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Abstract

Poly(ethylene terephthalate) (PET) is a synthetic polymer widely used globally. The high PET resistance to biotic degrada-
tion and its improper destination result in the accumulation of this plastic in the environment, largely affecting terrestrial and
aquatic animals. This work investigated post-consumer PET (PC-PET) degradation using five commercial hydrolase enzymes
(Novozym 51032, CalB, Palatase, Eversa, Lipozyme TL). Humicola insolens cutinase (HiC, Novozym 51032) was the most
active among the enzymes studied. Several important reaction parameters (enzyme type, dual enzyme system, enzyme
concentration, temperature, ultrasound treatment) were evaluated in PC-PET hydrolysis using HiC. The concentration and
the proportion (molar ratio) of hydrolysis products, terephthalic acid (TPA), mono(2-hydroxyethyl) terephthalate (MHET),
and bis(2-hydroxyethyl) terephthalate (BHET), were significantly changed depending on the reaction temperature. The TPA
released at 70 °C was 3.65-fold higher than at 50 °C. At higher temperatures, the conversion of MHET into TPA was favored.
The enzymatic PET hydrolysis by HiC was very sensitive to the enzyme concentration, indicating that it strongly adsorbs on
the polymer surface. The concentration of TPA, MHET, and BHET increased as the enzyme concentration increased, and
a maximum was achieved using 40-50 vol % of HiC. The presented results add relevant data to optimizing enzyme-based
PET recycling technologies.
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Poly(ethylene terephthalate) (PET), a synthetic aromatic
polyester composed of ethylene glycol and terephthalic acid,

. is one of the most consumed plastics in the world (Crawford
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and Quinn 2017). PET shows several uses, such as bottles for
beverages, medical materials, films, clothing, and technical
textiles. The outstanding properties of PET, such as high
strength, low weight, low permeability of gases, and chemi-
cal resistance, make PET an excellent packaging material
(Crawford and Quinn 2017).

The increasing production of PET and its durability cause
negative environmental and economic impacts due to the
accumulation of this highly persistent material in aquatic
and terrestrial ecosystems (Taniguchi et al. 2019). Therefore,
there is a growing effort to find polymer degradation and
recycling technologies.

Plastic recycling can be performed using different
approaches, including thermal, mechanical, and chemical
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(Abdelaal et al. 2008; Geyer et al. 2016; Paszun and Spychaj
1997; Sinha et al. 2008). Only the chemical route converts
PET to its original raw materials, which can then be reused,
addressing a circular economy philosophy. However, high
energy-consuming processes are carried out under severe
temperature and pH conditions due to the polymer's high
resistance to many chemicals.

Alternative environmentally friendly strategies for PET
recycling have been evaluated, including microbial enzymes
and microorganisms. The enzymes involved in PET degra-
dation are mainly hydrolases like cutinases (EC 3.1.1.74),
lipases (EC 3.1.1.3), carboxylesterases (EC 3.1.1.1), and
PET hydrolase (PETase—EC 3.1.1.101) (Kawai et al. 2019;
Danso et al. 2018; Castro et al. 2017). Compared to conven-
tional chemical hydrolysis of polyester, enzymatic depolym-
erization with hydrolases leads to fewer side products and
higher purity of the monomers for following re-polymeriza-
tion processes (Castro et al. 2017).

Therefore, hydrolases are an environmentally friendly
alternative due to the high specificity and efficiency of
enzymes, which work under mild conditions with low energy
input. These enzymes catalyze the hydrolysis of PET, releas-
ing terephthalic acid (TPA), ethylene glycol (EG), and prod-
ucts of higher molecular weight, mainly mono(2-hydrox-
yethyl) terephthalate (MHET) and bis(2-hydroxyethyl)
terephthalate (BHET) (Acero et al. 2011).

However, PET is a non-natural substrate for enzymatic
reactions. The biodepolymerization decreases with the
increase of the content of aromatic constituents on the poly-
mer, as occurs in PET (Miiller 2006). The performance of
hydrolytic enzymes over the PET surface increases as the
reaction temperatures are closer to the polymer's glass transi-
tion temperature (7,) and decreases with the increase of its
crystallinity. Most enzymes preferentially attack amorphous
rather than crystalline regions of a polymer, where its chain
mobility is less restricted than in highly crystallized areas.
The mobility of the polymer chain increases above the 7. At
temperatures above the 7, the amorphous parts of the poly-
mer become flexible and more accessible to an enzymatic
attack, which supports the search for thermostable enzymes
(Kawai et al. 2019). Enzymatic PET hydrolysis increases
with temperature, because there is a higher probability of
surface chains leaving the polymer structure and temporarily
forming a kind of loop that can penetrate the enzyme's active
site near its glass transition temperature (Biundo et al. 2018;
Fecker et al. 2018; Muller 2006).

Enzymatic depolymerization is influenced not only by
the polymer's chemical structure and physical properties
(Miiller 2006; Urbanek et al. 2020) but also by an ade-
quate interaction of the enzyme with the substrate at the
solid-liquid interface (Biundo et al. 2018; Wei et al. 2016).
The accessibility of the active site is a crucial parameter
that enables the biodegradability of PET (Biundo et al.
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2018; Fecker et al. 2018). Cutinases display a shallow,
wide-open active site on the enzyme surface, allowing
hydrolysis of water-insoluble hydrophobic polyesters. On
the other hand, lipases and esterases contain the active
site in a tunnel-forming structure, leading to vertical-type
hydrolysis (Biundo et al. 2018). Only cutinases have been
reported to degrade the inner block of PET films, although
surface modification of PET is possible with lipases, ester-
ases, and cutinases (Kawai et al. 2019).

It is still challenging to understand the hydrolysis of PET
catalyzed by enzymes. Research into enzyme type and reac-
tion conditions is crucial to improving the competitiveness
of this route. Some pretreatments, like the application of
ultrasound (Pellis et al. 2016) or the pre-incubation of PET
film with anionic surfactants (Furukawa et al. 2018), have
been investigated with the aim of improving PET depolym-
erization. Ultrasound is an emerging sustainable technology
that meets the principles of green chemistry and enhances
the rate of several processes (Chatel 2018; Cérdova et al.
2022; Hoo et al. 2022). Ultrasound has been shown to
improve the efficiency of the biocatalysts by modifying the
structure of the enzyme and the substrate or by increasing
the substrate mass transfer rate in the reaction system (Cor-
dova et al. 2022). The intense physical forces such as shear
forces, shock waves, turbulence, and microjets caused by the
mechanical effects of ultrasound intensify the mass trans-
fer, decrease the diffusion barrier, and contribute to modi-
fying substrate structure (Hoo et al. 2022; Vartolomei et al.
2022). Acoustic cavitation may also produce enzyme struc-
ture modifications with a higher exposure of the active site,
which becomes more accessible to the substrate, facilitat-
ing enzyme—substrate interaction, decreasing the activation
energy, and increasing the rate of hydrolysis (Cérdova et al.
2022). Increasing the monomer yield while reducing the
reaction time is necessary to improve the enzyme recycling
process. In the present work, several PET enzymatic hydrol-
ysis reaction parameters were investigated to contribute to
the enhancement of the post-consumer PET (PC-PET) depo-
lymerization processes. Previously, our group investigated
the effect of some variables during enzymatic hydrolysis of
a different post-consumer PET sample assorted from a sup-
plier (Castro et al. 2019; Eugenio et al. 2021, 2022a). Here,
the investigation of the comparative performance of varying
enzyme sources (among lipases and cutinase), the simultane-
ous use of different hydrolases (dual enzyme system), the use
of ultrasound energy, the reaction temperature, the enzyme
concentration, and the reaction time on depolymerization of
PET sample obtained from post-consumer non-carbonated
mineral water bottles were studied, thus adding knowledge
to the results, we have previously reported (Carniel et al.
2017; Castro et al. 2017, 2018, 2019; Malafatti-Picca et al.
2019; Eugenio et al. 2021, 2022a).
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Materials and methods
Chemicals

Terephthalic acid (TPA, 98% purity) and bis-(2-hydroxye-
thyl) terephthalate (BHET, 99.8% purity) were purchased
from Sigma-Aldrich. Mono-(2-hydroxyethyl) terephthalate
(MHET) was synthesized through the enzymatic hydrolysis
of bis-(2-hydroxyethyl) terephthalate by our group (Eugenio
et al. 2022b).

PET samples were obtained from post-consumer
non-carbonated mineral water bottles (Crystal® brand).
The post-consumer PET (PC-PET) presents an intrin-
sic viscosity of 0.7453 +0.0032 dl g~!, molar mass equal
to 42,737 +288 g mol~!, a polymerization degree of
222.4 + 1.5, and crystallinity of 36.6+0.5% (Castro et al.
2017).

Enzymes

Novozymes kindly provided liquid preparations of Can-
dida antarctica lipase B (CalB, Lipozyme® CALB L), Rhi-
zomucor miehei lipase (RmL, Palatase® 20000L), Candida
antarctica lipase (CaL, Eversa® transform), Thermomyces
lanuginosus lipase (TIL, Lipozyme® TL) and Humicola
insolens cutinase (HiC, product Novozym® 51032, listed as
a lipase by the supplier). The protein concentrations of CalB,
RmL, CaL, TIL, and HiC were determined according to the
Bradford method (Bradford 1976), and the obtained results
were 11.2,3.9,25.6,21.4,and 11.2 mg mL~!, respectively.

PET hydrolysis

Before the hydrolysis reaction, PET squares of approxi-
mately 0.5 cm with 0.1 mm thickness were washed with
detergent, subsequently with distilled water, and finally
with a mixture of water and ethanol (1:1 volume ratio)
for 10 min using orbital stirring (200 rpm) and then dried
using the Moisture analyzer (Mettler HB43-S) at 105 °C.
The reactions were carried out in two different reactors: a
50-mL batch reactor stirred in an orbital shaker-incubator
(Tecnal TE-420) and a 10-mL reactor with magnetic stir-
ring (EasyMax 102 Reactor, Mettler Toledo). The effects
of reaction temperature (50-70 °C) and enzyme concen-
tration (3.2-80% v/v) on enzymatic PET hydrolysis were
investigated using the EasyMax reaction system with mag-
netic stirring (800 rpm) since the maximum temperature of
the orbital shaker incubator is 55 °C. The reaction medium
(5 mL) consisted of a mixture of the commercial enzyme
diluted in phosphate buffer 0.1 mol L™' (0.086 M Na,HPO,
and 0.014 M KH,PO, at pH=8.0), PET (5 g L™ PET) and

sodium azide (0.2% wt/v). Control experiments (without
biocatalyst) were performed at 70 °C (blank test) at the same
reaction conditions. A standard deviation of 15% was found
when triplicates were analyzed, considered acceptable, given
the heterogeneity of the reaction medium.

The ultrasound energy was also used to treat the reac-
tion medium using an ultrasound water bath (Branson 2510,
heating power 245 W, 230 V, 42 kHz, Branson Ultrasonics
Corporation). Sonication treatment of the reaction medium
(3.2 vol% HiC; 5 g L™! PET; phosphate buffer 0.1 mol L™
pH=28.0) was performed at different times (0, 10, 20, and
30 min). The reaction further proceeded in an orbital shaker-
incubator, at 50 °C, for 7 days. In another experiment, the
reaction medium in the absence of biocatalyst (5 g L™!
PET; phosphate buffer 0.1 mol L™ pH=8.0) underwent
ultrasound treatment for 30 min. After, the biocatalyst was
added to the medium, and the reaction was carried out at
50 °C for 7 days.

Quantification of the enzymatic hydrolysis products

The concentrations of TPA, MHET, and BHET formed dur-
ing PET hydrolysis were determined by high-performance
liquid chromatography (HPLC). Aliquots of the reaction
medium were mixed with ice-cold methanol for protein
precipitation. Then, the suspension was filtered through
a 0.45 pm PTFE filter membrane. TPA, MHET, and
BHET were quantified by HPLC using a chromatograph
(Waters) equipped with a binary HPLC Pump (1525 model,
Waters), a UV/Visible detector (2489 model, Waters), and
an Eclipse Plus C18 column (Agilent Technologies) of
4.6 mm X 250 mm and 5 pm particle diameter. The col-
umn temperature was maintained at 30 °C, and an acetoni-
trile/0.05% formic acid gradient was used as a mobile phase
(0.5 mL min~"). Detection was done at 254 nm. The TPA,
MHET, and BHET concentrations were determined based
on standard curves in a concentration range from 1 up to
100 mg L~! using methanol as solvent.

Results and discussion
Effects of enzyme type on PET depolymerization

Enzymes involved in PET degradation are mainly hydro-
lases. Various hydrolases, such as cutinases, lipases, car-
boxylesterases, and esterases, have been shown to degrade
PET to different extents (Joo et al. 2018). Some of them
are PET surface-modifying enzymes and do not degrade
the building blocks of PET; they only hydrolyze the surface
polymer chain. PET depolymerization requires substan-
tial degradation of the building blocks of PET, and only a
limited number of cutinases have been recognized as PET
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hydrolases (Kawai et al. 2019). This work tested five widely
used commercial hydrolases, four lipases (CalB, RmL,
CaL, TIL), and one cutinase (HiC) in PET depolymeriza-
tion. These enzymes are active against ester bonds. The
PET hydrolysis reactions were carried out for 7 days at 50
°C. The reaction time was chosen considering the previous
results of the group (Castro et al. 2019; Eugenio et al. 2021,
2022a) and reported works (Ronkvist et al. 2009; Miiller
et al. 2005). According to the results in Fig. 1, the cutinase
HiC and the lipases CaL. and RmL could hydrolyze PET into
TPA, MHET, or BHET. HiC enzyme was the most active at
50 °C, and TPA was the predominant product. CalB and TIL
were not active under the experimental conditions tested.

Previously, our group used a dual enzyme system, which
consisted of HiC and CalB as biocatalysts in depolymerizing
post-consumer PET in a one-pot approach (using the mixture
of two enzymes simultaneously) or in a process in which the
enzymes were employed sequentially (Castro et al. 2017;
Carniel et al. 2017). It was observed that this dual enzyme
system could favor the degradation of PET, because CalB
presented a good activity for BHET and MHET hydroly-
sis to TPA, favoring the PET hydrolyzing activity of HiC.
However, only some proportions of these enzymes were
evaluated, and a more detailed investigation was needed to
optimize this process.

Therefore, the PC-PET hydrolysis using this approach
was further investigated using a mixture of HiC and
CalB in different proportions at 50 °C (Fig. 2). As can
be observed in Fig. 2, the use of a mix of HiC (87.5%)
and CalB (12.5%) enhanced TPA concentration by 1.13-
fold, which can be attributed to a higher specificity of
CalB to catalyze the hydrolysis of MHET, as also seen in
the previous investigation (Castro et al. 2017). However,
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Fig.1 Depolymerization of post-consumer PET using different
enzymes: Humicola insolens cutinase (HiC), Candida antarctica
lipase (Cal), and Rhizomucor miehei lipase (RmL). Experimen-
tal conditions: 5 g L™! PET; 50 vol% biocatalyst; phosphate buffer
(pH=28.0, 0.1 mol L_l); 200 rpm; 50 °C; 7 days
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Fig.2 Influence of the use of a dual enzyme system on post-con-
sumer PET depolymerization. Experimental conditions: Humicola
insolens cutinase (HiC) and Candida antarctica lipase B (CalB);
3.2 vol% biocatalyst (total amount); 5 g L~! PET; phosphate buffer
(pH=8.0 and 0.1 mol L_]); 200 rpm; 50 °C; 7 days. Error bars indi-
cate the standard deviations of triplicate measurements

CalB proportions higher than 12.5% resulted in a more
evident decrease in TPA concentration, while for MHET
concentration, a slighter effect was noted. The reduction of
TPA concentration is related to the lower amount of HiC
present in the reaction medium. TPA/MHET molar ratio,
when only HiC was used, was equal to 1.9. On the other
hand, when only CalB was used, the TPA/MHET molar
ratio was equivalent to 6.7, confirming the ability of CalB
to hydrolyze MHET. When different amounts of CalB and
HiC were used, the TPA/MHET molar ratio was around
1.9, indicating that the presence of the CalB enzyme did
not improve MHET hydrolysis in this reaction system at
50 °C.

The improvement of the presence of CalB in the PET
depolymerization using HiC cutinase was reported in the
literature for other PET sources and under distinct experi-
mental conditions (Castro et al. 2017) to a different extent
from what was found in this work. The best result reported
by the authors was obtained using a PET sample that was
pretreated with ethylene glycol for 22 h at 37 °C before
the hydrolysis reaction. Castro et al. (2017) studied the
synergy between these enzymes over five industrial PET
resins and two post-consumer PET samples. The authors
observed that the combined use of the two enzymes
increased TPA and MHET concentrations substantially
only when the PET bottle was used after 14 days of reac-
tion, and at the end of the test with amorphous PET, at
60 °C.

As a dual enzyme system only yielded a marginal
increase of post-consumer PET hydrolysis in a narrow
range of CALB content at 50 °C, further experiments
in this work were carried out using HiC solely as a
biocatalyst.
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Effects of PET pretreatment in an ultrasound reactor

Ultrasound technology has been used to improve several
enzymatic processes. The main outcome of these processes
is the enhancement of mass transfer, which facilitates rea-
gents' movement to the active site of the enzyme and the
reaction products to the medium, increasing catalytic effi-
ciency (Cordova et al. 2022; Gongalves et al. 2015; Varto-
lomei et al. 2022; Wang et al. 2011). Ultrasound energy is
also known to reduce the activation energy and enthalpy of
enzymatic reactions. On the other hand, enzymes can be
activated or inactivated by ultrasound irradiation. Shock
waves released from cavitation bubbles can alter the native
structure of the enzyme caused by breaking hydrogen bonds
and van der Waals interactions (Pellis et al. 2016). High-
power ultrasound may result in enzyme denaturation. A low-
intensity, short-duration ultrasonic treatment is more likely
to enhance enzyme activity, while prolonged exposure may
lead to a loss of stability and a decrease in enzyme activity
(Vartolomei et al. 2022).

The influence of pretreatment in an ultrasound reactor on
the PET's depolymerization using HiC was studied using
two experiments. Firstly, one investigation was carried out
to investigate if sonication in the absence of the enzyme
could improve the polymer segment's mobility in the crys-
talline phase of the PET. The mixture of PET and buffer
was submitted to ultrasound for 30 min, and after that, the
enzyme was added. However, no improvement in results
was observed. In another experiment, the reaction medium
(PET + enzyme + buffer) underwent treatment during 0, 10,
20, and 30 min. According to the results shown in Fig. 3,
after 7 days, no significant differences were observed for the
concentration of TPA, MHET, and BHET, which indicates
that cavitation benefits were not noted. On the other hand,
there was no evidence of enzyme deactivation, which sug-
gests that HiC was not affected by the collapse of bubbles.
The molar fractions of TPA (0.66), MHET (0.32), and BHET
(0.02) did not change after sonication in any experiment.

Pellis et al. (2016) studied the enzymatic hydrolysis of
PET in the presence of recombinant Thermobifida cellulosi-
Iytica cutinase 1 (Thc_cutl) using ultrasound. The applica-
tion of ultrasound for a short time (10 min) enhanced the
enzymatic hydrolysis by 8% of crystalline PET powder.
The sonication led to a 5.2-fold increase in TPA, and a 6.6-
fold increase of MHET released compared to the enzyme
treatment alone after 24 h. When a 28% crystalline PET
powder was used, the positive effect (2.9-fold increase in
the released TPA) of ultrasound energy (30 min) on the
enzymatic activity was lower than that observed with 8%
crystalline PET powder. The effect of sonication using PET
film was also investigated. They noticed that the ultrasound
treatment (10 min) enhanced by 1.2-fold the TPA released in
the hydrolysis of PET films with a crystallinity of 7% after
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Fig. 3 Influence of sonication on post-consumer PET depolymeriza-
tion in the presence of Humicola insolens cutinase (HiC). Experimen-
tal conditions: 3.2 vol% biocatalyst; 5 g L™' PET; phosphate buffer
(pH=28.0 and 0.1 mol L™1; 200 rpm; 50 °C; 7 days. Sonication was
applied for 10, 20, and 30 min in the enzyme's presence and 30 min
before adding the biocatalyst

72 h of reaction. Longer sonication times (30 and 60 min)
led to partial inactivation of the biocatalyst due to cavita-
tion's mechanical and chemical effects during ultrasound
treatment. The authors concluded that ultrasound energy
affects the biocatalyst stability and activity, and its impact
is reduced when using substrates with a less available sur-
face (film vs. powder). Therefore, the results observed in
this work with 36.6% crystallinity PET film agree with those
followed by Pellis et al. (2016).

Influence of reaction temperature on PET
depolymerization

The temperature of the enzyme-catalyzed hydrolysis of
polyesters is critical because both enzymatic activity and
polymer chain mobility are directly affected by temperature.

The T, value of PET is approximately 80 °C, but it is
lowered in the water, resulting in increased chain mobil-
ity (Kawai et al. 2019). Water molecules enter between the
polymer chains in a swelling effect, weakening hydrogen
bonds, and randomizing polymer chains, thus increasing
polymer chain flexibility and their accessibility to enzymes
(Kawai et al. 2019). Therefore, higher reaction temperatures
are expected to result in faster rates of PET enzymatic depo-
lymerization in an aqueous solution. However, the thermal
denaturation of the enzyme must also be considered. Thus,
the enzyme must be thermostable for efficient enzymatic
depolymerization of PET.

Our group (Eugenio et al. 2021) has already tested the
enzymatic hydrolysis of PET at temperatures higher than
70 °C. However, the best observed temperature was 70 °C.
For this reason, in the PC-PET experiments, we only
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evaluated temperatures of 50, 60, and 70 °C. As shown in
Fig. 4, the PET hydrolysis increased as the reaction tem-
perature increased. The TPA released at 70 °C is 3.65-fold
higher than at 50 °C. These results indicate the high thermal
stability of HiC, as our group had already observed (Eugenio
et al. 2021). The HiC cutinase is a thermostable enzyme,
showing significant activity even at 85 °C (Eugenio et al.
2021; Baker et al. 2012).

The degradation temperature must be high enough to
increase the chain mobility of the polymer. This behavior
was observed in this work as the 7}, of the PET sample is
78 °C, and PET depolymerization was more effective at
70 °C. Ronkvist et al. (2009) also studied the hydrolysis of a
low crystallinity (7.0 £0.5%) PET using HiC. They reported
that the hydrolysis activity sharply increased at temperatures
above 65 °C. Weinberger et al. (2017) also observed a signif-
icant increase in the hydrolysis of amorphous poly(ethylene
2,5-furanoate) (PEF) films using HiC when the reaction tem-
perature increased from 50 to 65 °C.

It is interesting to highlight that the reaction tempera-
ture affects the concentration of degradation products and
their molar ratios. The conversion of MHET into TPA is
favored by reaction temperature increase (Fig. 5). A blank
test (without biocatalyst) was also carried out at 70 °C, and
the TPA, MHET, and BHET concentrations were negligible
for 7 days.

Influence of enzyme concentration and reaction
time on PET depolymerization

The effects of HiC concentration on the depolymerization
of PET were studied at 70 °C, and the results are illus-
trated in Figs. 6 and 7. The concentration of degradation
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Fig.4 Influence of reaction temperature (50, 60, 70 °C) on post-
consumer PET depolymerization in the presence of Humicola inso-
lens cutinase (HiC). Experimental conditions: 3.2 vol% biocatalyst;
5 g L™! PET; phosphate buffer (pH=28.0 and 0.1 mol L™'); 800 rpm;
7 days
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Fig.5 Influence of reaction temperature (50, 60, 70 °C) on post-con-
sumer PET depolymerization in the presence of Humicola insolens
cutinase (HiC) using the molar fraction of the degradation products.
Experimental conditions: 3.2 vol% biocatalyst; 5 g L' PET; phos-
phate buffer (pH=8.0 and 0.1 mol L™"); 800 rpm; 7 days

products increased as the enzyme concentration increased,
and a maximum was achieved at around 40-50 vol %. After
that, the hydrolysis decreased. The effect of the biocatalyst
(HiC) concentration on the hydrolysis of the PC-PET was
also studied by Eugenio et al. (2021). The authors observed
that the initial rate of enzymatic PC-PET depolymerization
increased to a maximum value with the concentration of
HiC, followed by a gradual decrease, indicating that the
adsorption with hydrophobic domains present on the enzyme
surface impacts PC-PET hydrolysis.

Mukai et al. (1993) studied the kinetics and mechanism
of enzymatic degradation on the surface of a polyhydroxy-
alkanoate (PHA) film using three types of extracellular PHA
depolymerase from Alcaligenes faecalis, Pseudomonas
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Fig. 6 Influence of the enzyme concentration (3.2, 10, 20, 40, 50, 60,
80 vol %) on post-consumer PET depolymerization in the presence of
Humicola insolens cutinase (HiC). Experimental conditions: 35 g L~
PET; phosphate buffer (pH=28.0 and 0.1 mol L_l); 800 rpm; 70 °C;
7 days. Error bars indicate the standard deviations of triplicate meas-
urements
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Fig. 7 Influence of enzyme concentration and reaction time on post-
consumer PET depolymerization in the presence of Humicola inso-
lens cutinase (HiC). Experimental conditions: 5 g L™! PET; phos-

pickettii, and Comamonas testosteroni. They also verified
that the enzymatic degradation increased to a maximum
value as the concentration of PHA depolymerase grew and
then gradually decreased. The authors presented a schematic
model for the influence of enzyme concentration. There is
enough space for adsorption and hydrolysis at low enzyme
concentrations until the optimum concentration. However,
at high enzyme concentrations, the enzyme only adsorbs
through the binding domain, and hydrolysis does not occur.

This mechanism can explain the increase in the concen-
tration of hydrolysis products as the concentration of enzyme
increases, and hydrolysis decreases when higher enzyme
concentrations are used. Figure 6 shows that the product
concentrations increased with enzyme concentration up to
40% v/v. At higher enzyme concentrations (> 50% v/v), the
product concentration decreased, indicating that too many
protein molecules are adsorbed, and the appropriate orienta-
tion of the active site to the surface area may be hindered.
The results show the strong dependence of the surface area
of PET on enzymatic depolymerization. However, a spe-
cific substrate-binding domain is absent in the cutinases

phate buffer (pH=8.0 and 0.1 mol L™!); 800 rpm; 70 °C; 7 days. A
3.2 vol% of enzyme; B 10 vol% of enzyme; C 40 vol% of enzyme; D
80 vol% of the enzyme

reported for PET hydrolysis, unlike polyhydroxyalkanoate
depolymerase. The enzyme adsorption to the PET surface is
presumably mediated by hydrophobic regions surrounding
the catalytic site (Kawai et al. 2019; Urbanek et al. 2020).

The heterogeneous enzymatic hydrolysis of PET nano-
particles in the presence of a polyester hydrolase (TfCut2)
from Thermobifida fusca KW3 was studied using turbidi-
metric analysis (Wei et al. 2014). The kinetics of the enzy-
matic hydrolysis of different PET nanoparticles was inves-
tigated with a constant PET concentration (0.25 mg mL™")
and varying enzyme concentrations of up to 80 pg mL~.
The reaction rate for nanoparticles from PET film reached a
maximum at TfCut2 concentration of 60 pg mL~! and then
decreased fast.

To understand the PET depolymerization in the presence
of HiC, the formation of the degradation products, TPA,
MHET, and BHET, was evaluated using four concentrations
of the enzyme (3.2, 10, 40, 80 vol%) over 7 days (Fig. 7).
The profiles of these products are similar in the presence
of 3.2, 10, and 40 vol% of the enzyme. After 2 days, TPA
was the main product, while BHET remained stable at low
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concentrations, and MHET concentration slightly increased
in the presence of 40 vol% of the enzyme. On the other hand,
for the higher concentration (80 vol%), TPA became the
main product after 4 days. For all concentrations of enzyme
used, TPA concentration increased throughout reaction time.
A steep increase was observed after 3 days when 40 vol% of
HiC cutinase was used.

TPA was the dominant hydrolysis product from PET
for all conditions tested in this work, agreeing with what is
disclosed in the literature (Ronkvist et al. 2009). The same
behavior was also reported for different cutinases from
Thermobifida cellulosilytica and Thermobifida fusca (Acero
et al. 2011). On the other hand, MHET was the predominant
product after PET surface modification with a cutinase from
Fusarium solani pisi (Vertommen et al. 2005). Different
ratios of TPA and MHET were reported for PET hydrolysis
depending on incubation time and material (fabrics or films)
using cutinases from Thermobifida fusca and Fusarium
solani (Eberl et al. 2009).

Conclusions

This work used commercial hydrolases for PET depolym-
erization for the purpose of enzymatic PET recycling. Sev-
eral variables were studied to contribute to an optimization
process for enzyme-based PET degradation. The enzymatic
PET hydrolysis route allows for the use of monomers in re-
polymerization processes, thus addressing a circular econ-
omy approach needed on the planet. Among the enzymes
tested, Humicola insolens cutinase (HiC) showed the highest
activity for PET hydrolysis. HiC was active for PET depo-
lymerization into terephthalic acid, ethylene glycol, and
intermediates like mono-(2-hydroxyethyl) terephthalate
(MHET) and bis(2-hydroxyethyl) terephthalate (BHET),
that can be reused for synthesis. The hydrolysis activity of
HiC and the selectivity to TPA were favored as the reac-
tion temperature increased until 70 °C, which evidenced
the high thermal stability of HiC. The concentration of the
released products (TPA, MHET, BHET) showed a differ-
ent molar ratio with the temperature increase. Although
Candida antarctica lipase B (CalB) is effective in catalyz-
ing the hydrolysis of MHET to TPA, when mixtures of dif-
ferent amounts of CalB and HiC (a dual enzyme system)
were used, an improvement in TPA concentration was only
observed when 12.5% of CalB was added to the total enzyme
stream. An ultrasound-assisted reaction system was evalu-
ated to enhance the enzymatic hydrolysis of PET, but no
PET depolymerization improvement was observed. Other
pretreatments, such as the addition of surfactants and addi-
tives, should be investigated in order to increase PET depo-
lymerization. The increase of enzyme concentration beyond
50 vol % hampers the hydrolysis of intermediate products,

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

which can be attributed to the high coverage of the PET
film surface by the enzyme. The biocatalytic depolymeriza-
tion of PET arrives as an environmentally friendly process
for the recycling of post-consumer plastic wastes. Enzyme
technology can be an alternative solution for the treatment
of plastic wastes that disintegrate forming micro-plastics and
nano-plastics over time. The presented results contribute to
important knowledge about the promising enzymatic route
for PET depolymerization.
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