme activity remained from washed enzyme compared
with the enzyme activity of fresh enzyme.

The results indicate that the reused enzyme with treatment
(washing with n-hexane) keeps almost 97% of its initial activity for 6
reaction batches for twenty days (Fig.11). In contrast, the reused en-
zyme without any treatment loses about 60% of its initial activity after
six reaction batches for twenty days (Fig.11). In previous study, 70% of
original activity of Novozym 435 were recovered for 14 reaction bat-
ches of esterification of acetic acid with butan-1-ol, while its original
activity was zeroed in the third batch without washing in hexane
(Martins et al., 2013). In fact, the washing process with n-hexane after
each reaction batch is a necessary process to recover the initial enzyme

activity due to the accumulation of acid and water in the site active of
enzyme (Martins et al., 2013).

4. Conclusion

The present article studied the feasibility of the direct esterification
of formic acid with straight-chain alcohols (butan-1-ol and octan-1-ol)
using the commercial immobilized lipase B from Candida antarctica
(Novozym 435) as biocatalyst in acetonitrile and in solvent-free system.
In solvent system, the optimal conditions are: 0.5M of formic acid,
1.5M of alcohol resulting in formic acid/alcohol molar ratio of 1:3, 2%
of Novozym 435 at 40 °C and 400 rpm in acetonitrile solvent without
molecular sieves. In solvent-free system, the esterification reaction was
performed under the same conditions than in solvent system except the
acid concentration of 1 M and alcohol used as a nucleophile (acyl ac-
ceptor) and a reaction medium at 10 M in the same time resulting in
molar ratio of 1:10. All esterification reactions resulted in the same
ester yield (almost 90%) with the difference in required reaction time to
realize that yield. Among all esterification reactions, those with octan-
1-ol in solvent-free system is the better regarding the quantity of es-
terified formic acid, catalytic efficiency of lipase and the reaction time
required to realize the maximum ester yield. Additionally, under the
optimal conditions, the immobilized lipase can be reused keeping al-
most 97% of its initial activity after treatment process (washing with n-
hexane) for six reaction batches.

In conclusion, the fact that enzymatic esterification of formic acid
with different alcohols in solvent-free systems is feasible is very pro-
mising for food and cosmetic applications of formate esters.
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for 4h.
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