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ARTICLE INFO ABSTRACT

Keywords:

Enzyme catalysed hydrolysis provides an environmentally friendly route for controlled degradation of poly
(ethylene terephthalate) fibres. In this work, the hydrolysis of PET fibres with different degrees of orientation by
a cutinase from Humicola insolens (HiC) was investigated using the advanced nanoscale surface sensitive thermal
analysis (nanoTA) with the aim, to better understand the mechanism of the enzyme catalysed degradation. The
hydrolysis was found to occur preferentially at the outer fibre layer, leading to a release of monomer and ablation
of the fibre surface. As polymer amorphous regions are more susceptible to enzymatic hydrolysis and since
initially hydrolysis is limited to the outer fibre layer, the change in crystallinity occurs mainly in the fibre surface
region and does not contribute to the overall crystallinity of the fibre. A higher degree of fibre orientation by
drawing reduces the attack of the enzyme and preserves the high order and strength of the fibres during the
hydrolysis. The results provide further basis for the optimisation of enzyme catalysed surface hydrolysis and

Enzymatic hydrolysis
Poly(ethylene terephthalate) fibre
Nanoscale thermal analysis
Biocatalysed polymer degradation

polymer degradation processes of PET fibres.

1. Introduction

Within the textile industry, polyester fibre takes the major share 52%
of the global fibre volume due to its economically viable production and
excellent durability [1]. With a volume of around 57 million metric tons,
poly(ethylene terephthalate) (PET) fibre however is considered as one of
the sources of plastic pollution to the environment. Recently, the aspect
of recovery and reuse of PET fibres has gained increased interest.
Amongst others, the approach of re-polymerisation of depolymerised
post-consumer PET [2] is the one of the promising ways to recover PET
as fibre materials.

The utilisation enzymes for treating textile fibres and fabrics has
been explored since decades due to the sustainable aspect of the white
biotechnology over conventional chemical treatment techniques [3].
Earlier examples are given for the hydrolytic treatment of cellulosic
fabrics and garments with cellulases to improve the handle and drape
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[4], to replace aggressive chlorine chemistry in denim finishing [5,6], or
as combined process of pre-treatment and dyeing [7]. Also the influence
of the treatment parameters on enzyme catalysed degradation of cellu-
losic fibres and fabrics has been intensively investigated [8-10].
Recently, the use of enzyme to depolymerise PET is getting increased
attention [11-14].

Generally, to widen the application and enhance the fibre surface
property, different modification strategies can be applied, including
plasma treatment [15], wet chemical [16] and grafting with different
functionalities [17]. Being considered as state of the art, such modifi-
cation techniques, however, still require the use of hazardous chemicals
or high energy consumption. Moreover, it can be sometimes difficult to
control the reaction thus leading to unwanted side effects such as loss of
mechanical properties and non-uniform reaction rates [18]. As an
example, a base-catalysed hydrolysis using alkali, e.g. concentrated
NaOH can cause an extended bulk degradation of the polyester with
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concomitant strength losses [19,20]. These side effects become of
particular relevance when a finely tuned design of the polymer fibre
surface is desired.

With regard to the utilisation of highly specific and environmentally-
friendly white biotechnological technologies for polymer modification,
several studies have demonstrated the hydrolytic capacities of hydro-
lases, including esterases, lipases, and cutinases towards polyester [21,
22]. Amongst these enzymes, cutinases are of particular interest since
they are the most efficient biocatalysts for carrying out the hydrolytic
processing of various aliphatic and aromatic polyesters [21,22]. Cuti-
nases, despite having the same characteristic catalytic triad (Ser--
Asp-His) of proteases (e.g. proteinase K) and lipases (e.g. Candida
antarctica lipase B), usually have more superficial active sites that favour
the interaction with the insoluble polymer chains therefore enhancing
their cleaving rate [21]. Having a molecular weight usually higher than
20 kDa, enzyme proteins have the characteristic of not being able to
penetrate the polymer surface, therefore allowing a surface hydrolysis of
the polymer that it is not affecting the mechanical properties of the bulk
material [23,24].

In PET fibre materials, amorphous and crystalline regions can be
distinguished with regard to the state of order in the polymer chain. In
analogy to the reactivity differences of cutinase observed between
amorphous and crystalline parts in poly(lactide acid) [25], we would
expect an order state dependant hydrolysis rate for PET, depending on
the crystallinity degree.

In this work we investigated the influence of the orientation degree
and structure formation of PET fibre having different draw ratio on the
enzymatic hydrolysis using a cutinase from Humicola insolens (HiC).

By combining different characterisation techniques including an
advanced surface sensitive nanoscale thermal analysis technology, the
structural changes of the fibre outer layer as a result of the enzyme
catalysed hydrolysis are investigated and discussed. The gained new
insight into the selective hydrolyse of the fibres helps to better under-
stand the mechanism and thus, to control the enzymatic degradation of
PET fibre.

2. Experimental
2.1. Materials and enzymes

Poly(ethylene terephthalate) (PET) fibres with different draw ratios
of 1:1 (undrawn), 1:3 and 1:4, decoded as DR1, DR3 and DR4 with fibre
diameter of 46.6 ym, 27.1 pm and 24.1 um, respectively, were provided
by PHP Fibres GmbH (Obernburg, Germany). The fibre diameter was
calculated from the fibre titre as described in the Supporting
information.

Prior to enzymatic modification, the fibres were cleaned in a mixture
of 5 gL.™! non-ionic surfactant (fatty alcohol ethoxylate, Marlipal O 13/
69, Sasol Germany GmbH, Hamburg, Germany) and 5 gL™! NayCOs
(Merck Darmstadt, Germany) with a liquor ratio of 1:100 using Erlen-
meyer flask in water bath at the temperature of 60 °C, shaking speed of
140 rpm for 30 min. The fibres were then rinsed 3 times with hot
deionised water (60 °C) and 1 time with deionised water (25 °C) fol-
lowed by overnight air drying and oven drying at 60 °C for approxi-
mately 3 h until constant mass was obtained.

The cutinase from Humicola insolens (HiC) was purchased from
STREAM chemicals (code: 06-3135) and used as received without
further purification (esterase activity on p-NPB: 888 U mL™}, protein
concentration: 6.94 mg mL™!). The purity of the HiC batches purchased
was routinely confirmed by SDS-PAGE analysis conducted as previously
described [11]. All the other chemicals, solvents and reagents were
purchased from Sigma-Aldrich at reagent grade and used without
further purification if not otherwise specified.
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2.2. Engymatic hydrolysis of PET fibres

500 =+ 0.2 mg of washed fibres was weighed out in 200 mL Eppendorf
tubes and incubated for 48, 96 and 168 h, respectively with 100 mL of 5
uM HiC in 1 M potassium phosphate buffer pH 8. Incubation was carried
out at a temperature of 65 °C at 150 rpm using an orbital shaker. The
hydrolysed fibres were rinsed with an excess of deionised water, fol-
lowed by overnight air drying.

As a control series, PET fibres DR1, DR1 and DR3 were incubated in
the buffer solution without enzyme at 65 °C for 168 h (blanks). The
blank samples were also rinsed with an excess of deionised water, fol-
lowed by overnight air drying.

2.3. Weight loss

To evaluate the weight loss of the polymer fibres, each sample was
weighed using a scientific balance (+ 0.0001 g, Sartorius Lab In-
struments, MSA225P-1CE-DI, Germany) before and after the hydrolysis
reaction. The weight loss (%) was calculated using the formula:

Am = Mipitial — Mhydolised % 100 (1)
Minitial
With mpyqrolised being sample weight after hydrolysis and mipitia; the
sample weight before hydrolysis. The samples were dried by overnight
air drying followed by oven drying at 60 °C for 3 h before weighing.

2.4. Quantification of soluble release products using HPLC-DAD

Hydrolysates were precipitated following the ice-cold methanol
protocol (1:1 volumetric ratio). Samples were then -centrifuged
(Centrifuge 5427 R, Eppendorf AG, Hamburg, Germany) at 12,700 rpm
at 4 °C for 15 min and filtered through 0.20 pm PTFE filters (GVS,
Indianapolis, USA). The analytes were separated by high performance
liquid chromatography (HPLC, (Agilent Technologies, 1260 Infinity,
Palo Alto, CA, United States) using a reversed phase column C18
(Poroshell 120 EC—C18 2.7 pm 3.0 x 150 mm) equipped with a
photodiode array detector (Agilent Technologies, 1290 Infinity II,
Vienna, Austria) set at the wavelength of 260 nm to detect the released
products. Analyses were run using methanol (MeOH, phase A) and for-
mic acid (HCOOH, phase B) gradient. The flow rate was set to 0.35 ml
min~! at a constant temperature of 40 °C. The injection volume was 10
uL. A terephthalate acid (TA) calibration curve up to 100 mM was used
for the quantitative determination of the released TA from the fibres.

2.5. Attenuated total reflectance infrared microscopy

The attenuated total reflectance (ATR) spectra of hydrolysed PET
fibres and blanks was recorded on the surface of single fibres in the
spectral range of 4000 to 600 cm™! using a FTIR microscope (Bruker
Lumos FTIR Microscope, Bruker Optik GmbH, Ettlingen, Germany) with
a resolution of 2 cm™! and 64 scans per measurement. The ATR stage
was equipped with a Ge crystal and a MCT (HgCdTe) detector cooled
with LNy. The Ge crystal can be positioned directly on different positions
of a single fibre for ATR measurement. The setting accuracy of the mi-
croscope is 0.1 um. The spectra are normalised by min-max values over
the spectral range from 4000 to 600 cm™!. A total of 3 measurements
were performed per sample.

2.6. Differential scanning calorimetry (DSC)

Thermal analysis of modified PET fibres and control blanks was
performed on a differential scanning calorimeter (DSC3, Mettler Toledo,
USA) on about 5 mg specimen encased in 100 pL aluminium crucibles
with a pierced lid, under 50 mLmin ! nitrogen flow in the temperature
range between —50 °C and 300 °C, at heating and cooling rate of 10
Kmin . A total of 3 measurements were performed per sample, and the
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results were analysed with the on-board evaluation software (Mettler
STARe, Version 16.00).

2.7. Scanning electron microscopy (SEM)

The PET fibres morphology was assessed through scanning electron
microscopy (SEM). All SEM images were acquired by collecting sec-
ondary electrons on a Hitachi 3030TM (Japan) with the acceleration
voltage of 15 kV. Samples were coated with a 4 nm platinum layer using
a sputter coater.

2.8. Atomic force microscopy (AFM) coupled with nanoscale thermal
analysis (nanoTA)

AFM images of the fibre surfaces were acquired using the AFM
module of the system nanoIR2 from Brucker Nano Surface, (USA). The
nanolR2 AFM system was equipped with a nano thermal analysis
(nanoTA) module. NanoTA is a localised thermal analysis technique that
uses the thermomechanical response of a heated AFM probe to measure
thermal properties of the sample area under the probe at nanoscale
resolutions. For this purpose, the conventional AFM tip is replaced by a
special nanoTA probe that has an embedded miniature heater. The local
thermal behaviour is obtained by applying heat locally via the cantilever
tip and measuring the thermomechanical response. The heat is trans-
ferred to the polymer and the deflection of the cantilever is recorded
while the temperature is increasing. By increasing the temperature of
the AFM cantilever tip by a heating rate of 5 Ksec™?, the deflection of the
cantilever, as a result of the thermal expansion of the fibre surface, is
recorded as function of the temperature. The very high heating speed
ensures the local heating of the fibre surface under the tip, reduces heat
distribution and thus, enables the high spatial resolution of ca. 100 nm
of this special technique [26,27]. When temperatures reach a phase
transition, e.g. softening, the cantilever tip penetrates into the substrate
leading to a reverse deflection of the cantilever tip. The temperature of
the maximum of the deflection-temperature-curve is defined as the
localised softening temperature (Ts) of the fibre surface at the measured
spots under the cantilever tip.

For the investigation of fibre surface, the samples are fixed on a Si
wafer using double side tape (Figure S1 Supporing information).
Additionally, the fibre ends are also fixed with tapes. As the basic
principle of nanoTA requires a flat surface to record the deflection, the
positions on the fibre surface for reliable nanoTA measurement are
limited to a very narrow area on top of the fibre (convex area). De-
formations may occur on the polymer surface at and around the mea-
surement spot due to the tip being heated, that skews its placement and
leads to distortions in tip deflection and therefore in the results. It also
leads to contamination of the cantilever (deposits are observed on the
legs of the cantilever). Therefore, we limited our analyses to single point
measurements for the fibres in this study.

2.9. Single fibre tensile testing

The determination of fibre strength was carried out on single fibres
using the combination of Vibroscope 500 / Vibrodyn 500 from Lenzing
Instrument (Lenzing, Austria) of a clamping length of 20 mm and a test
speed of 10 mm/min is applied. Stress vs. strain curve is recorded and
the fibre titre (dtex) and tenacity (cN/tex) are determined. The fibre
diameter is calculated from the fibre titre (Supporting information,
Equations S1 and S2).

3. Results and discussion
3.1. Enzymatic hydrolysis of PET fibres

The conditions for the enzymatic hydrolysis of PET fibres were
evaluated in experiments based on the data previously reported (5 pM
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HiC in 100 mL of 1 M KPO buffer pH 8, T = 65 °C, horizontal orbital
shaking at 150 rpm) [28]. Initially, the time steps of 48 h, 96 h and 168 h
for the hydrolysis were planned. However, we realised that undrawn
fibres (DR1) almost disappeared after 96 h hydrolysis. Thus, the reaction
was stopped for DR1 after 96 h and samples were collected for further
analysis.

Due to enzymatic scission of the PET ester bonds, TA was released up
to 27.2 mM for undrawn fibre DR1 already over 48 h (Table 1). The
reaction progression was followed via quantification of released TA over
time using HPLC-DAD. As a control series, PET fibres were incubated in
the buffer solution without enzyme (blank samples). Under identical
conditions, no measurable TA release of the blank samples was observed
for the control. Furthermore, a weight loss of the fibre samples up to
75.2% was observed for fibres without drawing, supporting the data on
the released soluble TA of the unoriented PET fibre. In contrary, much
lower TA release (maximal 0.1 mM) and no detectable weight loss were
found for the orientated fibres with a draw ratio of 3 and 4, respectively.
The conclusion can be made that the drawing process, i.e. higher
orientation of the fibres significantly reduces the monomer release, thus
enzymatic degradation of PET fibres.

With respect to enzyme activity, Tournier et al. [29] used computer
aided engineering approach to improve the activity and thermostability
of cutinases, for example of LCC (leaf-branch compost cutinase) for the
degradation of recycled PET bottles. The activity of LCC was boosted by
saturation mutagenesis and addition of divalent metal binding site. The
PET depolymerisation specific activity could be improved by ca 25% and
the thermal stability of LCC was increased by ca 10 °C, enabling the PET
depolymerisation to 90% conversion at 72 °C. Wei et al. [30] investi-
gated the degradation efficiency of PET packing materials and proposed
a combined degradation mechanism. Considering the hypothesis of
enzyme action modes as postulated in [30] that the hydrolysis starts
with an endo-type (independent of the initial polymer microstructure),
followed by an exo-type chain scission in the mobile amorphous fraction
(MAF) and release of degradation products, the mechanism can be taken
to well explain the degradation behaviour of DR1 (low crystallinity, i.e.
high MAF proportion). In case of high crystalline PET, where neigh-
bouring ester bonds in crystalline PET and in rigid amorphous fraction
(RAF) are often not accessible to the enzyme, the explanation according
to the hypothesis in [30] would be that following the preferential
degradation of the accessible mobile amorphous fraction MAF of PET by
a combination of endo- and exo-type chain scissions, the enzyme further
catalysed only endo-type chain scissions in the less
hydrolysis-susceptible RAF or crystalline microstructures of PET, but at
a much lower rate.

Considering the results obtained for DR3 and DR4, i.e. almost no
degradation products (Table 1), the assumption can be made that no
exo-type chain scission (or only very little) took place in these fibres.
Since the data from IR and DSC investigation do not indicate chain
scissions as originally reported, we therefore conclude that the minor
degradation observed in DR3 and DR4 samples may be due to contam-
ination by degraded oligomers rather than polymer cleavage. Further
supporting evidence can also be found for the hydrolysis of PLA in our
earlier study [31] where HiC hydrolysis did not change the molecular
weight of PLA residue as determined using GPC.

We also found, that only small changes of TA release and weight loss

Table 1
TA release and weight loss as result of enzymatic hydrolysis of PET fibres.

TA release (mM) Weight loss (%)

DR1 DR3 DR4 DR1 DR3 DR4
blank nd nd nd nd nd nd
48h (2 d) 27.2+1.0 0.1 £0.0 0.1 £0.0 75.2 £ 3.9 nd nd
96 h (4 d) 31.7 £1.7 76.5 + 5.9
168h (7 d) 0.1+0.0 0.1+£0.0 nd nd

nd: not detectable; blank: sample in buffer solution only.
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were recorded between 48 h and 96 h hydrolysis for DR1. One would
assume that the rate of hydrolysis decreased with longer incubation
time. However, as the crystallinity of the polymer residues remains on
the similar level (DSC result in Section 3.3), we believe that the reason
could be the limited enzyme accessibility to the substrate (PET) caused
by a possible enzyme inhibition by the excess of released monomer [32,
33]. Although we cannot provide an answer to the lower rate between
48 h and 96 h for DR1, the effect of the high order (drawn/orientated vs.
undrawn/unoriented) on the rate of the hydrolysis of PET fibre was
clearly shown (Table 1).

3.2. ATR-FTIR investigation

FTIR microscopy was applied in ATR mode to investigate possible
changes in chemical structure of the fibre surface. In this measurement
technique, the ATR diamond is positioned directly on the surface of a
single fibre, enabling a lateral resolution of 3-5 pm of the measurement,
which is far lower than conventional transmission FTIR techniques
would allow [34].

In Fig. 1, IR spectra of enzymatic hydrolysed fibres and blanks are
shown. It can be seen that all spectra are almost identical and there is no
observable change of the peak intensities of the typical C=O stretching
at 1715 cm™!, C-C-O stretching at 1245 cm ™! and O-C-C stretching at
1097 em ™! of aromatic ester. Depending on the thermal and mechanical
history, e.g. quenching, annealing and subsequently drawn, differences
are observed due to configuration of the ethylene glycol group and also
phenylene carbonyl bonds (cis/trans conformers). Many of these ab-
sorption bands are split being associated with differences in the force
field between amorphous and crystalline regions and also with the chain
conformation around the glycol ester configuration [35]. Theoretically,
as result of the polymer hydrolysis, shorter polyester chains are formed
and thus, the number of end groups (-COOH and -OH) was expected to
increase. However, unlike to the results reported in the literature for PET
annealing [35] or alkali hydrolysis [36], we did not record any
observable changes, either in the region of 1715 cm™! (C=0 stretching)
nor 2970 cm~! (CH stretching). This observation, however, fits well to
the results reported on the enzymatically hydrolysed aliphatic biobased
polyester fibres in our earlier study [25]. The high amount of released
TA and the weight loss of the fibre samples in case of draw ratio of 1
(Table 1) indicated that lower molecular weight monomers and possibly
oligomer fragments had been removed from the fibre surface. This leads
to the conclusion, that remaining solid PET residues did not undergo
significantly changes in molecular structure, e.g. chain cleavage.
Therefore, only minimal changes in the number of -OH and -COOH end
groups at the fibre surface can be expected which was not visible in IR
spectra for all PET fibres with different draw ratios.
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On the other hand, the basic principle of the measurement technique
IR-ATR does not only cover the surface area of the tested sample, but
also a part of the bulk material as a result of the penetration depth of the
IR light up to 2 um below the fibre surface [37]. Thus, the very low
number of the new end groups combined with an unchanged bulk
polymer as reported previously [28], and the relatively deep penetration
of the irradiation in IR-ATR measurements explained the almost iden-
tical IR spectra as shown in Fig. 1.

As neither undrawn PET fibre nor drawn fibres exhibited changes in
the increased number of end groups, we can conclude that the enzyme
catalysed hydrolysis led to a surface polymer degradation, along with
material ablation and monomer release. The rate of the surface hydro-
lysis however depends on the accessibility of enzyme to the fibre, i.e. to
the amorphous regions of the fibre surface.

3.3. DSC thermal analysis

In order to further to investigate the hypothesis, that hydrolysis
preferably takes place at the amorphous part of the polymer, thermal
analysis investigation of the PET fibres was carried out using differential
scanning calorimetry measurements (DSC). To investigate the change in
the crystallinity of the fibres as a result of the enzymatic hydrolysis, the
fibre samples were scanned by a first heating as it provides information
on the original state of the fibres.

As shown in Fig. 2, PET fibres without drawing (DR1) clearly exhibit
cold crystallisation during the first heating, which is not observable by
drawn samples. Cold crystallisation takes place above the glass transi-
tion temperature when the crystallisable polymer chains were not able
to align in the crystallites during the quenching process by the fibre
spinning. In contrary, the drawing step initiates elongation reduced
crystallisation of DR3 and DR4, leading to higher molecular orientation
and crystallinity in those samples. Consequently, noticeable differences
in melting enthalpy of the fibres can be observed (Table 2). PET un-
drawn fibre DR1 shows a melting enthalpy of 11.9 + 1.6 J/g, i.e. a
crystallinity degree of about 8%, while the crystallinity of drawn fibres
(DR3 and DR4) is about 32%, based on the theoretical enthalpy of
perfectly crystallised PET of 104.1 J/g [38,39]. It is to be noticed that
there is no big difference in the crystallinity between the draw ratios 3
and 4, taking the standard deviation into consideration (Table 2).

With increased incubation time, the melting enthalpy and crystal-
lisation enthalpy of the undrawn fibres (DR1) increased. However, even
after 96 h hydrolysis and a weight loss of about 75 % (30 mM TA
release), the melting enthalpy of the fibre is still very low compared to
the modified drawn fibre at higher incubation time. On the other hand,
there is no trend in the change of melting/crystallisation behaviour as
function of incubation time for drawn fibres. In this case, the melting

(a) (b)

DR196 h J DR3 168 h

(c)

JLJ — DR4 168 h JL»LJ

[ ~e—
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Fig. 1. IR spectra of enzymatic hydrolysed PET fibres with different draw ratios compared to blanks: (a) DR1, (b) DR3 and (c) DR4. (almost identical spectra for

hydrolysed fibres with other incubation times).
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Fig. 2. DSC curves of enzymatic hydrolysed PET fibres with different draw ratios (blue curves) compared to blanks (red curves): (a) DR1, (b) DR3 and (c) DR4 (the
thermograms were almost identical for fibres with other incubation times).

Table 2
Melting enthalpy (1st heating) of enzymatic hydrolysed PET fibres and blanks.
AHp (J/8)
DR1 DR3 DR4
blank 10.4 + 0.6 47.8 +£ 2.8 509 +£1.9
48h(2d) 11.1 £ 0.7 41.5+ 2.4 49.8 + 0.6
96 h (4 d) 13.2+0.3
168 h (7 d) 50.4 +1.2 49.1 £ 1.6

blank: sample in buffer solution only.

and crystallisation enthalpies remain on a similar high range. The
noticeable low AHp, value of DR3 after 48 h hydrolysis compared to the
blank and incubated sample after 168 h cannot be fully explained. A
possible reason for this observation could be the inhomogeneity of the
fibres at this draw ratio under lab fibre processing condition.

Similar to our work, Ronkvist et al. [40] investigated the hydrolysis
of PET using Humilica insolens (HiC). They reported that HiC reaches it
maximal initial activity at 80 C and pH 8.5 and the activity of HiC for
hydrolysis of low crystallinity PET (7%) was increased by almost 30 fold
when the incubation temperature was increased from 30 °C to 80 °C.
However, the initial HiC activity decreased by 25 fold when exposed to
PET with higher crystallinity degree (35%). This fits very well to our
observation when comparing DR1 (low crystallinity) to DR3 and DR4
(high crystallinity).

Changes of the microstructure of PET samples (film and packaging
containers) during the enzymatic hydrolysis with thermophilic polyester
hydrolase (TfCut2) were also discussed in [30]. All investigated samples
show a distinct cold crystallisation peak around 130 — 138 °C (note:
142 °C in Ronkvist et al. [40]) at the first DSC heating scan. In our case,
only DR1 shows a cold crystallisation peak at ca 130 °C. The peak,
however, could not be observed for DR3 and DR4, indicating higher
molecular orientation and crystallinity in DR3 and DR4 as a result of
fibre drawing. Indeed, the crystallinity degree of DR3 and DR4 (32%) is
higher as the postconsumer PET samples investigated by Wei et al. [30].
Furthermore. The authors did not observe any significant differences
between the samples incubated with buffer only at 70 °C and the
enzymatically hydrolysed ones and thus concluded that the changes in
residual bulk PET were mainly caused by physical ageing [30].

In other recent work [41], the influence of the crystallinity on the
degradation with cutinase LCC was investigated. The crystallinity de-
gree of PET was varied by annealing at 115 °C for different times. For
low crystalline sample 10% crystallinity, the authors reported a product
release of 22.3 mM after 8 h at 70 °C, while almost no product release
occurred from annealed samples with 23 — 27% crystallinity. The initial
PET sample with 10% crystallinity corresponds to our undrawn sample

DR1 (11%) while the annealed PET samples show lower crystallinity
compared to our drawn samples DR3 and DR4 with 32% crystallinity.
Thus, these findings fit well to the trend observed in our study for neat
and drawn samples.

Compared to our work, the incubation temperatures applied in the
studies [29,30,40,41] were higher (70-72 °C). The main reason for
choosing the temperature of 65 °C in our study is to ensure the balance
between good enzyme activity (HiC in our case) and low impact on
physical property of modified PET fibre.

As another part of prior art, the higher order of PET molecular ar-
chitecture observed by physical ageing at temperature close to the glass
transition of PET was reported by a number of research groups [42-45].
Ellis et al. [42] investigated the physical ageing of PET at 63 °C which is
close to the incubation temperature in our study. The annealing time
was up to 127 h. The authors reported a distinct ageing peak at 79 °C in
DSC thermograms. Similar results are also reported by other authors for
physical ageing at 63 °C [43] and 67 °C [44] . However, such a distinct
peak was not observed for the samples in our study, for both enzymatic
hydrolysed samples and blank samples in buffer solution only (Fig. 2). In
another study on physical ageing of PET at 63 °C - 78 °C [45], the au-
thors found an increase in the polymer density by 0.1% by physical
ageing at 68 °C and therefore concluded that there was no further
crystallisation occurring during physical ageing and the whole amount
of amorphous phase in the semi crystalline PET samples remained
constant. However, some of the MAF gradually evolved in to constrained
part RAF due to the reduced mobility of the molecular segments [45].
This is well in line with the findings reported by [30].

In our case, there were no changes in crystallinity degree (melt
enthalpy) and fibre strength (fibre tenacity) when comparing neat PET
fibres and blank samples, i.e. fibres incubated in buffer solution only
(Table S2, Supporting information). The reason for this observation may
lay in the fact, that the fibres underwent a heat setting step in boiling
water for 5 min after drawing (typical for PET fibre production). This
step might overlap the physical ageing effect of the fibres when
considering as bulk polymer.

Overall, it can be stated that the enzymatic hydrolysis did not lead to
a significant change in the high order structure of the fibre, independent
of the draw ratio, i.e. initial molecular orientation, monomer release and
weight loss by material ablation. Furthermore, DSC measurement of
fibre samples is regarded as a characterisation method which considers
the whole polymer sample and thus represents the crystallinity of the
entire fibres, including the inner core and outer layer. Thus, we can
conclude that the bulk polymer of the fibre remained unaltered after the
enzymatic hydrolysis with regards to thermal behaviour. This observa-
tion is supported by the IR investigation reported above. This would also
be explained by the enzyme attack on the fibre surface during the entire
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hydrolysis. Detailed investigation of the surface region using the more
surface sensitive nanoTA technique will provide more information of the
thermal behaviour of the fibre surface region [25].

3.4. SEM investigation

The progress of the enzymatic hydrolysis was visualised through
SEM imaging of the fibres after different incubation times (Fig. 3). The
blank fibres still exhibited a rather smooth surface morphology after
incubation in buffer solution without enzyme for 168 h. With the pro-
gression of the hydrolysis, decreases in fibre thickness were observed for
undrawn fibre DR1 (b, ¢), supporting the weight losses and TA release
discussed above. Furthermore, many voids and holes can also be
detected on the fibre surfaces. It is worth noticing, that the solid residue
of DR1 fibres are very brittle and break very easily. Thus, SEM images of
modified DR1 only represented a part of its residues. In case of drawn
fibres DR3 (d-f) and DR4 (g-i), the fibre shape almost remains and no
significant decrease in fibre diameter can be observed. This observation
also fits well to the non-detectable weight loss of DR3 and DR4.

However, slight changes in fibre surface topography could also be
detected on the fibre surface in both cases of DR3 (e, f) and DR4 (h, i), e.
g. some deposited parts on the fibre surface (e, f and h, i). Infrared
investigation of the spots using IR microscopy confirmed the PET

(a) (d)

2022/04/12  10:50 HL x1.0k 100 ym

2022/04/12  11:52 HL x1.0k 100 pm

TM3030_2576 TM3030_2604

202204112 1420 HL

2022/04/12  15:17 HL
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polymer structure of the deposits. Thus, we assumed that such deposits
originated from loosen polymer chains at the fibre surface during hy-
drolysis. They adhere to the fibre surface when the samples were taken
out of the enzyme bath, rinsed with deionised water and dried.

3.5. Investigation of fibre surface using combined AFM/nanoTA

A more detailed view on the fibre surface was provided by AFM
(Fig. 4). It can be observed that the hydrolysis leads to significant
rougher surface appearance in case of DRI, indicating the surface
etching effect of the enzymatic hydrolysis. This effect is much less pro-
nounced by drawn fibres DR3 and DR4. However, AFM images of DR3
and DR4 also revealed fibre surfaces with irregularities such as small
holes and deposits. The rather irregular surfaces of the fibres (rips,
twists) after 168 h modification could be a result of random deformation
caused by the movement and friction between the fibre in the enzyme
bath.

To further investigate the polymer layer at the fibre surface region
and to understand the surface hydrolysis in more detail, the surface
sensitive thermal analysis technique nanoTA is applied.

It can be clearly observed that the localised softening point of un-
drawn fibre (DR1 blank) is much lower compared to drawn fibres DR3
blank and DR4 blank, respectively (Fig. 5). The clear difference in Ts as

2022/04113 1520 HL

2022/04/14  12:20 HL x1.0k 100 pm

x1.0k 100 ym TM3030_2824

Fig. 3. Representative SEM images of enzymatic hydrolysed PET fibres and blanks: DR1 blank (a), DR1 after 48 h (b) and DR1 after 96 h (c); DR3 blank (d); DR3 after
48 h (e) and DR3 after 168 h (f); DR4 blank (g); DR4 after 48 h (h) and DR4 after 168 h (i); (scale bar 100 pm).
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(d)

Fig. 4. Representative AFM images of enzymatic hydrolysed PET fibres and blanks:
after 48 h (e) and DR3 after 168 h (f); DR4 blank (g); DR4 after 48 h (h) and DR4
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Fig. 5. nanoTA softening temperature of fibre surface as function of incubation
time. Ts value at O h was determined on blank samples.

determined by nanoTA fits very well to the much lower crystallinity of
the undrawn fibre compared to drawn fibres (Table 2). Furthermore, the
nanoTA softening point increased significantly with increasing incuba-
tion time for all fibres, i.e. undrawn and drawn with different ratios. In
case of drawn fibres, a Ts being much higher as the glass transition
temperature of PET (around 80 °C) was measured after the enzymatic
modification.

However, the clear trends in increasing Ts with increasing incubation
time for all samples does not corelate with the similar melting and
crystallisation enthalpies as measured by DSC. In other words, the
localised surface softening temperature measured with nanoTA in-
creases despite similar crystallinity as determined by DSC.

Polymer Degradation and Stability 218 (2023) 110593

(@

DR1 blank (a), DR1 after 48 h (b) and DR1 after 96 h (c); DR3 blank (d); DR3
after 168 h (i); (image scale 3 x 3 um).

Furthermore, the changes of the softening temperature for DR3 and
DR4 are in the very similar range, taking the standard deviation into
consideration. A distinct difference can only be detected between the
undrawn (DR1) and drawn samples (DR3 and DR4). It led to the
conclusion, that there is no large difference in elongation induced
crystallisation between the samples with the draw ratio 3 and 4 with
regards to bulk crystallinity and crystallinity at the fibre surface region.

Taking into the account the different measurement principles (bulk
calorimetric DSC vs. localised thermomechanical nanoTA), the differ-
ences in the results obtained by nanoTA and DSC can be explained by a
higher crystallinity of the surface layer of the fibres. While nanoTA
provides information on thermomechanical surface softness with a
spatial distribution of bellow 100 nm, DSC determines the phase tran-
sitions of the entire fibre materials. Differences in crystallinity of a thin
surface layer would therefore strongly influence nanoTA softening
point, but not or only slightly the melting behaviour of the entire fibre
bulk as determined by DSC.

3.6. Investigation of fibre mechanical properties

The determination of fibre strength was carried out on single fibres.
As reported above, undrawn fibres DR1 hydrolysed rapidly, their shapes
changed randomly and the fibres became very brittle during the hy-
drolysis. It made a reliable determination of the fibre strength and
fineness unattainable. Thus, we do not report the mechanical properties
of modified undrawn fibres.

As shown in Table 3, the titre of fibre decreased with increased draw
ratio. However, there are no observable changes in fibre dimension
(titre) and mechanical strength (tenacity) of drawn fibre after the hy-
drolysis. The results fit well to the observation made by SEM (Fig. 3) and
AFM (Fig. 4) as well as the similar bulk crystallinity as determined by
DSC (Table 1). The almost identical mechanical properties of the single
fibre further supported the hypothesis that the molecular structure and
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Table 3
Titre and tenacity of enzymatic hydrolysed drawn PET fibres and blanks.
DR1 DR3 DR4
titer tenacity titer tenacity titer tenacity
(dtex) (cN/tex) (dtex) (cN/tex) (dtex) (cN/tex)
blank 23.6 11.0 £ 0.9 7.9 + 41.8 £ 1.7 6.3 + 59.8 £ 1.9
+ 1.0 0,1 0.2
48h (2 - - 79+ 43.2 £ 0.8 6.5 + 61.2+1.6
d) 0.1 0.1
96 h (4 - -
d
168 h 7.9 + 42.4 £ 1.1 6.2 + 62.5+ 1.6
7 d) 0.2 0,1

blank: sample in buffer solution only.

high order of the polymer remained unchanged during the enzymatic
hydrolysis. The solid bulk PET fibre residue did not undergo signifi-
cantly changes, e.g. chain cleavage or reorientation.

Furthermore, the higher surface crystallinity as the result of the
surface hydrolysis and ablation only contributed to higher surface
softening point as determined by nanoTA. The layer thickness of the
surface layer seemed to be too low to contribute to the mechanical
strength of the fibres.

4. Conclusion

The selective hydrolysis of PET fibres with different degrees of mo-
lecular orientation by a cutinase from Humicola insolens (HiC) was
mechanistically investigated. The utilisation of the advanced surface
sensitive characterisation technique nanoTA reveals the mechanism of
the enzyme catalysed surface hydrolysis. The selective enzyme attack
leads to randomised hydrolysis, monomer release and ablation of the
fibre surface during the hydrolysis. In particular, the effect was very
pronounced in undrawn fibre with very low crystallisation degree. The
surface of undrawn fibres hydrolysed very fast, resulting in significant
surface etching, thus increase in surface roughness compared to blank
samples as observed by SEM and AFM.

On the other hand, a higher orientation degree as a result of fibre
drawing prevented the enzyme attack to fibre surface. Compared to
undrawn fibre, no observable monomer release and surface ablation
were found for drawn fibres. The high order structure of the fibre
seemed to be the reason for the limited hydrolysis caused by the enzyme.

Over the incubation time, increased surface softening temperature
was recorded by nanoTA. The observation can be explained by the
enrichment in fibre surface crystallinity as a result of the hydrolysis of
the amorphous part of the fibre surface. However, the change in polymer
crystallinity cannot be detected for the entire fibre by DSC measure-
ment. This is well aligned with the almost unchanged tenacity of the
drawn fibres after the enzymatic hydrolysis.

The clear difference between the changes in surface (nanoTA) and
bulk crystallinity (DSC) led to the conclusion, that the polymer high
order is much more pronounced in the fibre outer region due to the
selective enzyme attack at the fibre surface. The observable shift of the
surface softening temperature as detected by nanoTA validates the hy-
pothesis, that selective hydrolysis preferably takes place at the amor-
phous region at the fibre outer region.

Compared to other bulk other bulk-based analysis techniques such as
DSC, IR and single fibre tensile testing, nanoTA is proven to be sensitive
to characterise changes on fibre surface due to increased crystallinity of
the surface region. However, as nanoTA investigation on fibre surface is
limited to single point measurements due to the fibre shape and
dimension (see Section 2), a better utilisation of the technique to scru-
tinize local microstructural alterations, considering the distribution of
crystalline and amorphous fractions will be done on exposed film sam-
ples. A flat film surface would help to better explore the techniques to
gain better insight of the phenomenon which is part of the ongoing
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study.

The newly gained results contribute to a better understanding of the
enzymatic hydrolysis of PET fibres with different degrees of orientation
and crystallisation. This further builds the basic to expand the utilisation
of the environmentally-friendly white biotechnology towards a green
process of polymer degradation to reduce plastic pollution.
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