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Abstract

Massive plastics production has raised concerns about low recycling rates and disposal of these materials in nature, causing
environmental and economic impacts. Poly(ethylene terephthalate) (PET) is one of main polymers used for manufacture of
plastic packaging (e.g. bottles, trays). Enzymatic recycling of PET has been a route of increasing study aiming at to recover its
monomers (terephthalic acid and ethylene glycol), resulting in a circular production chain. In this study, investigation of pH
control and fractionation of enzyme feeding were explored in post-consumed PET (PC-PET) hydrolysis reactions catalyzed
by Humicola insolens cutinase (HiC) in stirred reactors. It was found that the unbuffered reaction provided of pH control by
0.5 M NaOH addition showed 2.39-fold improvement in the released monomers (to a total of 26.3 mM), comparatively to
the Tris—HCl-buffered reaction. In addition, it was observed a possibility of reducing the enzyme loading used in the process
by half, leading to an increase of 2.41-fold in the specific terephthalic acid concentration released per protein amount, whilst
maintaining a high products concentration (97 mM). A simplified cost analysis of reaction consumables was performed, and
the data reported here demonstrates that these alternative process strategies contribute to costs reduction on the enzymatic
depolymerization reactions of PET.

Keywords Poly(ethylene terephthalate) - Terephthalic acid - PET recycling - Enzymatic depolymerization - Humicola
insolens - Cutinase

Introduction

Since the development and industrial production of poly-
meric materials in the 1950s, their demand has grown
exponentially over the years [1]. Plastic production reached
396 million metric tons only in 2016 and it is estimated to
increase 40% until 2030 [2]. Food and beverage plastic pack-
ages have been a major target of concern, since these mate-
rials are generally for single use and then readily discarded

< Aline Machado de Castro
alinebio @petrobras.com.br

Falcao Bauer, R. Aquinos, 111. Agua Branca,
Sao Paulo 05036-070, Brazil

Biotechnology Division, Research and Development Center,
PETROBRAS, Av. Horacio Macedo, 950, I1ha do Fundao,
Rio de Janeiro 21941-915, Brazil

Department of Biochemical Engineering, Escola de Quimica,
Universidade Federal do Rio de Janeiro, Ilha do Fundao,
Rio de Janeiro 21949-900, Brazil

after consumption [2, 3]. Due to low recycling rates, the
majority of these residues are disposed in landfills or directly
leaked into terrestrial and marine ecosystems, causing envi-
ronmental impacts and economic loss due to waste of mono-
mers present in these packages [4].

Poly(ethylene terephthalate) (PET) is one of the most
used polymers for plastic packaging, especially for beverage
bottles. Recycling of this polyester can be performed via dif-
ferent routes. Mechanical recycling aims to reprocessing of
packages and remodeling them into new materials. However,
after each cycle of this process, PET ends up losing some
properties (e.g. molar mass, mechanical strength), which
limits the application range of the final recycled material
[5]. Chemical recycling method aims to depolymerize the
PET polymer chain to recapture its initial monomers, tere-
phthalic acid (TPA) and ethylene glycol (EG), but this route
operates in harsh conditions and consumes reagents harmful
to the environment [6, 7]. Since the discovery of enzymes
capable of catalyzing hydrolysis of ester bonds present in
the PET chain, enzymatic recycling route has emerged as
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an environmentally friendly alternative to chemical recy-
cling in order to recapture monomers under mild operating
conditions [8].

The enzymes reported so far for this application can be
obtained from different microbial sources [9]. Recently, the
discovery of PETase—an enzyme produced by the bacterium
Ideonella sakaienses that degrades PET to consume its mon-
omers as carbon sources—Iled to creation of poly(ethylene
terephthalate) hydrolases class (EC 3.1.1.101) [10]. How-
ever, most of the enzymes described in literature belongs to
other groups, such as lipases (EC 3.1.1.3) [11-15], cutinases
(EC 3.1.1.74) [16-23] and carboxylesterases (3.1.1.1) [18,
24, 25].

Cutinase from Humicola insolens (HiC) have been shown
as a potential thermostable biocatalyst for enzymatic recy-
cling of PET. Ronkvist et al. demonstrated almost com-
plete depolymerization (97% yield) of a PET film sample
which presented low crystallinity (7%) [16]. Our previous
reports explored the use of this enzyme in depolymeriza-
tion of assorted post-consumer PET packages processed by
mechanical recycling (herein referred as PC-PET), which
has higher crystallinity (41.1%) than PET films [15, 26].
In small lab scale, we previously optimized five process
variables to improve TPA concentration: PET concentration
(80.8 g/L), enzyme loading (0.065 g;ocin/gper)s Tris—HCI
buffer concentration (397 mM), initial pH (8.95) and temper-
ature (62.6 °C) [26]. Under these conditions, a 19.1% of PET
conversion to TPA was reached after 14 days. In addition,
the optimized reaction was scaled-up to lab bioreactors and
a positive effect of mechanical agitation in hydrolysis rates
was observed, increasing 1.5-fold TPA concentration [26].

To advance in the PC-PET recycling technology using
HiC, this study aimed to investigate pH control and frac-
tionation of enzyme feeding during reactions in stirred reac-
tors as strategies to further boost TPA concentration released
from PET hydrolysis. Also, we investigated reduction of the
base-case enzyme loading previously studied, with a look at
process costs reduction. A preliminary cost analysis associ-
ated to consumables was assessed for these strategies, which
is an approach lacking in the literature for PET enzymatic
recycling route.

Materials and methods

Materials

TPA and bis(2-hydroxyethyl terephthalate) (BHET) were
purchased from Sigma-Aldrich, while mono(2-hydrox-
yethyl terephthalate) (MHET) was synthetized (>99%
purity) based on controlled hydrolysis reaction of BHET
catalyzed by lipase B from Candida antarctica (CALB), as
described by Carniel et al. [12]. Recycled post-consumer
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PET (PC-PET) was used as substrate and has high crystal-
linity (41.1%) and molar mass (43.38 g/mol), as determined
previously by Castro et al. [15]. PC-PET was originated
from an industrial scale PET recycling plant. The sample
was milled in a knife mill and kindly given by Professor
Marcos Lopes Dias (Federal University of Rio de Janeiro,
Brazil). The commercial product Novozym 51032 was used
as source of Humicola insolens cutinase (HiC). The sample
was generously donated by Novozymes (Araucaria, Brazil).

Investigation of pH control strategies

The influence of pH maintenance during PC-PET hydroly-
sis by HiC at the optimal level previously determined was
investigated through controlled addition of NaOH or KOH
solutions (0.5 M and 5 M). These reactions were carried out
in vessels of 1 L (nominal volume), in stirred bioreactors
(Multifors 2, Infors HT, Switzerland) at 50 °C and 300 rpm.
Two types of reaction solutions were tested: (1) buffered
solution with Tris—HCI buffer (397 mM; pH 8.95) and (2)
unbuffered alkali water (initial pH 8.95). In both cases, reac-
tions were performed in a final volume of 500 mL containing
80.76 g/L of PC-PET and enzyme loading of 0.065 g cin/

ZPET-

Investigation of enzyme feeding strategies

Enzyme feeding study was performed by comparison of two
conditions: (1) addition of the whole enzyme loading (0.065
protein/ EpET) At ONCeE in the beginning of the reaction and (2)
addition of half of this enzyme loading in the beginning
and the other half in the middle of reaction time course.
Depolymerization reactions were carried out in 0.5 L vessels
(nominal volume) in stirred bioreactors Multifors 2 (Infors
HT, Switzerland) at 50 °C and 300 rpm. The reactions con-
tained 300 mL of Tris—HCI buffer (397 mM; pH 8.95) with

80.76 g/L of PC-PET [26].
Investigation of enzyme loading reduction

In order to evaluate the decrease of enzyme amount applied
on PC-PET hydrolysis, reactions were performed reducing
the previous optimal enzyme loading (0.065 g ein/2per) in
50%, 90% and 95%. Assays in triplicate were carried out in
15 mL Falcon tubes with 5 mL reaction volume containing
Tris—HCl buffer (397 mM; pH 8.95) and 80.76 g/L of PC-
PET. The tubes were incubated in a hybridization incubator
(Combi-D24, FINEPCR) at 63 °C and 25 rpm.

Analyses and calculations

Protein concentration was determined according to Bradford
method [27].
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Concentrations of TPA, MHET and BHET were quanti-
fied in a Thermo Scientific Dionex UltiMate 3000 HPLC
using a methodology described in our previous reports [12,
15, 26]. Also, EG quantification was determined in an Agi-
lent 1260 Infinity HPLC equipped with Bio-Rad Aminex
HPX-87H column (at 65 °C) and detection was performed in
a refractive index (RID) cell at 35 °C. 5 mM H,SO, solution
was used as mobile phase, under flowrate of 0.7 mL/min,
and sample injection volume was 20 pL.

Sum of hydrolysis products was expressed as TPA,
MHET and BHET mole concentrations together. PET con-
version to TPA (%) was calculated according to Eq. 1, based
on theoretical TPA yield from total depolymerization of
PET (0.864 gpa/gpgr)- Mole fractions (y;; where i=BHET,
MHET or TPA) were expressed as the ratio between molar
concentration of one of this products (r;) and the sum of
mole concentrations of these three components (Eq. 2). Spe-
cific TPA formation from PC-PET hydrolysis by total HiC
mass (Stpy) Was calculated by ratio of TPA mole concen-
tration (nyp,) and total protein added to the reaction (m

(Eq. 3):

prot)

. _ TP. Aconc.
PET conversion = - x 100%, (1)
PETconc. X Yleldtheoretical
n;
Xi= > 2
ngHeT t MHET T P'TPA 2
Npa
Stpa = : 3)

prot

For consumables cost analysis, Tris base, NaOH and
KOH market prices (US$/kg) were obtained in Chemical
Book and ECHEMI websites [28—-30]. Tris mass used in
reactions was fixed at optimized molarity buffer, as previ-
ously determined [26]. The cost of base used to control pH

Fig. 1 Time course of pH
monitoring (crosses) and
hydrolysis products concen-
trations—BHET (squares),
MHET (circles) and TPA
(triangles)—released during
PC-PET depolymerization
catalyzed by HiC in stirred reac-
tor at 50 °C, 300 rpm. Reactions
were performed using 80.8 g/L
of PC-PET and 0.065 g;cin/
gpgr in Tris buffer (397 mM; pH
8.95) with a no pH control and
b pH control by addition of 5 M
NaOH solution

(a)
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during hydrolysis reactions (Cost,y conyo)) Was calculated
according to Eq. 4, which is a relation between (1) base mass
(my,e) and its price (price,,,) and (2) mass of hydrolysis
products (Mpygroiysis products = K& of TPA, MHET and BHET
released). Costs are presented in US dollars:

_ Mipyse X PIICCYyse

COStpH control — ——  ° (4)
mhydrolysis products

Results and discussion
Investigation of pH control strategies

To evaluate impact of pH maintenance on hydrolysis rate
during PC-PET depolymerization by HiC, the reactions were
firstly performed using optimized conditions determined by
Castro et al. [26], except for temperature due to operational
limitation of the stirred reactor. Figure 1 illustrates time
course of hydrolysis products concentration (TPA, MHET
and BHET) and pH variation during Tris-buffered reactions
with and without pH control at 8.95+0.20 using NaOH 5 M
solution. Table 1 shows the sum of products concentrations
and molar fractions at the end of these reactions. In hydroly-
sis depolymerization without pH control (Fig. 1a), HiC led
to total sum of products of 11.0 mM in 96 h and the pH
decreased from 8.95 to 8.09, which can be attributed to high
TPA release in the medium (yrpy =0.917). When pH control
at optimal pH value was applied during the whole reaction
time (Fig. 1b), 14.5 mM of TPA was achieved as sole prod-
uct (yrpp = 1). Thus, it was found that even a minor pH vari-
ation (0.86) is critical for HiC action in PC-PET depolym-
erization, leading to a decrease of 32% in the sum of final
products when optimal pH was not maintained constant.

(b)
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Table 1 Sum of hydrolysis

Conditi Solution for pH control S f hydroly- Cost of
products (BHET, MHET and ondition olution for pH contro Siliﬁr(;duztszo Y- XBHET JXMHET JXTPA p I?ISC (())mm]
TPA) concentrations, their

’ M k, el
molar fractions (y), and cost (mM) (8/Kgprogucts)
to control pH during PC-PET Tris-HCI buffer ~ Without control 11.0 0.000 0.083 0917 220.22
depolymerization reactions 397.3 mM pH 8.95
catalyzed by HiC using different .

f . Tris—HCI Buffer NaOH 5 M 14.5 0.000 0.000 1.000 222.30
reactional conditions and pH
. 397.3 mM pH 8.95
control strategies

Alkaline water Without control 7.0 0.000 0.000 1.000 -

pH 8.95

Alkaline water NaOH 0.5 M 26.3 0.021 0.423 0.557 0.16

pH 8.95

Alkaline water KOH0.5M 18.3 0.000 0.317 0.683 0.69

pH 8.95

Reactions were performed in stirred reactor at 50 °C, 300 rpm, using 80.8 g/L of PC-PET and 0.065 g;ocin/

EPET
TPA, MHET and BHET

To reduce process costs, the possibility in eliminating
buffer use from aqueous system and control the reaction
pH by adding NaOH or KOH solutions (0.5 M) was evalu-
ated. Additionally, a hydrolysis reaction without pH con-
trol was performed. As shown in Fig. 2a, pH decreased
drastically from 8.95 to 5.59 when this parameter was
not controlled, while the optimal pH was maintained by
adding alkali solutions (Fig. 2b, c). In terms of sum of
products released during the time course of the reactions
and molar fractions profiles (Table 1), only 7.1 mM of
TPA solely (ypy =1) were released from reaction without
pH control, which resulted in a fast pH variation in the
first 24 h of reaction. In contrast, 26.3 mM (ypy =0.557;
Jmuet = 0.423; ygupr=0.021) was achieved by using
pH adjustment with NaOH and 18.3 mM by using KOH
(rrpa =0.683; yyer =0.317). Surprisingly, these reactions
performed in alkalinized water achieved higher concentra-
tions of hydrolysis products than in the buffered system,

even when optimal pH was maintained, with increase of
approximately 81% and 26% for the use of NaOH and
KOH solutions, respectively (Table 1). It is known that
PET can be depolymerized by alkaline hydrolysis in the
chemical recycling route using NaOH or KOH solutions
(4-20% m/v) under high pressure (1.4-2.0 MPa) and tem-
peratures (210-250 °C) [6]. However, these conditions are
far beyond those performed in this study and, therefore,
unlikely to have contributed to polymer hydrolysis.

In terms of mole fraction profiles (Table 1), products
released from hydrolysis reactions mediated by HiC were
very distinct: TPA was almost the absolute product in the
reactions without pH control, while there was intense accu-
mulation of MHET and TPA in alkaline water conditions.
Also, there was a significant difference in hydrolysis effi-
ciency between conditions using different alkaline solution:
reaction with pH adjustment by NaOH yielded 43% more
products than the reaction using KOH.

(a) (b) (c)

16 r 9.0 16 3 ;9.0 16 4 90 o MHET
14 14 A -85 —&TPA
S12 12 - L g0 TBHET
£ £ ——pH

5101 5101 L 75
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S 6 8 6 4 L 6.5
S &

4 © 4 - - 6.0

2 1 2 1 55

0 : 0 X - 5.0

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Reaction time (h)

Fig.2 Time course of pH monitoring (crosses) and hydrolysis prod-
ucts concentrations—BHET (squares), MHET (circles) and TPA
(triangles)—released during PC-PET depolymerization catalyzed by
HiC in stirred reactor at 50 °C, 300 rpm. Reactions were performed
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Reaction time (h)

Reaction time (h)

using 80.8 g/L of PC-PET and 0.065 g;yin/gpgr in unbuffered condi-
tion with a no pH control and pH control by adding b 0.5 M NaOH or
¢ 0.5 M KOH solutions
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These results suggest a possible modulation in molar frac-
tion profiles and enzymatic hydrolysis rates by variation of
ionic type and strength in the reaction medium. As MHET
was not accumulated neither at acid pH nor in Tris—HCI
buffering, the stability of this reaction products might have
been disturbed under these conditions. However, studies
on the physicochemical properties of MHET molecule still
lacks in the literature to support this hypothesis and this
investigation is encouraged.

Protein conformation, solubility, stability and activity are
properties that are strictly dependent of several intra- and
intermolecular forces such as hydrogen bonds, van der Waals
interactions, solvation and polarization effects. Ions play an
important role in water system containing proteins by their
kosmotropic or chaotropic effects and ability to directly
interact with macromolecule surface and water molecules
present in first hydration shell of proteins [31]. Therefore,
different salts and buffers influence protein behavior and can
improve enzyme activity. Pinna et al. demonstrated that add-
ing 2 M of sodium bromide (NaBr) to 5 mM sodium phos-
phate buffer led to a twofold increment on specific activity of
lipase A from Aspergillus niger over p-nitrophenyl acetate,
which was attributed to Br™ anion adsorption at the enzyme
surface [32]. Conversely, these solutes can also inhibit enzy-
matic activity. Schmidt et al. investigated effects of different
buffer compositions and their concentrations on PET films
hydrolysis rates catalyzed by two polyester hydrolases: LC
cutinase and TfCut2 (from Thermobifida fusca). It was found
that high concentrations of Tris and 3-(N-morpholino)pro-
panesulfonic acid) (MOPS) buffers reduced hydrolysis rates
for both enzymes, suggesting an inhibitory effect caused by
the components of these buffers. This statement was con-
firmed by molecular docking studies that showed the binding
of these molecules near to the catalytic site, interfering on
the hydrolase binding to the polymeric substrate [17]. This
fact could justify lower hydrolysis products concentration
obtained in Tris-buffered reactions than in alkali water con-
ditions (Table 1).

Thus, Tris—HCI buffer could be eliminated from PET
enzymatic depolymerization using HiC by adopting pH
control using NaOH solution, therefore reducing cost of
this recycling process. Caustic soda is widely used for pH
maintenance of several industrial processes, which, in our
case, is at a moderately alkaline pH (8.95). Although it is
known that NaOH can cause corrosive damages to metal
industrial equipment (e.g. tanks and pipelines), it mostly
occurs under harsh conditions, such as high alkali concen-
tration and temperature [33]. Nonetheless, elimination of
this alkali from wastewater is desirable for discharge in
order to avoid environmental risks, which can be accom-
plished by implementing a neutralization step in the pro-
cess, prior to final disposal. Also, MHET accumulated in
this reaction condition must be hydrolyzed because: (1)

TPA is the final monomer of depolymerization and main
raw material used in industrial PET production and (2)
its known inhibitory effect on enzymatic PET hydrolysis
rates [19]. For this purpose, the use of ultrafiltration mem-
brane reactor in order to continuously remove inhibitory
products from amorphous PET films depolymerization by
TfCu2 was investigated by Barth et al., contributing to
an increase of 70% on hydrolysis rate over batch reac-
tion mode [34]. Alternatively, our research group identi-
fied lipase B from Candida antarctica (product Lipozyme
© CALB, Novozymes) as a highly selective biocatalyst
for BHET and MHET conversion to TPA and explored
its application at 37 °C as a following step to PET bottle
hydrolysis catalyzed by HiC at 60 °C. A total depletion of
accumulated MHET from reactions was observed after few
hours [12, 15]. Barth et al. also proposed a dual enzyme
system for amorphous PET films hydrolysis at 60 °C using
LC-cutinase or Thermobifida fusca KW3 (TfCut2)—as
free polyester hydrolases—, as well as an immobilized
carboxylesterase from 7. fusca KW3 (TfCa) to promote
BHET and MHET hydrolysis from reactions [18]. How-
ever, to include one more biocatalyst to the PET depolym-
erization process could be costly.

Regarding the cost evaluation of pH control strategies
during reactions (Table 1), the calculations here presented
are based on the consumable mass used to neutralize all
hydrolysis products released by HiC until the end of reac-
tion (96 h). Average market price of Tris base, KOH and
NaOH were estimated in 8.55 $/kg [28], 1.32 $/kg [30] and
0.46 $/kg [29], respectively. Tris—HCl-buffered conditions
showed, by far, the highest costs to control pH, circa 220 $/
kg of total products released, and this value is fixed since
mass used in the system was independent of released product
concentration and related to optimal molarity as described
by Castro et al. [26]. However, when pH was controlled in
alkali water reactions, the KOH mass addition resulted in a
cost of 0.69 $/kg, while the use of NaOH solution showed
the cheapest cost: 0.16 $/kg. Furthermore, reactions using
NaOH solution achieved the highest released products con-
centration among all conditions investigated, which makes
the use of this consumable the best cost—benefit for PC-PET
depolymerization using HiC.

The two conditions with the highest product release and
cost—benefit had their samples also analyzed according to
EG content. As shown in Fig. 3, TPA and EG concentra-
tions were well correlated (angular coefficient close to 1,
with coefficient of determination—R>—also close to 1),
despite being quantified under different conditions. This sug-
gests that PET hydrolysis catalyzed by HiC is governed by
sequential cleavage of ester bonds, as compared to a random
attack of the polyester linkages. Also, the assessment of all
main products concentration is of high importance for future
process design, including downstream operations.

@ Springer
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Fig.3 Correlation of TPA and (a) (b)
EG concentrations, released
during PC-PET depolymeriza- 16 1 y=1.12x + 0.09 . 14 4 y =1.10x + 0.46
tion catalyzed by HiC in stirred — 14 - R2=0.983 * —_ R2? =0.993
reactor at 50 °C, 300 rpm. = s 12 1
Reactions were performed using E 12 . E 10 4
80.8 g/L of PC-PET and 0.065 5 10 | S
Eprotein’ZpET iN Unbuffered condi- "E o £ 84
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EG Concentration (mM)

Investigation of enzyme feeding strategy

The fractionation of enzyme load feeding during reaction
time instead of whole enzyme feeding in the beginning has
been reported as a strategy to avoid enzyme deactivation in
hydrolytic processes [35, 36]. Thus, it was investigated for
PC-PET (initial concentration of 80.76 g/L) hydrolysis using
Tris buffer, in stirred reactors at 50 °C. Total enzyme load-
ing (0.065 g;oein/Eppr) Was fractionated by half: first feed
was made in the beginning and the other one in the middle
of the reaction time course (48 h). As shown in Fig. 4, simi-
lar products releases from PET hydrolysis were achieved in
96 h from both fractioned [10.90 mM of TPA with a release
rate of 0.11 mM.h™" (R>=0.997)] and regular [12.67 mM
of TPA with a release rate of 0.13 mM.h™! (R?=0.991)]
enzyme feeding reactions, resulting in 14% reduction of final
products concentration when fractionated enzyme feeding
strategy was applied. Mole fractions profiles from both
conditions were identical (ypy =0.083; yyupr=0.978) and

Fig.4 Time course of
hydrolysis products concentra-

(a)

tions—BHET (squares), MHET 14 -
(circles) and TPA (trian-

gles)—released from PC-PET 12 4
depolymerization catalyzed by -

HiC in stirred reactor at 50 °C, = 10 A
300 rpm. Two enzyme feeding é
strategies were adopted: a 100% g 8 1
enzyme loading addition (0.065 =
gprolein/gPET) at the bEginning of s

the reaction and b fractionated 5 6 1
enzyme addition, being 50% at 2

the beginning and 50% in 48 h. 8 44
Reactions were performed using

80.8 g/L of PC-PET in Tris 2 A
buffer (397 mM; pH 8.95)

0 20
Reaction time (h)

40
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60

EG Concentration (mM)

very similar with mole fractions obtained on previous Tris-
buffered reaction without pH maintenance (Table 1).

To evaluate the impact of enzyme loading reduction
on PC-PET depolymerization, a comparison of the TPA
release rate in the first 48 h of reaction containing 100%
of enzyme loading led to 5.54 mM at a rate of 0.12 mM.
h™! (R*=0.998), whereas with 50% of enzyme loading also
reached a similar TPA concentration value: 5.24 mM at a
rate of 0.11 mM.h~! (R>=0.992). These results might sug-
gest a possible limitation of enzyme activity on PC-PET
depolymerization.

Enzymatic hydrolysis of PET is defined as a surface
erosion process that is strongly influenced by mobility of
polymeric chain and accessibility of the substrate to the
catalytic site of the enzyme [37-39]. The semi crystalline
nature of PET provides a heterogeneous distribution of
amorphous and crystalline regions through the polymeric
matrix [40]. Generally, PET hydrolases show preference
to attack amorphous surface areas, due to the less chain

(b)

14 -

12 4

Concentration (mM)

20
Reaction time (h)

80 100 0 40 60 80 100
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mobility restriction, while crystalline areas remain in the
final substrate, because they are more recalcitrant to enzyme
access and action [9, 16, 39, 41]. To enhance hydrolysis
rates, flexibility of surface polymer chains can be stimulated
at temperatures close to the glass transition temperature (7',)
of PET in aqueous system (above 60 °C) to improve enzyme
accessibility to target chain regions [39, 42]. These experi-
ments were carried out at a temperature of 50 °C, which
is below the T,, and PC-PET is a highly crystalline sub-
strate (41.1%) [15]. So, it is possible that all amorphous
area available on polymer surface were already saturated
with half of enzyme loading, limiting hydrolysis rate when
the second half of enzyme loading was added. In summary,
the fractionated enzyme feeding condition did not show a
higher yield for PC-PET hydrolysis in this assay, although
the results indicate that the enzyme loading variable could
still be improved to reduce biocatalyst amount in the process
and, therefore, reduce costs.

Investigation of enzyme loading reduction

Motivated by the results discussed in previously section,
assays with reduced enzyme loading were performed. The
relative reduction factors investigated were 50%, 90% and
95% of HiC standard (base-case) loading in PC-PET depo-
lymerization, using Tris buffer at 63 °C for 14 days in a
hybridization reactor. Table 2 informs the sum of hydroly-
sis products, PET conversion to TPA and molar fractions
profiles at the end of the reactions, being TPA the major
product accumulated in all conditions (y > 0.959). Figure 5
illustrates TPA concentration released during time course
of PC-PET hydrolysis. A total release of 97.1 +1.6 mM of
total products (ypps =0.994) was achieved in 14 days with
50% reduction of enzyme loading. In this condition, 23.0%
of PET was converted to TPA, which represents an increase
of 20% when compared with reference enzyme loading con-
dition. This result suggests that high enzyme concentration
in the reaction could decrease PET hydrolysis. Furukawa
et al. already observed decrease of PET degradation rate

Table2 Sum of hydrolysis products (BHET, MHET and TPA) con-
centrations, their molar fractions (y), specific TPA concentration and
cost of TPA release per protein mass and PET conversion to TPA dur-

100 -
90 -
80 -

TPA Concentration (mM)
(&)
o

0 T T T T T
0 2 4 6 8 10 12 14

Reaction time (d)

Fig.5 Time course of TPA concentration released from PC-PET
depolymerization catalyzed by HiC with different reductions of
standard enzyme loading (0.065 g;qein/g€prr—squares) in 50% (dia-
monds), 90% (circles) and 95% (triangles). Reactions were per-
formed in triplicate in hybridization incubator at 62 °C, 25 rpm, using
80.8 g/L of PC-PET in Tris buffer (397 mM; pH 8.95)

with higher amounts of PETase adsorbed in low crystallinity
films pre-incubated with anionic surfactants [43]. For other
enzyme loading reductions, total products concentration
and PET conversion to TPA were reduced 39% and 37%,
respectively, by reducing enzyme loading ten times, while
this decrease almost double when enzyme loading is reduced
by 95%: 74% in total products concentration and 73% in PET
conversion to TPA.

Alternatively, Stps (Eq. 3) was used to express specific
TPA concentration released from PET hydrolysis by the

ing PC-PET depolymerization reactions catalyzed by HiC using dif-
ferent reductions of reference enzyme loading concentration (0.065

gprotein/ gPET)

Enzyme load- Reduction of Sum of hydroly-

XBHET XMHET XTPA

Specific TPA conc. Specific cost of TPA PET conver-

g (Sprotein’ enzyme loading sis products released per protein release per protein added sion to TPA
2pET) (%) (mM) amount, Sppy (MM/gpic) (mgTPA/gpmtein), normal- (%)

ized base
0.065 Reference 83.5+5.9 0.000 0.041 0.959 152+1.1 1.00 19.1%
0.0325 50 97.1+1.6 0.001 0.005 0.994 36.7+0.7 0.41 23.0%
0.0065 90 50.8+2.0 0.000 0.009 0.991 95.9+3.9 0.16 12.0%
0.00325 95 214+3.1 0.000 0.004 0.996 81.1+11.8 0.19 5.1%

Reactions were performed in hybridization reactor at 63 °C, 25 rpm, using 80.8 g/L of PC-PET in Tris buffer (397 mM; pH 8.95)
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amount of protein mass (g) added in each reaction condi-
tion (Table 2). Reducing 90% of standard enzyme loading
led to 95.9 +3.9 mM per gram of protein, which represents
an increase of 6.3 and 2.6—fold in comparison to the condi-
tions using the reference enzyme loading and using its half
one, respectively. Also, specific cost for TPA release per
mass of enzyme was calculated for each condition, consid-
ering the standard enzyme loading (0.065 gin/8pgr) as a
normalizer, i.e., the specific cost for this loading was set as
1.00 (Table 2). The 10% of standard enzyme loading condi-
tion showed the lowest specific cost (0.16) to obtain TPA
per enzyme mass, followed by 5% (0.19) and 50% (0.41).
Therefore, reduction of enzyme loading strategy could led
up to 84% savings in enzyme mass cost compared to stand-
ard enzyme loading condition.

In comparison to the results obtained in fractionated
enzyme feeding strategy investigation (48 h—Fig. 4), simi-
lar TPA concentrations between standard HiC loading and
half of the loading in hydrolysis reactions until 4 days were
observed, while 10% and 5% of enzyme loading showed
lower TPA concentrations (Fig. 5). Thus, these results sup-
port the saturation hypothesis previously discussed about
amorphous surface area saturation by HiC. To overcome
this limiting condition, increasing surface area of PC-PET
particles could be an alternative to promote higher enzyme
access to the internal regions of the polymer. Several reports
have showed higher hydrolysis rates on enzymatic depolym-
erization when PET nanoparticles were used as substrate
[19, 38, 44, 45]. Herzog et al. pointed a fourfold increment in
hydrolysis rates of nanoscale polyester particles catalyzed by
lipase from Candida cylindracea when compared to micro-
scale sphere particles, even fixing total surface area available
in the reactions. Then, it was suggested that this increase of
enzymatic hydrolysis rate probably is also related to physical
alteration of crystalline structures of the polymer when par-
ticle size was reduced beyond a critical value, as supported
by Frank et al. [46], although this physical parameter was not
possible to be determined by the authors [38]. The evalua-
tion of of different PC-PET particle sizes (sieved fractions
of PC-PET) effect in hydrolysis reactions catalyzed by HiC
was also performed, and a tendency was observed: higher
TPA concentrations were released as particle size decreased
[26]. Even though reduction of particle size promotes higher
conversions, the grinding process is an energy consuming
step that must be considered in a detailed cost analysis of the
enzymatic recycling route.

In addition, enzyme adsorption—desorption has also
been recognized as a crucial step for enzymatic depolym-
erization of water insoluble substrates, such as polyesters,
since it is a process limited to the substrate surface [8,
9, 47]. Several reports have shown by molecular docking
and site-directed mutagenesis assays that enzyme adsorp-
tion probably occurs by affinity interactions between
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hydrophobic regions located in close vicinity to solvent-
exposed catalytic site and the aromatic chain of PET [9,
48-50]. Some hydrolytic enzymes involved in depolymeri-
zation of natural polymers present specific binding mod-
ules on their structures that can act by two mechanisms:
(1) increasing enzyme concentration attached on polymer
surface and (2) partially disrupting polymer structure
in order to produce accessible target sites to hydrolases
activity. However, PET hydrolases lack a specific bind-
ing domain to PET substrate [9, 51]. Some studies have
explored carbohydrate-binding modules (CBM) or polyhy-
droxyalkanoate-binding modules (PBM) fusions to differ-
ent cutinases and results showed enhancement in enzyme
adsorption and hydrolysis rates over PET substrates [22,
52]. Alternatively, fungal hydrophobins were fused to
H. insolens and T. cellulosilytica cutinases and enzyme
adsorption/activity were improved by reduction in PET
surface hydrophobicity [53, 54]. Furukawa et al. explored
the use of long alkyl chain anionic surfactants to polarize
PET film surface in order to enhance adsorption of PETase
from Ideonella sakaiensis, which displays a cationic
polarity close to its active site, increasing PETase activity
by 120-fold [43]. Thus, several strategies could still be
adopted to improve enzymatic recycling of PC-PET.

Conclusions

In this study, it was demonstrated that unbuffered reac-
tion system with pH control by addition of 0.5 M NaOH
solution showed 81% increase in the hydrolysis products
(TPA, MHET, BHET) concentrations (reaching a total of
26.3 mM, at 50 °C) as compared to Tris-buffered reaction.
The use of the alkali also resulted in a more economi-
cal alternative. In addition, enzyme feeding fractionation
was not effective to improve PET hydrolysis reaction in
the condition studied, showing a reduction of 14% in the
products released. However, based on this assay, it was
observed that reduction of standard enzyme loading by
half led to 1.16-fold increase of hydrolysis products, yield-
ing a total of 83.5 mM (at 63 °C). Therefore, these find-
ings herein reported represent important steps to reduce
costs with consumables used in enzymatic PET recycling
process.
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