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Abstract

Aliphatic polyesters are widely used in biomedical and environmental areas, and their use has grown due to environmental
issues. The use of lipases as catalysts for the synthesis of polyesters is an environmentally benign alternative. In this work,
the effect of monomer chain length on polyester synthesis was studied with seven diacids and six diols in a bulk system
using immobilized Candida antarctica lipase B (Novozym®435). Firstly, the reaction temperature and the thermal stability
of Novozym®435 (N435) were evaluated. The half-life of the commercial lipase was 24.8 h at 90 °C, and N435 maintained
a residual activity of 38% after 96 h of incubation. The biocatalyst played an essential role in the reactions using monomers
with longer alkylene chain length diacids (azelaic and sebacic acids) and diols (1,4-butanediol, 1,6-hexanediol, and 1,8-octan-
ediol), giving a higher reactivity than reactions of shorter chain-length diacids (oxalic, malonic, succinic, glutaric and adipic
acids) and diols (ethylene glycol and 1,3-propanediol). Polycondensation reactions carried out with 2,3-butanediol did not
present a significative molecular weight. Otherwise, the reaction performed with 1,6-hexanediol resulted in polyesters with
weight-average molecular weights (M,,) of 18,346 g mol™" and 27,121 g mol™! by reacting with azelaic and sebacic acids,
respectively, at 90 °C using 5 wt.% of N435. The thermal properties of polyazelates and polysebactes were analyzed by DSC
and TGA, which showed that aliphatic polyesters are practically stable at up to 380 °C, indicating their high thermal stability.
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Introduction

Aliphatic polyesters are a class of polymers widely used
in biomedical, environmental, food, and automobile appli-
cations (Azim et al. 2006; Umare et al. 2007; Pellis et al.
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2016). Regarding the extensive use of aliphatic polyesters
and the increasing environmental concern about plastics,
three problems should be addressed: the development of
cleaner synthesis processes, the use of monomers produced
from renewable resources, and the degradability of the
polymer.

In general, the aliphatic polyesters are synthesized by
polycondensation of dicarboxylic acids and diols (Pellis
et al. 2016; Albertsson and Varma 2002) in the presence of
a variety of metal catalysts at temperatures in the range of
180-280 °C. The use of high temperatures favors undesira-
ble side reactions such as dehydration of diols and -scission
of polyesters (Gross et al. 2010). Besides, high reaction tem-
peratures are not appropriate when the monomers have ther-
mal- and chemically-unstable functional groups. Residues
of metals present in the catalysts can be found in the final
product, making it harmful to the environment and toxic for
biomedical applications (Gross et al. 2010).

In order to circumvent the drawbacks of chemical catal-
ysis, the use of enzymes in polymerization reactions has
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emerged. The substitution of a chemical catalyst by enzymes
is a promising green alternative to produce polyesters under
mild operational conditions, concerning temperature and
toxicity. Besides, due to the high selectivity (enantio-,
chemo- and regioselectivity) of enzymes, steps of protec-
tion-deprotection are minimized, resulting in products with
improved quality (Douka et al. 2018; Miletic et al. 2011).

Many hydrolase enzymes, including especially lipases
(EC 3.1.1.3) and cutinases (EC 3.1.1.74), have been used for
polymerization of diacids and diols (Wallace and Morrow
1989; Okumura et al. 1984; Binns et al. 1993; Linko et al.
1995; Mahapatro et al. 2003; Feder and Gross 2010; Hunsen
et al. 2007). Lipases have been widely used as a biocatalyst
in polymers synthesis because they accept a wide range of
substrates, with high activity, and are quite stable in non-
aqueous media (Veld and Palmans 2011). The most widely
used commercial immobilized lipase in polycondensation is
Novozym®435 (N435), an immobilized preparation of Can-
dida antarctica Lipase B (CALB), due to its high activity
and thermal stability (Douka et al. 2018; Kobayashi 2010).
CALB has a deep and narrow active site, and aliphatic alco-
hols, aliphatic esters, and acids are excellent substrates (Veld
and Palmans 2011).

The synthetic routes to produce polyesters using lipase
catalysis are ring-opening polymerizations (ROPs) of cyclic
monomers, polycondensation reactions of AA-BB-type
monomers such as diacids or diesters and diols, and poly-
condensation reactions of AB-type monomers such as ester
or acid alcohol monomers. Condensations of the A-B type
generate a leaving group that must be efficiently removed in
order to obtain high molecular weight polyesters. The AA
and BB-type monomers must be mixed in precisely equi-
molar quantities in order to obtain high molecular weight
polymers (Koltzenburg et al. 2017; Miletic et al. 2011).

A range of polyesters has been synthesized by enzymatic
polycondensation of simple diacids with diols (AA-BB-type
monomers) (Varma et al. 2005). The water produced during
the polycondensation of diacid and diol must be removed
to shift the equilibrium towards polymerization (Veld and
Palmans 2011; Varma et al. 2005). Lipases do not require the
exclusion of water and air for polyester synthesis compared
to traditional chemical initiators.

Biodegradable polymers such as polyesters have been
synthesized using enzyme-catalyzed routes. Some aliphatic
polyesters are biodegradable materials since their hydro-
lytic and enzymatic degradation products can be naturally
metabolized into non-toxic substances (Douka et al. 2018;
Pellis et al. 2016; Chen and Patel 2012). The properties and
biodegradability of the aliphatic polyesters depend on the
structure, that is, the combination of diacids and diols used
(Bordes et al. 2009; Edlund and Albertsson 2003).

Polymers synthesized from biomass-derived monomers
can often be biologically and/or hydrolytically degradable
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(Rowe et al. 2016). The development of biobased poly-
mers meets environmental demand, reducing the use of
fossil resources. Concerning the aliphatic polyesters, sev-
eral biobased monomers can be used to produce polyesters
such as the diacids succinic, malonic, glutaric, azelaic, and
sebacic acids, and the diols 1,3-propanediol, 1,4-butanediol,
and 2,3-butanediol (Pellis et al. 2016).

Succinic acid is a strategic platform chemical that can
be produced industrially from renewable resources (Becker
et al. 2015; Bechthold et al. 2008). Succinic acid is employed
in the synthesis of polybutylene succinate (PBS) and polybu-
tylene succinate-co-butylene adipate (PBSA). PBS is widely
used for packaging, and it has the advantage of being enzy-
matic hydrolyzed to non-toxic substances, giving this poly-
mer a leading position in biodegradable materials (Douka
et al. 2018). Malonic acid and 1,3-propanediol are interest-
ing derivatives of glycerol (Rowe et al. 2016), and they can
be used for polypropylene malonate synthesis, which is a
plasticizer and drug delivery medium (Dogan and Kiisefoglu
2008).

Glutaric and azelaic acid are monomers produced from
renewable resources that contain an odd number of carbon
atoms. Odd-chain dicarboxylic acids can influence the crys-
tallinity, biodegradability, and thermo-mechanical proper-
ties of polyesters synthesized with them (Lu et al. 2017; Yu
et al. 2017; Kong et al. 2014). Glutaric acid is an important
building block for biopolymers since it presents the lowest
melting point among all dicarboxylic acids (Mishra et al.
2013). The use of oligoesters based on azelaic and adipic
acids constitutes a remarkable alternative for commercial
plasticizers for polyethylene terephthalate (PET) (Langer
et al. 2015). However, few studies reported the synthesis of
polymers using azelaic acid and chemical catalysts (Yu et al.
2017; Ravi et al. 2011; Papageorgiou et al. 2010, 2011), and
this diacid has not yet been completely addressed in polymer
synthesis using biocatalysts (Feder and Gross 2010; Curia
etal. 2015; Nguyen et al. 2016).

Another interesting diacid that can be produced in
a biobased process is sebacic acid. Thus, like adipic and
azelaic acids, sebacic acid is considered attractive because
it can improve the cold fracture temperature of plasticized
polyvinyl chloride (PVC) (Rahman and Brazel 2004), the
fifth most produced polymer worldwide (Geyer et al. 2017).
Besides, it is used as a valuable building block in the syn-
thesis of polyamides, polyesters, and polyurethanes (Fuessl
et al. 2012).

The use of biobased molecules will permit the develop-
ment of new bioprocesses for polymer synthesis (Kobayashi
2010; Lu et al. 2017). The above references established the
feasibility of enzymatic polymerization reactions between
diacids and diols. Therefore, this work aimed to contribute
to this area by focusing on monomer chain length effects.
A large number of monomers (seven diacids and six diols)
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were tested in the absence of solvent, making enzymatic
polycondensations more sustainable. The enzymatic reactiv-
ity of the primary and secondary hydroxyl groups was also
evaluated in the reactions carried out for 96 h using butan-
ediol and seven diacids. The temperature (80 and 90 °C)
effect on the polysebacates synthesis was evaluated since
it is a crucial parameter to perform the reaction in better
conditions for the biocatalyst and synthesis. Considering
the high temperature and time used in the polycondensation
reactions, we used first mathematical approach to enzymatic
thermal stability in this paper.

Experimental
Reagents

Oxalic (98%), malonic (99%), succinic (>99%), glutaric
(99%), azelaic (98%) and sebacic (99%) acids were pur-
chased from Sigma-Aldrich as well as the diols ethylene gly-
col (=99%), 1,3-propanediol (98%), 1,4-butanediol (99%),
2,3-butanediol (98%), 1,6-hexanediol (99%) and 1,8-octane-
diol (98%). Butanol (P.A.) was obtained from Vetec Quimica
Fina Ltda (Rio de Janeiro, Brazil). Adipic acid (99.5%)
was provided by Fluka Analytical. Novozym®435 (N435)
was supplied by Novozymes Latin America Ltda (Brazil).
N435 consists of Candida antarctica lipase B immobilized
on a hydrophobic macroporous resin of poly(methyl meth-
acrylate) crosslinked with divinylbenzene (Lewatit VPOC-
1600), with 1.4% concentration of water. The particle size
distribution ranges from 0.3 to 0.9 mm in diameter (Douka
et al. 2018).

Enzyme activity

Esterification activity was determined by oleic acid con-
sumption in the esterification reactions with butanol (oleic
acid:butanol molar ratio of 1), at 45 °C, in a batch reactor
magnetically stirred (400 rpm). One esterification unit (U)
was defined as the enzyme amount that consumes 1 pmol of
oleic acid per minute per g of enzymatic preparation (Cor-
réa et al. 2011).

Polyester synthesis

The enzymatic polycondensations between diacid and diol
were carried out for 96 h in a closed 15 mL batch reactor
magnetically stirred (400 rpm) and coupled to a condenser,
and the temperature was kept at 90 °C. The reaction mixture
consisted of 0.06 mol of diol (ethylene glycol, 1,3-propan-
ediol, 1,4-butanediol, 2,3-butanediol, 1,6-hexanediol, and
1,8-octanediol) and 0.06 mol of diacid (oxalic, malonic,
succinic, glutaric, adipic, azelaic and sebacic acid) using 5

wt.% of N435 relative to diacid. Control experiments with-
out N435 were performed in the same reaction conditions
in order to verify the influence of biocatalyst in the reaction
(Blank test). At the end of the reaction (96 h), the product
was extracted with chloroform, and the immobilized lipase
was separated by vacuum filtration. These samples were
analyzed by volumetric analysis and Gel Permeation Chro-
matography (GPC) analysis.

Thermal stability of Candida antarctica lipase B

The N435 thermal stability was investigated by incubating
the enzyme preparation in butanol at 90 °C, for 96 h, in
a 10 mL reactor vessel (EasyMax™ 102, Mettler Toledo)
provided with magnetic stirring (400 rpm). The medium was
cooled (45 °C) at appropriate time intervals, and oleic acid
was added to determine enzyme activity, according to item
2.2. These assays were carried out in duplicate.

The residual activity data were fitted using a deactivation
model that consists of a series-type mechanism and involves
two first-order steps with one active intermediate (E)) and
a final enzyme state (E,) (Henley and Sadana 1985). Equa-
tion 1 describes the deactivation scheme, where E, E;, and
E, are specific activities, and k; and k, are first-order deac-
tivation rate coefficients. Thus, the residual activity (a) is a
weighted function of the specific activities ratio in the two
enzyme states, «; and a,, and is expressed in Eq. 2. The
parameters were estimated numerically based on the Leven-
berg—Marquardt algorithm using Origin 8.1 software, whose
convergence criterion was the chi-square minimization with
the tolerance of 107, and the maximum number of iterations
equal to 50.

k k
ESE SE, (1)
a=a,+ 1+ alkl — az—kz:|e(_k|1) — [al—kl — azkl ]e(—kzl)
kZ_kl kz—k1 k2_k1 kZ_kl
@)

Volumetric analysis

The consumption of carboxyl groups in the enzymatic poly-
condensations, after 96 h, was determined by acid—base
volumetric analysis with 0.02 mol L™! sodium hydroxide,
using a Mettler Toledo T50 Titrator. The reaction medium
samples were dissolved in a 35 mL acetone/ethanol mixture
(1:1) before titration. The initial amount of carboxyl groups
was calculated from the acid mass used in the reaction. The
acid conversion was defined as the ratio between the num-
ber of moles of reacted carboxyl groups and the number of
moles of initial carboxyl groups.
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GPC analysis

The molecular weight of the products was determined by
Gel Permeation Chromatography (Shimadzu chromato-
graph model UFLC). The chromatograph was equipped
with a refractive index detector and a GPC-803 column
(300 x 8.0 mm, Shimadzu). The analyzes were performed
at 30 °C using tetrahydrofuran or chloroform as the eluent
at a flow rate of 1.0 mL min~!. Sample concentrations of
0.4 wt.% and injection volumes of 20 pL. were used. The
number-average molecular weights (M,)), weight-average
molecular weights (M,,), and dispersity index (PM, M,/
M,) were determined by a universal calibration method
using narrow dispersity polystyrene standards in the range
450-402,000 g mol~!. A typical GPC chromatogram is
shown in the Supplementary Material.

Thermal analysis

Thermal transition properties of the products were deter-
mined by Differential Scanning Calorimetry (DSC) using a
TA Q1000 calorimeter (TA Instrument). The samples were
analyzed using a heat-cool-heat procedure from 10 to 90 °C
under nitrogen flow. The heating and cooling rates were
10 °C min~". The first heating step was carried out to erase
the polymer thermal history. Then the cooling step and the
second heating were accomplished in order to determine
the crystallization temperature (T,) and the melt transition
temperature (T,,), respectively.

The thermal stability of the products was evaluated by
thermogravimetric analysis (TGA) using a Q500 thermo
analyzer (TA Instrument). Measurements were carried out
under nitrogen flow at a heating rate of 25 °C min™' from
30 to 700 °C. The temperatures at 5% mass loss (Ts¢) and a

maximum weight loss (T,,,,) were determined.

Results and discussion
Effect of temperature

Some studies observed that enzymatic polyesterification
reactions of diacids and diols with longer carbon chains pro-
duced polyesters with higher molecular weight than systems
with shorter ones (Mahapatro et al. 2003; Uyama et al. 2000;
Feder and Gross 2010; Douka et al. 2018). The tempera-
ture increase favored the synthesis of high molecular weight
polyesters in bulk reactions using N435 (Poojari et al. 2008;
Frampton et al. 2013; Douka et al. 2018). Therefore, first, the
effect of temperature (80 and 90 °C) was investigated in the
polycondensation of 1,4-BDO and the highest carbon chain
diacid evaluated in this work, sebacic acid. The molar ratio
(sebacic acid: 1,4-BDO) was equal to 1, since this ratio is
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most suitable for AA + BB enzymatic polycondensation to
obtain a high molar mass polyester (Liu et al. 2011; Linko
et al. 1995; Koltzenburg et al. 2017; Miletic et al. 2011). As
the polyesterification of these two monomers is low due to
the solubility of sebacic acid in 1,4-BDO (Liu et al. 2011),
the reaction was carried out for 96 h and the results are pre-
sented in Fig. 1.

The temperature increase enhanced (27.4%) the M, of
the polymer. A control experiment without using N435 as
biocatalyst (blank test) was also performed under the same
reaction conditions at 90 °C. Comparing the results of the
blank test with those obtained in the presence of N435, it can
be observed that the use of lipase significantly improved the
reaction between sebacic acid and 1,4-BDO.

Uyama et al. (2000) studied the effect of temperature
(50, 60, and 70 °C) on the enzymatic polymerization of 1,4-
BDO and sebacic acid using immobilized Candida antarc-
tica lipase. They observed that the polymerization at 50 °C
led to the polymer with a lower weight-average molecular
weight (My,), and lower yield compared to those obtained
at 60 or 70 °C. This finding was attributed to the higher
mobility of the substrates and the resulting polymer at a
higher temperature.

An increase in temperature improves the solubility of sub-
strates and reduces viscosity, and thus mass transfer limita-
tions. However, high temperatures and long reaction times
may cause a drop in catalytic activity due to the denaturation
process. N435 is reported to be a thermally stable lipase
and enables higher activities even at 90 °C (Kokkonen et al.
2019; Mei et al. 2002). Frampton et al. (2013) (Frampton
and Zelisko 2013) studied the effect of temperature for an
N435-catalyzed polymerization, and the authors observed
that hydrophobic long-chain substrates are conducive to pro-
tecting this lipase at higher temperatures.

10,000

8,000

6,000

M, (g mol™)

4,000

2,000

80°C

90 °C

Fig. 1 Influence of temperature (80 and 90 °C) on the number-aver-
age molecular weight (M,) of the polybutylene sebacates obtained
after 96 h of the reaction of sebacic acid and 1,4-BDO in the absence
(cross-hatch column) or presence (black column) of Novozym 435
(N435)
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Fig.2 Thermal stability of Novozym 435 after incubation at 90 °C

Table 1 Kinetic parameters of the thermal deactivation of Novozym
435

a a, k(™ kb R?

0.995+0.021  0.373+0.015 1.7 0.066+0.009  0.995

However, as the time required for enzymatic polyconden-
sation is long, the thermal stability of N435 was evaluated to
determine if the enzyme would be active during the whole
time of reaction. The residual activity was determined by
esterification of oleic acid and butanol at 45 °C, after dif-
ferent incubation times at 90 °C. The results are plotted in
Fig. 2, and the estimated parameters are shown in Table 1.

The initial esterification activity obtained for lipase N435
was 2459 U. Two serial decay kinetics of first-order were
observed; this is possible because of the two N435 forms,
labile, and resistant (Pérez-Venegas et al. 2020). In the
labile form, the residual activity rapidly decreased in the
first hours and, after 48 h, it remained almost constant at
38%, which characterizes the resistant form. The half-life of
the enzyme was calculated as 24.8 h with a high determina-
tion coefficient (R*=0.99), and this means that the model
proposed by Henley and Sadana (1985) is adequate. How-
ever, the dependence of the intrinsic kinetic parameters was
high, showing that the model becomes overparameterized,
and it cannot be consistently verified from the data. This
behavior may suggest a reversible mechanism in the first
step (Ey S E;) (Polakovi¢ and Vrabel 1996). So, in order to
solve the problem of the overparameterized equation, the
parameter k; was fixed, and this constraint allowed obtain-
ing a valid solution. Indeed, a value of k, of 1.7 h™! pro-
vided an a, parameter that describes the remained activity
equal to 0.373 +0.015, compared to the observed value of
0.38. Besides, the deactivation rate coefficient k, was close

to zero, showing that the deactivation of the second state
occurs slowly.

These results corroborate that N435 presents significant
thermal stability (Mei et al. 2002). As the use of 90 °C
yielded polyesters with higher M, and allowed the mainte-
nance of enzyme activity during the reaction time, further
experiments in this work were carried out at 90 °C.

Polycondensation of dicarboxylic acids and diols

Usually, polymerizations are carried out in two stages: a
first-stage of oligomerization, and a second-stage of polym-
erization (Liu et al. 2011; Linko et al. 1995). The first-stage
reaction is performed under atmospheric pressure, convert-
ing the monomers to oligomers. After that, the by-product
(water) removal is performed to shift the reaction equilib-
rium towards polymerization. The water removal by vacuum,
the presence of molecular sieves, or dry nitrogen flow is
essential in order to obtain a high average molar mass prod-
uct (Douka et al. 2018). However, the application of vacuum
during the early stages of the polymerization could pro-
mote the removal of volatile unreacted monomers, such as
short-chain diols and diacids, and of low-molecular-weight
oligomers, that would result in a change in the molar ratio
of the two substrates (Douka et al. 2018). Besides, water
removal by the use of a vacuum or desiccant at the begin-
ning of the reaction can promote an excessive stripping of
the essential water needed for enzyme activity (Aguieiras
et al. 2011). In this work, only the first-stage of reaction of
dicarboxylic acids and diols was studied in a bulk reaction
system.

The reactivity of diols such as ethylene glycol (EG),
1,3-propanediol (1,3-PDO), 1,4-butanediol (1,4-BDO),
2,3-butanediol (2,3-BDO), 1,6-hexanediol (1,6-HDO) and
1,8-octanediol (1,8-ODO) and of diacids such as oxalic
(C,), malonic (Cj), succinic (C,), glutaric (Cs), adipic (Cy),
azelaic (C,), and sebacic (C,,) acids was evaluated taking
into account the carbon chain length of these compounds.

The reaction medium of the enzymatic polycondensation
of the diacids and diols is heterogeneous not only due to
the presence of the immobilized enzyme, but also because
of the physical state of the reactants. All of the diacids
(oxalic, malonic, succinic, glutaric, adipic, azelaic, and
sebacic acids) are solids with melting points in the range
97-190 °C. Regarding the diols, 1,6-HDO and 1,8-ODO are
solids with melting points of 42 and 61 °C, respectively, and
EG, 1,3-PDO, 1,4-BDO, and 2,3-BDO are viscous liquids.
The presence of solvents can help to minimize this hetero-
geneity, but it makes this reaction system less sustainable
since toxic organic solvents are becoming more restricted
for many applications due to industrial, social, and environ-
mental implications. Therefore, the enzymatic polyconden-
sation reactions were carried out in the absence of solvent,
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making this procedure greener and more sustainable. As
reported in the literature (Binns et al. 1998), the reaction
medium becomes more homogeneous with time. For both
temperatures tested (80 and 90 °C), it was observed that,
during the reaction time, the low initial homogeneity of the
reaction medium decreased, as indicated by the literature
(Binns et al. 1998).

The results obtained in the reactions with and with-
out N435 are presented in Table 2. The dispersity index
(PM) for all polyesters was determined. Most oligomers
or polymers showed narrow DM between 1.20 and 1.54.
According to the results, the chain length of the diol and

the diacid did not influence the dispersity. This lower
dispersity (PM < 1.5) observed for polyesters formed by
N435-catalyzed polycondensation suggests that chain
growth occurs selectively. Thus, lipase produces oligom-
ers/polymers with more uniform chain lengths (Mahapatro
et al. 2004). On the other hand, the dispersity of polymers
obtained by chemical step-growth processes presents val-
ues greater than or equal to 2 (Mahapatro et al. 2004).

It is possible to observe that there was no relation
between product molecular weight and acid conver-
sion after 96 h reaction. Thus, in order to evaluate the

Table 2 Results obtained

i g Acid Diol Conversion® (%) bpMP pbX¢

for diacid and diol

polycondensations at 90 °C Blank Swt.% Blank S wt.% Blank S wt.%

(blank tests/with 5 wt.%

Novozym 435) in a bulk system Oxalic EG 75.7 93.9 1.03 1.22 22 3.9
1,3-PDO 44.4 45.1 1.40 1.60 8.7 10.3
2,3-BDO 81.8 59.6 1.14 1.13 Nd Nd
1,4-BDO 36.7 56.6 Nd 1.69 Nd 143

Malonic EG 89.6 89.7 1.72 1.90 3.1 2.8
1,3-PDO 90.9 91.5 1.64 1.74 5.8 7.9
2,3-BDO 75.9 843 1.11 1.03 1.7 1.3
1,4-BDO 81.9 92.4 1.44 1.75 3.2 7.7
Succinic EG 57.7 61.4 1.40 1.48 43 5.0
1,3-PDO 81.4 70.7 1.34 1.38 14.3 12.5
2,3-BDO 32.9 55.7 1.33 1.22 Nd Nd
1,4-BDO 73.7 75.3 1.60 1.68 9.2 10.2
Glutaric EG 69.5 69.4 1.27 1.95 7.2 3.6
1,3-PDO 78.5 81.4 1.78 1.65 8.2 10.6
2,3-BDO 34.2 25.8 1.44 1.40 1.8 1.5
1,4-BDO 81.4 85.0 1.34 1.25 17.9 12.7
Adipic EG 429 51.6 1.97 1.89 22 23
1,3-PDO 62.1 72.3 3.02 2.33 5.7 29
2,3-BDO 27.1 245 1.31 1.30 1.2 1.1
1,4-BDO 70.2 79.0 1.31 1.32 12.9 135
Azelaic EG 59.0 63.1 1.14 1.17 6.7 72
1,3-PDO 72.0 86.4 1.29 1.23 11.4 30.6
2,3-BDO 14.4 22.0 1.22 1.25 1.4 1.6
1,4-BDO 75.6 94.4 1.20 1.16 15.7 527
1,6-HDO 67.6 96.3 1.45 1.23 7.2 69.9
1,8-ODO 88.4 95.5 Nd 1.31 Nd 257
Sebacic EG 41.7 38.4 1.01 1.07 3.2 4.5
1,3-PDO 458 88.5 1.20 1.21 8.3 26.2
2,3-BDO 324 33.7 1.17 1.19 1.3 1.3
1,4-BDO 60.7 96.6 1.22 1.18 9.8 60.2
1,6-HDO 68.0 98.8 1.24 1.25 12.7 84.6
1,8-ODO 74.9 99.3 1.35 1.17 2.4 55.4

Nd not determined

4Carboxyl group conversion after 96 h

®Dispersity (DM =M,/M,),

“Degree of polymerization (PX=X,/X,),

Associagéo Brasiira
deEngenhariaQuinica
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polymerization reaction, the weight-average molecular
weight (M,,) was used, and these results are illustrated
in Fig. 3.

As shown in Fig. 3A, products with low M,, were
obtained in the reactions using oxalic acid. Uyama et al.
(2000) studied reactions carried out for 8 h, using sev-
eral diacids and diols and Candida antarctica lipase

(Novo Nordisk), in a bulk system, at 60 °C. The authors
observed that no product was formed when ethylene gly-
col was used in the reaction with oxalic acid, but the use
of 1,4-BDO resulted in a poly(butylene oxalate) with M,
equal to 1700 g mol~!. An oligomer with a higher M,
(2317 g mol~!) was synthesized from these monomers in

2,000

M,, (g mol™")

the present work.

Fig. 3 Weight-average molecu- 2,500

lar weight (Mw) of polyesters A

obtained by polycondensation 2,000 |

of oxalic (A), malonic (B), suc-

cinic (C), glutaric (D), adipic =

(E), azelaic (F), and sebacic E 1500

(G) acids, and the diols EG, ) V
1,3-PDO, 2,3-BDO, 1,4-BDO, < 1,000 g
1,6-HXO, and 1,8-ODO in the

absence (blank test, cross-hatch 500 L /
column) or presence (5 wt.%, %
black column) of Novozym 435 o LIZ %

B
1,500 |
| 1,000
500
77— 0 %

at 90 °C EG 1,3-PDO 2,3-BDO 1,4-BDO EG 1,3-PDO 2,3-BDO 1,4-BDO
3,000 4,000
C 3,500 |
2,500 -
3,000 |
—~ 2,000 - —
N 00 T 2,500 -
© <]
CE» 1,500 F E) 2,000 -
32 2
1,500 |
= 1000} =
1,000 |
500 |
500
0 % 7 oL ) 7 |
EG 1,3-PDO 2,3-BDO 1,4-BDO EG 1,3-PDO 2,3-BDO
3,500 20,000
3,000 + F
16,000 |-
2,500 -
‘s 2,000 | 5 12,000
€ €
2 2
Eg 1,500 | Eg 8,000
1,000 |-
4,000 |
500 |- %
LH R om .
EG 1,3-PDO 2.3-BDO EG 1,3-PDO 2,3-BDO 1,4-BDO 1,6-HDO 1,8-0DO
30,000
25,000 -
—~ 20,000 |
E
o 15000 ¢
3
= 10,000 -
5,000 |-
V
2 N7 12 .

EG 1,3-PDO 2,3-BDO 1,4-BDO 1,6-HDO 1,8-ODO

@ Springer H%EUABEQQSE




556

Brazilian Journal of Chemical Engineering (2021) 38:549-562

Regarding the polycondensation of malonic acid and
different diols (EG, 1,3-PDO, 1,4-BDO, and 2,3-BDO) in
the presence of N435 and without the biocatalyst, a sig-
nificant consumption of malonic acid was observed for
all reactions (Table 2). However, the enzymatic polycon-
densation of malonic acid occurred only in the presence
of 1,3-PDO and 1,4-BDO, producing oligomers with M,
and degree of polymerization of 1287 (bX=7.9) and 1359
(BX=7.7) g mol~!, respectively (Fig. 3B). It is important
to highlight that an odor of acetic acid was detected during
the experiments, indicating the decomposition of malonic
acid, that was also confirmed by thermogravimetric analy-
sis. Although the M, of poly(propylene malonate) was low,
this result was similar to the one reported using aluminum
chloride as catalyst (1400 g mol™") (Rowe et al. 2016).
The synthesis of poly(ethylene malonate) was studied in
the presence of immobilized Candida antarctica lipase B
(Fermase CALB™ 10,000), in solvent-free conditions using
ultrasound and poly(ethylene terephthalate) beads to adsorb
the products, carried out with ethylene glycol diacetate and
dibenzyl malonate (Tomke et al. 2017). The authors also
observed a low degree of polymerization (BX=3.9).

The experimental conditions used in this work for the
polycondensation of succinic acid and different diols
(Fig. 3C) gave a poly(propylene succinate) with M,
of 2210 g mol~! and a degree of polymerization of 12.5
(Table 2). However, similar results were achieved in the
blank test (without N.435), which could be explained by an
autocatalytic reaction. Chang and Karalis (1993) reported
that the diacid monomer acts as its own catalyst for the
esterification reaction in the absence of an externally added
strong acid. As the chain length of the diacid increases, and
consequently the difference between its first and second dis-
sociation constants decreases, the main reaction (polyesteri-
fication) gives way to the first step of reaction (monoesteri-
fication) (Vancsd-Szmercsanyi et al. 1969).

The synthesis of poly(propylene succinate) has been
studied (Debuissy et al. 2017a, b; Parcheta and Datta 2017,
2018; Parcheta et al. 2018), but only one report used an
enzyme (N435) as a catalyst in the transesterification of 1,3-
PDO and diethyl succinate in the presence of diphenyl ether
(Debuissy et al. 2017a). A product of M,, 11,200 g mol~!
was obtained at 90 °C after 72 h with 10 wt.% of N435. The
higher M,, achieved in this procedure can be related to the
higher amount of enzyme and the use of solvent.

The polycondensation of glutaric acid with EG, 1,3-
PDO and 1,4-BDO produced oligomers with M,, and
degrees of polymerization of 1270 (bX =7.2), 1558
(PX=8.2) and 3654 (bX=17.9) g mol ™!, respectively,
as seen in Fig. 3D and Table 2. Some studies reported the
production of poly(ethylene glutarate) by the interesteri-
fication of ethylene glycol diacetate and diethyl glutarate
in a solvent-free system using Candida antarctica lipase
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B (Fermase CALB™ 10,000) at 40 °C (Tomke et al. 2017,
Zhao et al. 2016). A poly(ethylene glutarate) with a X
value of 31 was achieved using a higher enzyme amount
(20% w/v) and a reaction procedure of vacuum/ultrasound/
vacuum that allowed obtaining a polymer with a higher
degree of polymerization. However, when these authors
used 5% w/v of the enzyme, the DX was equal to 3.0 (Zhao
et al. 2016). In this work, the poly(ethylene glutarate) pro-
duced without enzyme at 90 °C after 96 h presented DX
of 7.2 (M,,= 1270 g mol™1).

As observed for the other short-chain length diacids
(oxalic, malonic, succinic, and glutaric acids), N435 did
not show significant reactivity in the polycondensation
of adipic acid with the diols EG, 1,3-PDO, and 2,3-BDO
(Table 2; Fig. 3E). Binns et al. (1998) investigated the poly-
esterification between adipic acid and 1,4-BDO in a bulk
system using N435 and obtained an oligomer with M, of
2227 g mol~!. Similar results were also observed in the pre-
sent work. Mahapatro et al. (2003) studied the polyconden-
sation under vacuum between adipic acid and different diols
in a solvent-free system at 70 °C. The M, of the polyadipates
obtained from 1,4-BDO, 1,6-HDO, and 1,8-ODO after 72 h
were 5340, 8720, and 20,000 g mol~!, respectively. The
water removal by vacuum application shifted the equilib-
rium to the polymerization and enhanced the M, values of
the product.

The polycondensation of the diacids with higher carbon
chain, i.e., azelaic and sebacic acids, resulted in products
with a higher M,,. Therefore, the use of diols with a higher
carbon chain (1,6-HDO and 1,8-ODO) was also investigated
for these acids. The enzyme was effective in the polyconden-
sation of azelaic and sebacic acids, increasing the molecular
weight significantly (Fig. 3F and G).

The products of the polycondensation of azelaic acid with
EG, 1,3-PDO, 1,4-BDO, 1,6-HDO, and 1,8-ODO presented
M,, of 1680, 7546, 13718, 18346 and 8137 g mol ™!, respec-
tively (Fig. 3F). N435 provided a poly(1,6-hexanediol aze-
late) with a higher M, (18,346 g mol~") than that reported
in the literature for Candida antarctica lipase in toluene
medium at 60 °C (6860 g mol™) (Uyama et al. 2003).

The products derived from sebacic acid showed higher
M,, and DX than polyazelates. Thus, an increase of one
methyl group increased the polymerization. The polycon-
densation of sebacic acid with EG, 1,3-PDO, 1,4-BDO,
1,6-HDO, and 1,8-ODO resulted in products with M,, of
1117, 6827, 16,504, 27,121 and 18,311 g mol ™!, respec-
tively (Fig. 3G). For azelaic and sebacic acids, the maxi-
mum value of M,, was found using 1,6-HDO, suggesting that
1,8-ODO is too large to access the active site (Yeniad et al.
2010). Feder and Gross (2010) also observed that oligom-
ers obtained in the polyesterification of sebacic acid with
1,6-HDO had higher M,, than those obtained with 1,8-ODO,
after 120 h.
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The influence of the length of diacids and diols on the
polycondensation in the presence of N435 was already
reported in the literature (Pellis et al. 2016; Mahapatro
et al. 2003; Feder and Gross 2010; Uyama et al. 1998, 2000;
Debuissy et al. 2017c¢), indicating that the monomers with
longer chain lengths are more reactive than shorter ones.
The catalytic properties of enzymes are influenced by the
compatibility and the access of reactants to the active site
(Kokkonen et al. 2019). The active site of lipases has dis-
tinct binding sites for the alcohol and acid portion of esters
(Bornscheuer and Kazlauska 2006). The scissile fatty acid
binding site of CalB is relatively short (C13) and has a small
hydrophobic area located at the wall of the funnel-like bind-
ing site (Pleiss et al. 1998). The number 13 indicates the
length of the longest fatty acid that completely binds inside
the binding pocket (Bornscheuer and Kazlauska 2006). The
alcohol binding site is similar in all lipases. Therefore, in
esterification experiments, the ratio of specificity constants
depends on the fatty acid moiety rather than the chemical
structure of the alcohol (Pleiss et al. 1998).

The acidity of the diacids can lead to irreversible inacti-
vation of N435, decreasing the enzyme activity due to the
protonation of catalytically or structurally important residues
within CalB (Hollmann et al. 2009). However, Mahapatro
et al. (2003) did not observe this effect in enzymatic polym-
erization. They determined the percent activity remaining
after 48 h of bulk polymerization of 1,8-octanediol with
succinic (80%), glutaric (78%), or sebacic acids (79%). The
percent activity was also evaluated after 48 h of reaction of
adipic acid with 1,4-BDO (78%), 1,6-HDO (79%), and 1,8-
ODO (79%). As the values of percent activity were similar,
they concluded that the large differences observed in reac-
tion rate as a function of the diol and diacid chain length
were not due to differences in lipase activity retained during
the reaction. There was no substantial change in the percent
retention of enzyme activity due to the monomer structures
used.

The correlation of the hydrophobicity and the reactivity
for polymerization of the reactants in the presence of N435
was evaluated to better understand the performance of the
biocatalyst in the polymerization of diacids and diols. The
octanol/water partition coefficient (K, ), used to character-
ize the hydrophobicity/polarity of compounds, is defined as
the ratio of the concentrations of a substance partitioning
between octanol and water (Sangster 1989). The values of
log K, or logP for many compounds are available in the
literature or can be calculated using various computer pro-
grams. Figure 4 shows the logP values for the monomers
used in this work.

According to the results shown in Figs. 3 and 4, the reac-
tions using diacids with longer and more hydrophobic car-
bon chains such as azelaic acid (logP=1.60) and sebacic
acid (logP =2.27) were enzymatically catalyzed. In contrast,
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Fig.4 Plot of log P values with the number of carbon atoms for
oxalic, malonic, succinic, glutaric, adipic, azelaic, and sebacic acids
(open triangles), and the diols EG, 1,3-PDO, 1,4-BDO,1,6-HDO, and
1,8-ODO (closed circles)

for acids with 6 or fewer carbon atoms that are less hydro-
phobic, no significant catalytic effect was noted. As shown
before (Fig. 3; Table 2), sebacic acid produced polymers
with M, and DX higher than those of azelaic acid, indicating
that the higher hydrophobicity of sebacic acid contributed to
favor the polycondensation. According to Li et al. (2008),
diacids with a shorter chain length had higher hydrophilic-
ity, hampering their diffusion into the hydrophobic active
site of the enzyme. Concerning the diols, the polarity of
the acids seems to be more important than that of the diols.
The presence of EG, which is the least hydrophobic diol
(logP=— 1.69), restricted the polyester production. As the
diol carbon chain increased (from 1,3-PDO to 1,6-HDO),
the M, and the DX of the products also increased, prob-
ably because the hydrophobicity of the diols also increased.
When the reaction was carried out in the presence of 1,8-
ODO, the degree of polymerization decreased, despite its
higher hydrophobicity, probably due to steric hindrance
(Bornscheuer and Kazlauska 2006).

For all polymerizations of 2,3-BDO (Fig. 3; Table 2) and
the dicarboxylic acids (oxalic, malonic, succinic, glutaric,
adipic, azelaic, and sebacic acids), the polyesters produced
did not present an M, above 412 g mol™!, indicating that the
access to vicinal hydroxyl groups is hampered by steric hin-
drance. Uyama et al. (2000) studied the synthesis of aliphatic
polyesters by polycondensation in a solvent-free system
using N435 at 60 °C for 8 h. The authors tested diols with
secondary hydroxyl groups (1,2-propanediol, 1,3-butanediol,
and 2,4-pentanediol), and only 1,3-butanediol was polymer-
ized with sebacic acid, resulting in a product with a molar
mass of 6400 g mol™'. It is also important to consider that
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the reactivity of secondary hydroxyl groups is low, and that
N435 is more selective for primary hydroxyl groups (Yoon
et al. 2012). Even though N435 can form ester bonds with
secondary hydroxyl groups (Gustini et al. 2015; Yoon et al.
2012), products with low molecular weight are reported in
the literature (Debuissy et al. 2017c; Yoon et al. 2012; Jiang
et al. 2015).

Given that the highest M,, and DP values were found for
polyazelates and polysebacates, only these polyesters were
analyzed by TGA and DSC in order to compare their main
characteristics.

Thermal properties of the products

The thermal stability and the melting process are essential
characteristics of polyesters since these properties indicate
the performance of the polymers during processing (Par-
cheta and Datta, 2017), applicability (Vouyiouka et al.
2013), and biodegradation (Laplaza et al. 2014).

Figure 5 shows the thermogravimetric profiles, and
Table 3 summarizes the melting (T,,) and crystallization
(T,) temperatures of polyazelates and polysebacates. The
T,, and the T, are directly related to the lengths of the diol
and diacid carbon chains, indicating an increase in crystal-
lizability. This behavior was described in the literature con-
cerning the carbon-chain of diacids (Lu et al. 2017; Kong
et al. 2014; Jiang et al. 2015; Vouyiouka et al. 2013; Pellis
et al. 2018; Kanelli et al. 2014) and diols (Pellis et al. 2018;
Celli et al. 2007; Yu et al. 2018).

Different characteristics of the carbon-chain of diac-
ids and diols influence the melting process of a polymer.
Polymers with longer carbon-chain diacids and diols are
expected to be more flexible and more promptly crystal-
lized, resulting in a decrease of the melting temperature (Lu
et al. 2017; Kong et al. 2014; Vouyiouka et al. 2013; Pellis
et al. 2018; Kanelli et al. 2014). The conformation of the
carbon-chain is also important. For example, long aliphatic-
chain entanglements in the molten state increase the viscos-
ity and decrease the chain mobility, increasing the melting
temperature (Celli et al. 2007). An odd carbon-chain in the
polymer can affect the crystal packing because of the distor-
tion of the chain, lowering the melting temperature (Kong
et al. 2014; Papageorgiou et al. 2011; Celli et al. 2007). It is
called the even—odd effect on crystal packing. The density
of ester groups is also mentioned as a factor that impacts the
melting process (Vouyiouka et al. 2013; Kanelli et al. 2014;
Celli et al. 2007). These groups act as defects along the
polyester structure that difficult the folding and the crystal
perfection. Consequently, when the distance between ester
groups increases and the density of defects decreases, the
melting temperature increases.

As can be seen in Fig. 6, poly(butylene azelate) showed
two melting points. Multiple melting points for polyesters
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Fig.5 DTGA thermograms of mass loss. A PBAz poly(butylene aze-
late), PHAz poly(hexylene azelate), POAz poly(octylene azelate); B
PBSe poly(butylene sebacate), PHSe poly(hexylene sebacate), POSe
poly(octylene sebacate)

are reported in the literature (Kong et al. 2014; Wang et al.
2000; Marand et al. 2000; Sun and Woo 1999; Soccio et al.
2007; Yasuniwa and Satou 2002; Yoo and Im 1999; Li
et al. 2008). The presence of multiple melting points can
be related to two different processes: the melting of mul-
timodal distributions of crystals with different stability
(Marand et al. 2000; Hsiao et al. 1993) and melting-recrys-
tallization-remelting (Blundell 1987; Rim and Runt 1984).
The melt-crystallization mechanism differs from melt-
recrystallization, and the melt crystallization rate depends
somewhat on the melt-recrystallization rate since both are
based on the mobility of the molecular chains (Yoo and Im
1999). Besides, the structure of a semicrystalline polymer
can reorganize itself during the heating of the calorimetric is
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Table 3 Thermal transitions and weight loss temperatures of polyes-
ters derived from azelaic and sebacic acids

Polymers T, (°C)* T,, (°CC)° Tsq (°C)° T, CO°
PBAz 23 40/44 375 404
PHAz 35 52 384 408
POAz 40 56 380 409
PBSe 45 60 381 409
PHSe 50 66 382 409
POSe 55 69 383 409

PBAz poly(butylene azelate), PHAz poly(hexylene azelate), POAz
poly(octylene azelate), PBSe poly(butylene sebacate), PHSe
poly(hexylene sebacate), POSe poly(octylene sebacate)

Crystalization temperature (cooling run)
®Melting temperature (second heating run)
“Temperature of 5% weigth loss

dTemperature of maximum weight loss

10 20 30 40 50 60 70 80 90
Temperature (°C)

Fig.6 DSC thermograms of the second heating showing the melting
temperatures. A PBAz poly(butylene azelate), PHAz poly(hexylene
azelate), POAz poly(octylene azelate); B PBSe poly(butylene seba-
cate), PHSe poly(hexylene sebacate), POSe poly(octylene sebacate)

measurement, hampering the identification of the reorgani-
zation processes observed in multiple melting (Melnikov
et al. 2018).

Poly(butylene azelate) was synthesized in a two-stage
melt polycondensation method (esterification and poly-
condensation) using titanium tetrabutoxide as a catalyst
(Mincheva et al. 2013; Vouyiouka et al. 2013; Arandia et al.
2015; Diaz et al. 2014). This polymer is reported in the lit-
erature as presenting only one melting point, different from
the poly(butylene azelate) produced with N435, indicating
that it has a different structure.

The thermal stability of polymers is important because it
can limit their application. So, the thermal stability of polya-
zelates and polysebacates was evaluated using the tempera-
tures where the 5% (Ts¢) and maximum (T,,,) weight loss
occur. Most of the polymers studied presented Tsq, and T,
around 380 and 409 °C, respectively, while poly(butylene
azelate) showed slightly lower temperatures (Tsq =375
and T,,, =404 °C). No clear relation between the thermal
decomposition temperatures and the diacid or diol length
was observed, as reported by Vouyiouka et al. (2013). These
aliphatic polyesters present high weight-loss temperatures.

Conclusions

Novozym®435 efficiently catalyzed the polycondensation
of dicarboxylic acids and diols in a solvent-free system,
especially at 90 °C. The N435 thermal stability was inves-
tigated, and the excellent agreement between experimen-
tal data and the series-type enzyme deactivation model
validated its use in the measurement of residual activ-
ity (R>=0.995). Besides, it was observed that 38% of the
immobilized enzyme activity remained after 96 h at the reac-
tion temperature. Concerning the monomer chain length, it
was observed that this considerably affected the reaction.
The final products of reactions conducted with diacids of
2, 3,4,5, and 6 carbon atoms had lower weight-average
molecular weights (4000 g mol~!) than polyesters derived
from acids with higher carbon chain length (azelaic, C9,
and sebacic, C10, acids). The biocatalyst played an essen-
tial role in the reactions using these diacids (azelaic and
sebacic acids) and diols (1,4-butanediol, 1,6-hexanediol, and
1,8-octanediol), remarkably increasing the M,, values, show-
ing that enzymatic catalysis is favored in the presence of
substrates with longer carbon chains. Polymers with higher
M, (27,121 g mol~!) were obtained using 5 wt.% of N435
after 96 h reaction using a simple, environmentally-friendly
process. The thermal stabilities of the polyazelate and poly-
sebacate products are quite comparable, all samples being
practically stable up to 380 °C, which indicates high thermal
stability and a high degree of polymerization.
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