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Abstract

Increased use of bioplastics, such as polylactic acid (PLA), helps in reducing greenhouse gas
emissions, decreases energy consumption and lowers pollution, but its degradation efficiency has
much room for improvement. The degradation rate of electrospun PLA fibers of varying diameters
ranging from 0.15 to 1.33 um is measured during hydrolytic degradation under different pH from
5.5 to 10, and during aerobic biodegradation in seawater supplemented with activated sewage
sludge. In hydrolytic conditions, varying PLA fiber diameter had significant influence over
percentage weight loss (W), where faster degradation was achieved for PLA fibers with smaller
diameter. We;, was greatest for PLA-5>PLA-12>PLA-16>PLA-20, with average Wo;. at 30.7%,
27.8%, 17.2% and 14.3% respectively. While different pH environment does not have a significant
influence on PLA degradation, with W, only slightly higher for basic environments. Similarly
biodegradation displayed faster degradation for small diameter fibers with PLA-5 attaining the
highest degree of biodegradation at 22.8% after 90 days. Hydrolytic degradation resulted in no
significant structural change, while biodegradation resulted in significant hydroxyl end capping
products on the PLA surface. Scanning electron microscopy (SEM) imaging of degraded PLA
fibers showed a deteriorated morphology of PLA-5 and PLA-12 fibers with increased adhesion
structures and irregularly shaped fibers, while a largely unmodified morphology for PLA-16 and

PLA-20.

Keywords: Polylactic acid, biodegradation, hydrolytic degradation, electrospun fibers,

sustainability

1. Introduction
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Conventional plastics pose significant environmental damage due to their slow degradation,
leading to their persistence in the environment and widespread pollution. This is especially evident
during the Covid-19 pandemic, where PE based facemasks were irresponsibly disposed and led to
severe pollution of land and sea.(Benson et al., 2021; Dharmaraj et al., 2021) To address this
pollution issue, there is a growing shift toward biodegradable plastics, (Atiwesh et al., 2021;
Muiruri et al., 2023; Pang et al., 2023; Png et al., 2023; Sarasa et al., 2009; Wang et al., 2022b)
notably PLA.(Yusoff et al., 2021) PLA, derived from renewable sources like corn starch or
sugarcane, is biodegradable and compostable, offering a sustainable alternative to traditional
plastics.(Madhavan Nampoothiri et al., 2010) It is widely used in applications such as biomedical
implants, drug delivery systems, food packaging, clothing and textiles, agricultural films, thermal
energy storage or compostable bags etc.(Brodin et al., 2017; Cui et al., 2020; Dong et al., 2023;
El-malek et al., 2020; Fan et al., 2017; Lagaron and Lopez-Rubio, 2011; Lee et al., 2022; Liang et
al., 2022; Loh, 2013; Nguyen et al., 2011; Soo et al., 2023; Soo et al., 2022a; Tang et al., 2022;
Wang et al., 2023; Wang et al., 2022c) The life cycle assessment (LCA) of PLA has shown its
potential to reduce greenhouse gas emissions by as much as 50-70%,(Alvarez-Chavez et al., 2012;

Muiruri et al., 2022) signaling a good solution to mediate the pollution problem.

Currently there are different strategy to reduce or degrade substances via chemical catalysis or
relevant treatment.(Cui et al., 2017; Guo et al., 2023; Zhao et al., 2023; Zheng et al., 2020) PLA is
degradable via different methods such as hydrolytic, thermo, bio etc., and degradation is often
initiated at the polar carbonyl groups.(Amorin et al., 2014) The PLA crystallinity, morphology,
molecular weight, as well as degradation conditions like pH and temperature can affect the rate of

degradation.(Araque-Monrds et al., 2013) For hydrolytic degradation, many studies have been
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carried out at different pH to compare the degradation rates. Different range of sizes and
microstructures of PLA were found to degrade fastest in alkaline conditions compared to acidic
and neutral conditions, and a decrease in mechanical strength and increase in crystallinity often
accompanies it.(Vaid et al., 2021; Xu et al., 2011) Araque-Monros et al.(Araque-Monros et al.,
2013) degraded hollow braided PLA at pH 3, 7.4 and 12 at 37 °C over 12 months, of which fiber
diameter was about 18.6 um. There was a 21% weight loss and more significant morphological
changes for PLA degraded in the alkaline media but no substantial change for the rest. Nevertheless,
average molecular weight and mechanical properties decreased for all samples. While Vaid et
al.(Vaid et al., 2021) degraded PLA fibers of about 10-15 pm in diameter under a pH environment
of 2, 3, 7.4 and 10 over 25 days. Likewise, hydrolytic degradation occurred the fastest in basic
environment (pH 10) with mass loss of 0.6%, which was about four times greater than PLA in the
other pH solutions. This was accompanied by a drop in mechanical properties where PLA exposed
to pH 10 reduced by 40% and the others by 25%. Similarly, Xu et al.(Xu et al., 2011) degraded
PLA brushes of 10nm thick in pH 8, 7.4, 7, 6 and 3. The more basic solutions, pH 8 and 7.4, were
more efficient in removing PLA brushes from its substrate in 25 h and 100 h respectively. The
neutral solution took a much longer time of 450 h, while the remaining two acidic conditions

displayed no significant change.

Several studies have also been investigated for the performance of PLA during the biodegradation
process in sewage sludge. Research by Richert et al.(Richert and Dgbrowska, 2021) demonstrated
the biodegradation efficiency of PLA under different environments. The study proved that the
microbial consortia present in activated sludge and compost leads to a better hydrolysis of

chemical bonds and decomposition of PLA than those from sea or river water. The potential of
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sewage sludge as medium for the biodegradation of PLA is further supported by Campanaro et
al.(Campanaro et al., 2023), whose work discovered degradation rates of aged and non-aged PLA
in the presence of sewage sludge. This research indicated the importance of prior photo-
degradation of plastics before entering the wastewater treatment system to promote the activity of

specific microorganisms efficiently degrading PLA within sewage sludge.

When taking a closer look at degradation rates of PLA or PLA modified polymers as a function of
particle size, Grizzi et al.(Grizzi et al., 1995) showed a clear distinction in degradation rates for
polylactide-co-glycolide (PLGA) thickness at different order of magnitudes under a condition of
pH 7.4 at 37 °C. Degradation occurred faster at greater thickness; plates > milli or micro spheres >
films. This was due to the auto-catalytic effect where degraded materials with carboxylic chain
ends were trapped within the matrix of thicker PLAGA, creating an acidic environment to auto-
catalyze the degradation process. Thinner PLAGA allows for faster diffusion of these degraded
materials out of the matrix and undergoes smaller extent of degradation. Dunne et al.(Dunne et al.,
2000) also demonstrated a clear dependence of particle size for hydrolytic degradation using
PLAGA, but on a similar order of magnitude. PLGA particles of three different sizes, < 1 pm, <
20 pm, and < 50 um were incubate in PBS pH 7.4 at 37 °C, and the larger PLGA particles were
found to degrade faster. The auto-catalytic effect eventually caused PLGA to lose their structure
and increase in porosity for degraded materials to diffuse out. However, these comparisons are of
sizes with significant difference, and conducted at physiological conditions (pH 7.4). Hence it will
be interesting to study different PLA fiber thickness at a smaller scale (0.15 to 1.33 um) to see how

the degradation is affected.
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During the recent Covid-19 pandemic, there was a rise in production of biodegradable PLA face
masks in a bid to reduce environmental pollution from disposable polyethylene based face
mask.(Choi et al., 2021; Garcia et al., 2021; Morganti and Morganti, 2020; Morganti et al., 2020)
PLA based masks(He et al., 2020; Patil et al., 2021; Wang et al., 2022a) attained particle filtration
performance > 95 wt%, comparable to that of N95/KN95 masks. In our previous work,(Soo et al.,
2022b) we monitored the degradation of a whole piece of PLA mask in pH 2, 7 and 13 at room
temperature for 4 weeks. Similar to other works, degradation was greatest in the alkaline
environment, but minimal effects in acidic and neutral environment. Through SEM imaging, we
found greater hydrolytic and biodegradation features for the thinner middle meltblown layer
compared to the thicker outer spunbond layers, however there was no quantifiable measurements,
and more so on how different pH affects hydrolytic degradation of PLA fibers with different
diameters. Most of the available literature monitors degradation as a function of particle size in
PBS as their applications are for the human body. To fully understand the effect of fiber thickness
on the degradation rate, PLA fibers of different diameters can be fabricated via electrospinning
(Lim et al., 2023; Zhang et al., 2023) and subjected to degradation tests. In this article we describe
the fabrication of fibrous mats made of electrospun PLA of different fiber diameters from 0.15 pm
to 1.33 um. The mats were then subjected to hydrolytic and microbial degradation. To mimic
physiological and ambient conditions the fibers were soaked in four aqueous solutions with pH
values ranging from pH 5.5 to 10, and the temperature was maintained at 37 °C. It was noted that
the Tg of PLA is 60 °C, and degradation when carried out above its Tg would be much more
efficient.(Mitchell and Hirt, 2015) However, the degradation temperature was chosen based on the
intended application or eventual environment it might end up in after disposal. This is so that the

lab scale tests can mimic as closely to the environmental conditions as possible. Weight loss of the
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PLA fibers was used to monitor the degradation. FTIR and SEM analysis were performed to study
the chemical and physical degradation, respectively. Biodegradation tests were conducted
according to international standard methods OECD 301B and 306(OECD, 1992a; OECD, 1992b)
with slight modifications, where carbon dioxide production, total organic carbon content and

weight loss were monitored.

2. Materials and Methods

2.1 Materials

1,1,1,3,3,3-hexafluoro-2-propanol (HFP), hydrochloric acid, sodium hydroxide and phosphate
buffered saline was purchased from Sigma-Aldrich. PLA was purchased from Nature Works
(3051D, 96.5% of L-lactide, Mw = 160,000, PDI = 1.7). All chemicals were used without further

purification.

2.2 PLA fibers fabrication

PLA/HFP solutions with different PLA concentration (5 w/v%, 12 w/v%, 16 w/v% and 20 w/v%)
were prepared.(Lim et al., 2023) The PLA/HFP solution was loaded into a syringe and connected
to aneedle (25G for inner diameter). Using a rotating drum with a width of 120 mm as the collector,
electrospinning of PLA/HFP was carried out under the following parameters: feeding rate of 1.2
mL/h, environmental humidity of 50 ~ 70 RH%, voltage of 15 kV, needle tip-to-drum top distance
of 13 cm, and drum rotation speed of 50 rpm. The needle is set in a to-and-forth motion with speed

of 30 mm/s and distance of 140 mm perpendicular to the drum rotation axis.
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2.3 Hydrolytic Degradation

Aqueous solutions with pH 5.5 were prepared by diluting 37% hydrochloric acid with deionized
water. pH 8 and 10 solutions were prepared by dissolving sodium hydroxide pellets in appropriate
volume of deionized water. pH 7.4 solution was prepared using phosphate buffered saline tablet.
PLA fibers were cut into an appropriate size, and the weight W; was recorded. The fibers were then
placed in the respective pH solutions and kept at 37 °C in an oven to soak for 1, 2, 3, 4, and 8
weeks. After soaking for the respective durations, the fibers were collected, rinsed with deionized
water, and dried at 37 °C for 2 days. After drying, the fiber weight W, was measured. The

percentage weight loss W, was then calculated by:

Wi—Wf
Wi

Wy, = x 100% (1)

2.4 Aerobic biodegradation tests

The biodegradation tests of PLA fibers were conducted according to international standard
methods OECD 301B and 306 (OECD, 1992a; OECD, 1992b) with slight modifications. Briefly,
the biodegradability of PLA fibers was determined by the analysis of carbon dioxide (CO»)
evolution from accelerated aerobic biodegradation process in seawater supplemented with
activated sewage sludge. The sludge was obtained from a wastewater treatment plant in Singapore
one week prior to the biodegradation tests. The mixture of seawater and sludge was pre-filtered to
remove coarse suspended particles and pre-aerated at room temperature of 25 °C for one day before
inoculation. The PLA fibers and reference ashless cellulose filters were cut into 1 cm % 5 cm pieces
in advance. The total organic carbon (TOC) contents of test materials were measured by a TOC

analyzer (Shimadzu, Japan).
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For each test, 100 mg sample with about 50 mg TOC was immersed in the inoculation solution in
a conical flask with a total suspended solids (TSS) content of 300 mg/L to achieve a final liquid
volume of 200 ml. CO»-free air was bubbled into the solutions at a rate of 30 ml/min to maintain
aerobic condition, while each flask was stirred using a magnetic stirrer. All the samples were tested
in duplicates for 90 days under 24 + 2 °C. The generated CO> was channeled to another flask and
absorbed by KOH solution, which was analyzed by an auto-titrator and replenished every week
(Mettler Toledo, USA). The biodegradation degree of each sample was calculated by dividing the
amount of measured CO> generation by the amount of theoretical CO> generation (ThCO,)
calculated from the TOC value (a detailed calculation formula can be found in the Supporting
Information), which was expressed in percentage.(ISO, 2020) The final dry weight of each sample
was measured by the end of the test and the weight loss was calculated. It is noted that the weight
loss value indicates the amount of sample that was altered through biodegradation, solubilization
and fragmentation, while the biodegradation value suggests the amount of sample that was

converted into carbon dioxide due to bio-mineralization.

2.5 Characterization

Scanning electron microscope (SEM), Heliso 600 DualBeam, Thermofisher/FEI, with e-beam
voltage of 2 keV and image resolution of 1 nm was used to examine the morphology of the PLA
fibers at various pH conditions after each degradation interval. The diameter of the fibers was
measured using SEM images and a software Imagel. Fourier-transform infrared spectroscopy for
quantitative and qualitative analysis of PLA fibers was performed using Spectrum 2000,
PerkinElmer, USA in a range of 4000 to 600 cm™ A total of 16 scans were executed at a resolution

of 4 cm™.
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2.6 Analysis of variance (ANOVA)

Two-way ANOVA with replication was carried out to measure the groups difference and
interaction for PLA diameter (PLA-5, PLA-12, PLA-16, PLA-20) and pH of soaking solution (10,
8, 7.4 and 5.5) at each time point (Week 1, 2, 3, 4, 8). P < 0.05 and F > F.i was considered to

indicate statistical significance. The analysis was conducted using Microsoft Excel.

3. Results and Discussion

3.1 Preparation and Characterization of Electrospun Fibers

PLA degradation has been widely studied in the bulk,(Luo et al., 2012; Ozdemir et al., 2016)
film(Ifiiguez-Franco et al., 2017; Kalendova et al., 2019; Limsukon et al., 2019) and fiber(Santoro
et al., 2016; Surrao et al., 2012) forms, but most of the studies were focused on the effects of
additives or environmental conditions on the degradation rate, and the effect of fiber size was not
considered. Electrospinning allows for the fabrication of PLA fibers with different diameters by
controlling PLA/HFP concentration, i.e., higher concentration leads to larger diameter. PLA was
electrospun into fibrous mats with four different fiber diameters, forming a free-standing
membrane with interconnected pores and tortuous channels. The PLA fibers are solid and non-
porous with relatively smooth surface and some minor cracks that most likely caused by the
electrical stretching force during electrospinning (Figure Sla; & a2, b1 & by, ¢1 & ¢2, di & d2). The
diameter distributions of the fibers, as presented in Figure S1as, b3, c3 and d3, show mean diameter
of 0.15, 0.62, 0.84 and 1.33 pum, corresponding to a PLA/HFP concentration of 5, 12, 16 and 20

w/v% (PLA-5, 12, 16, 20), respectively. It is noted that PLA-5 fibers were non-uniform in diameter

10
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and had many beads, suggesting that low PLA/HFP concentration cannot ensure a smooth

electrospinning due to insufficient viscosity and PLA feeding.

FTIR spectrum of the PLA fibers correlates well with the PLA chemical structure, where the
characteristic bands are observed for C=0 stretching around 1749 cm™!, CH3 asymmetric bending
around 1452 cm™!, and C—O stretching around 1182 and 1084 cm™ (Figure S2a).(Oliveira et al.,
2016; Soo et al., 2023) FTIR confirmed that no chemical reaction took place during the

electrospinning process and that pure PLA fibers were used in the subsequent analysis.

3.2 Hydrolytic Degradation

Hydrolytic degradation of the electrospun PLA fibers was studied in a pH environment of 5.5, 7.4,
8 and 10 over a period of 8 weeks. The samples were maintained at 37 °C to mimic the body and
tropical temperature conditions. Fiber weight loss was recorded at regular time points over the
course of the degradation period of 8 weeks, and the percentage weight loss (W+;) and was
calculated (Table S1) and a two-way ANOVA with replication was performed for results at each
time point (Table S2). The ANOVA indicated a significant relationship between PLA diameter and
Wos (P < 0.05, F > Feiit), but no significant relationship between environmental pH and W, nor
any significant interaction between PLA diameter and pH to influence We;. (P > 0.05, F < Ferit) at
all time points. Hence, difference in PLA diameters have a significant influence over the

degradation rate of PLA.

Weight loss was detected for all PLA fibers of different diameters regardless of the pH environment.

The PLA fibers with a smaller diameter had a higher degradation (Figure la-d), where Wo;, was

11
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highest for PLA-5 > PLA-12 > PLA-16 > PLA-20. The average W+, for each fiber diameter was
30.7%, 27.8%, 17.2% and 14.3% respectively. This trend suggests that surface erosion took place
to a greater extent than bulk erosion, which is supported by the SEM imaging (Error! Reference
source not found.Figure 1) where smooth, regular shaped fibers becomes rough and deformed,
but with little or no pores. Bulk degradation occurs when the degradation media diffuses faster
into PLA than the degradation products with acidic caping end groups defuse out, leading to auto-
catalytic effect from the trapped products. Larger particles lead to slower outward diffusion of
degraded products, hence faster degradation rate by auto-catalytic effect and greater porosity in
the structure.(Dunne et al., 2000; Grizzi et al., 1995) This is opposite from the trend observed for
the PLA fibers. Electrospun fibers tend to have a higher degree of crystallinity due to stretching of
the fibers during electrospinning, which makes it harder for the hydrolysis media to penetrate the
fibers. (Vaid et al., 2021)As such surface erosion dominates, and smaller diameter PLA fibers
would be more susceptible to hydrolysis as there is a larger surface area exposed to the hydrolytic
media for degradation. Thus, the smaller diameter fibers would achieve a faster degradation rate

with higher W+, as detected in this study.

Different pH environment does not have a significant influence on the PLA degradation, where the
PLA fibers of the same diameter seem to attain almost similar We,; for all conditions (Figure 1e-
h). Nevertheless, PLA fibers soaked in higher pH solutions does overall perform slightly better,
(Soo et al., 2022b; Vaid et al., 2021; Xu et al., 2011) which could be due to faster hydrolysis by
direct attack of the carbonyl carbon by excess OH. While acid catalyzed hydrolysis tends to be
slower as it involves a larger and more sterically hindered water molecule (H20) as the nucleophile

in addition to the need for carbonyl activation.(Vaid et al., 2021)

12
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Figure 2. SEM image of (a) PLA-5, (b) PLA-12, (c) PLA-16 after soaking in the respective pH

environment for the designated duration.

To study the effects of hydrolytic degradation under different pH environments on fiber

morphology, surface analysis via SEM was conducted. PLA-5 fibers showed most severe
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morphology deterioration especially at parts with less beading, after 4 weeks of soaking in the
respective pH environment (Figure 2a, — as). The SEM image of PLA-5 showed irregular shaped
fibers and adhesion structures were seen throughout the fibrous mat. PLA-12 fibers soaked in pH
7.4 (Figure 2bs, b7) showed minimal changes in surface morphology after 4 weeks with slight
increase in adhesion structures between fiber strands (Figure 2b1). PLA-12 fibers soaked in both
acid and base solutions started to show obvious degradation with irregular fibers and adhesion
structures after week 2 (Figure 2bo, bs, bs). Fibers soaked in pH 8 and 10 appeared more eroded,
indicating a faster degradation for PLA in alkaline conditions. The degradation features
deteriorated in week 4 (Figure 2bg, bs, bo), which was comparatively worse for the fiber soaked in
pH 5.5. As for PLA-16, due to the thicker fibers, no significant deterioration was observed for all
fibers after soaking in the respective pH solution for 2 weeks (Figure 2c> - cs). After 4 weeks of
soaking, fibers under pH 8 and pH 10 (Figure 2cs and c9) incurred minor adhesion structures, but
overall maintaining the regular shape of the fiber strand. While the other fibers (Figure 2c¢ and c7)
appeared to have no significant change in morphology. Given the minimal degradation in PLA-16,
SEM analysis of PLA-20 was not carried out. This is in line with the Wo;, trend, where PLA fibers

with smaller diameter incurred greater degradation and Wo..

FTIR was performed to investigate the structural changes that took place during the hydrolytic
degradation under various pH environment, where peak heights of the respective characteristic
bands were compared. In order to eliminate any experimental influence, absorption peak height of
the C=0 and C-O bands were normalized against the CH3 band, which is commonly used as an
internal standard for PLA due to its inert nature.(Cuadri and Martin-Alfonso, 2018; Oliveira et al.,

2016; Soo et al., 2022b) When comparing across the different sized PLA fibers soaked in different

15



310

311

312

313

314

315

316

317

318

319

320

pH environment (Figure 3a), there was slight deviation across the sample data which could be due
to inhomogeneity of the samples. However, in general there was no significant change in the C=0
or C-O peak ratios. A more in-depth analysis was conducted for PLA-12 (Figure 3b) since a
significant degradation was observed based on W, and morphology deterioration. However, no
significant change was detected even for samples soaked up to 8 weeks, which suggests that
degradation of the fibers occurred mainly via hydrolysis, where no additional C=0O or C-O bonds
are formed. However, there was no detectable change in the intensity of the O-H band for degraded
fibers such as PLA-12 (pH 10) Wk 8 (Figure S2b), which further suggests that hydrolysis was not
widespread to generate a large amount of new -OH sites, but instead removed oligomer fragments

from the fibers to cause a significant WL
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Figure 3. Peak absorbance ratio of the C=0 band at 1749cm™, and C-O bands at 1182 and 1084

cm’ for (a) the original PLA-12, PLA-16 and PLA-20 fibers and their corresponding fibers soaked

in different pH solution after 2 weeks, (b) original PLA-12 fiber and their corresponding fibers

soaked in different pH solution after 2, 4 and 8 weeks.

3.3 Biodegradation
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In view of similar fiber diameter of PLA-12 and PLA-16, and similar degradation trends of PLA-
16 and PLA-20, PLA-16 has been omitted for biodegradation studies. The averaged time-
dependent biodegradation curves and first-order decay fitting results of the PLA fibers and
references are shown in Figure 4 and Table S3. Biodegradation was initiated for all the samples
after about one week of microbial lag and adaptation phase in inoculation.(Napper and Thompson,
2019; Pattanasuttichonlakul et al., 2018) By the end of 90 days, the biodegradation of cellulose
paper plateaued at 79.1%, while the PLA fibers were at 10.0-22.8% and still slightly increasing.
Therefore, the relative biodegradation degrees of the PLA compared to the cellulose were 12.2-
27.9%. At the end of the test, the average weight loss (Table 1) of the PLA-5 (33.6%) was higher
than that of the PLA-12 (16.8%) and PLA-20 (10.7%), which is consistent with the biodegradation
trend shown in Figure 4. This trend is similar to hydrolytic degradation, where PLA with smaller
diameter degraded at a faster rate. In view that SEM images of biodegraded fibers (Figure 5a)
transited from smooth and regular fibers to rough and deformed with little or no pores, it suggests
that biodegradation worked the same way as hydrolytic degradation, leading to surface erosion

with minimal penetration to the bulk PLA.
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345  Figure 4. Averaged time-dependent biodegradation of the PLA fibers and reference cellulose and

346  the corresponding first-order decay fitting results.

347
348  Table 1. Weight loss of PLA fibers after biodegradation tests.

Initi?:nweight Final weight ~ Weight loss Weigoht loss W':\i\glilrﬁlgoess

g) (mg) (mg) (%) %)
98.3 65.4 329 335

PLA-5 98.6 68.1 30.5 30.9 33.6
97.4 62.0 354 36.3
96.9 83.4 13.5 13.9

PLA-12 98 81.2 16.8 17.1 16.8
99.3 80.0 19.3 19.4
97.4 89.0 8.4 8.6

PLA-20 97.8 84.7 13.1 13.4 10.7
98.3 88.3 10.0 10.2

349
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The morphology of the biodegraded fibers was analysed by SEM (Figure 5a) to visualize the
effects of biodegradation. The biodegraded PLA-20 fibers remained regularly shaped with minor
adhesion structures, which was consistent with the hydrolytic studies and low We;.. Biodegraded
PLA-5 and PLA-12 fibers on the other hand displayed obvious irregularly shaped fibers and

widespread adhesion structures, which was similar to the fibers subjected to hydrolytic degradation.

The FTIR analysis was carried out to analyze the structural change for biodegraded PLA fibers
(Figure 5b). New absorption peaks corresponding to O-H stretch (3100-3600 cm™) and OH flexion
(1631 cm™) bonds(del Rosario Salazar-Sanchez et al., 2019) were observed. When comparing the
absorption peak height of the C=0 and C-O bands that were normalized against the CH3 band, the
C-O band was found to significantly decrease for all samples, while changes in the C=0O bonds
was less significant (Figure 5c). Hydrolysis of PLA by the microorganisms resulted in an increase
in the number of hydroxyl groups, which was detected as new O-H peaks in the FTIR analysis
(Figure 5b). This suggests that a large number of PLA ester bond hydrolysis took place but does
not lead to widespread cleavage of PLA oligomers from the bulk fibers. Instead, the large number
of hydrolyzed segments remained on the PLA fiber, leading to a detectable increase in hydroxyl
concentration by FTIR. In contrast to hydrolytic degradation where no O-H peak was detected in
the degraded fibers, a large portion of hydrolyzed fragments possibly detached from main PLA
fiber, which consequently led to a higher We;. attained for PLA-12 and PLA-20 compared to
biodegraded fibers. PLA-5 and PLA-20 have a lower intensity O-H peak than PLA-12. This may
be due to formation of beads along the PLA-5 fibers that were five to eight times as large as the
average fiber diameter (0.15 pm) and covered over 20 — 30% of the fibers’ surface, which reduced

the PLA-S5 fiber’s overall effective surface area exposed to biodegradation to similar to PLA-20.
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375  Figure 5. (a) SEM analysis of PLA-5, 12 and 20 after biodegradation test. (b) FTIR analysis of
376  PLA-5, PLA-12, PLA-20 after biodegradation studies. (c) Comparison of peak absorbance ratio
377  ofthe C=0 band at 1749cm™’, and C-O bands at 1182 and 1084 cm™ for original and biodegraded

378  PLA fibers.

379

380 3.4 Evaluation of fiber degradation performance

381 PLA displayed the ability to undergo hydrolytic and biodegradation, where in this study, the
382  smallest fiber diameter, PLA-5, gave the best results of 30.71% and 33.60% W+, respectively.

383  However, excessive beading plagues the morphology of PLA-5, due to the limitation of the
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fabrication process. This is not ideal for application, as poor uniformity in the fibers will weaken
the structure, reduce surface area, and alter functional and mechanical properties. PLA-12
therefore appears the most promising with good morphology, and its hydrolytic degradation
performance was only slightly lower than PLA-5 by 9%. Biodegradation effectiveness was slightly

poorer compared to PLA-5 at 50% in terms of Wo;, and 70% in terms of degree of biodegradation.

Nevertheless, the overall degradation rates are still rather low. In hydrolytic degradation, We;.
appears to rise rapidly in the first week, but with gradual increase thereafter. While for
biodegradation, it appears to taper off after 60 days of exposure. This could be due to the
constraints of the experimental design, where samples for both tests are soaked in the same
degradation media throughout the test period. Therefore, initial pH and microorganism levels
respectively are not sustained throughout to give a constant degradation activity. However, in
natural environments, there may be continuous replacement of degradation media to maintain the

level of degradation activity, and lead to higher levels of degradation with time.

In addition, PLA is a known biodegradable plastic, and has shown good biodegradability in
compost and landfill conditions (up to 100% and 95%, respectively). However its biodegradation
in marine environments is significantly slower (Van Roijen and Miller, 2022). The low
biodegradation rate might be due to the absence of microorganisms that are efficient at PLA
biodegradation in seawater media (Hino et al., 2023). Another contributing factor would be the
lack of thermal energy for depolymerization of PLA in the marine environments (Chamas et al.,
2020). Notably, the reduction of biodegradation rates in lab-scale tests is mainly related to the

microorganisms, and the variations in its activity emphasize the influence of diverse environmental
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factors, such as water temperature, nutrient depletion, and microbial competition. Our results are
in line with literature in highlighting the complex nature of PLA degradation in marine
environments. Further investigation on microbial communities and composition of intermediates
during the degradation process is needed for contributing to the broader discourse on the ecological

implications of PLA-based materials in marine ecosystems.

4. Conclusion

PLA fibers of different diameters were electrospun and found to be susceptible to both hydrolytic
degradation and biodegradation. In hydrolytic degradation, two-way ANOVA with replications
indicated a significant influence of varying the PLA diameter on We;., where PLA fibers with small
diameter resulted in a faster degradation. Average We;, was greatest for PLA-5 > PLA-12 > PLA-
16 > PLA-20 at 30.7%, 27.8%, 17.2% and 14.3% respectively. On the other hand, variations in pH
environment was found to have no significant influence on degradation rates, with Wo;, almost
similar across each group. Biodegradation of PLA fibers showed similar trends of faster
degradation for fibers with small diameter, with PLA-5 giving the highest degree of biodegradation
at 22.8% followed by PLA-12 then PLA-20 at 16.0% and 10.0% respectively. Both degradation
methods led to more significant surface erosion and minimal bulk erosion, where SEM images
observed the transition of initial smooth and regular shaped fibers to rough and irregular shaped
fibers with little or no pores. The smaller diameter fibers incurred a deteriorated fiber morphology,
where PLA-5 and PLA-12 had increased adhesion structures and irregular fibers. While the fiber
morphology remained relatively unchanged for PLA-16 and PLA-20. In addition, new O-H peaks
were detected for biodegraded fibers but not hydrolytic degraded fibers, suggesting a higher

proportion of oligomer cleavage from PLA during hydrolytic degradation. Biodegradation in turn
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gave rise to a larger number of hydrolyzed segments remaining on the PLA fiber, leading to a
detectable increase in hydroxyl concentration by FTIR. Though our results are modest, it shows
potential for more efficient PLA degradation via different methods by further engineering of the

PLA morphology.

Future works can gear towards fabricating thinner and more uniform fibers by changing the
molecular weight of the PLA polymer and therefore optimizing the solution concentration,
viscosity, feed rate, voltage, drum rotation and needle movement speed etc. In addition, PLA can
be electrospun with different polymer blends such starch, cellulose, polyhydroxyalkanoates,
poly(butylene adipate-co-terephthalate) or other biodegradable polymers; or electrospun with
appropriate catalysts or additives; or incorporate dissociative bonds in the PLA backbone to speed
up the PLA degradation rate and percentage of material that is metabolized or solubilized. This
would improve the degradability of PLA based fibers and open up new areas of application for this

material.
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