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ABSTRACT: In this study, melt blended compositions of pure PLA with additions of
polyethylene glycol (PEG) up to 30 wt% were prepared. Fourier-transform infrared
spectroscopy (FTIR), differential scanning calorimeter (DSC), and thermogravimetric
analysis (TGA) were used to investigate the properties of PLA/PEG blends, such as
structural, thermal, and morphological properties. The results showed that further
increments of PEG cause the -OH group of PLA/PEG blends to show a broad peak,
indicating that there is hydrogen bonding interaction between PEG and PLA chains. DSC
result revealed that the addition of PEG decreases the glass transition temperature from 57
°C to 46 °C and crystallization temperature from 107 °C to 87 °C. Such trends suggest
enhanced chain mobility of PLA chains. TGA thermograms showed that further additions
of PEG into PLA resulted in a consistent shift to lower temperature and decrease in thermal
stability. Optical microscopy (OM) and scanning electron microscopy (SEM) observations
of the melt spun PLA/PEG microfibers revealed that the diameter of the microfibers
averaged between 15 to 80 microns.

ABSTRAK: Kajian ini menganalisa komposisi adunan lebur PLA asli bersama tambahan
polietilena glikol (PEG) sebanyak 30%. Penjelmaan Fourier spektroskopi inframerah
(FTIR), kalorimeter pengimbasan pembezaan (DSC) dan analisis termogravimetri (TGA)
telah digunakan bagi mengkaji sifat-sifat adunan PLA/PEG, seperti struktur, terma dan
sifat-sifat morfologi. Keputusan menunjukkan penambahan PEG seterusnya menyebabkan
kumpulan -OH campuran PLA/PEG memberikan puncak yang lebar, ini menunjukkan ada
interaksi ikatan hidrogen antara rantaian PEG dan PLA. Keputusan DSC menunjukkan
penambahan PEG mengurangkan perubahan gelas dari 57 °C kepada 46 °C dan suhu
kristalisasi dari 107 °C kepada 87 °C. Trend ini mencadangkan peningkatan pergerakan
rangkaian pada rantaian PLA. Termogram TGA menunjukkan dengan penambahan
berterusan PEG ke dalam PLA menghasilkan penurunan konsisten pada suhu dan
pengurangan kestabilan haba. Pemerhatian mikroskop optik (OM) dan mikroskopi
elektron penskanan (SEM) mikrofiber spun lebur PLA/PEG menunjukkan purata diameter
mikrofiber ini antara 15 ke 80 mikron.
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1. INTRODUCTION

The advancement of biodegradable polymers, particularly aliphatic polyester, has
attracted curiosity and a great deal of interest among researchers due to their potentials as
high performance biomedical and environment-friendly material [1,2]. Examples of
aliphatic polyester are poly (lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(caprolactone) (PCL) [3]. In recent years, PLA has received considerable attention due
to biodegradability and biocompatibility properties [4]. PLA is one of the renewable
resources that are rich in starch such as beetroots, corn, and potato [5] and allowed by the
US Food and Drug Administration (FDA) for internal consumption [6,7].

PLA is a suitable candidate to be utilized for biomedical applications since the
degradation product of PLA is non-toxic [8]. PLA possesses excellent mechanical properties
and good physical properties such as high strength, thermoplasticity, and great
processability [2,9]. There are various processing methods such as extrusion, injection
molding, blow molding, thermoforming, and fiber spinning that PLA can go through to
produce the desirable end product; solid shape, film, or fiber [13,14]. However, pure PLA
has a stiff chain back-bone that restricts its plasticity [12] and causes low deformation at
break and high modulus [13]. The stiffness of PLA can be improved by blending with other
biocompatible plasticizers [14].

Plasticizer is used to increase flexibility and processability of matrix material [15].
Common examples of plasticizer are polyethylene glycol (PEG), polycaprolactone PCL,
acetyl triethyl citrate and partial fatty acid esters [16]. In this study, polyethylene glycol
(PEG) is used to improve PLA properties since it is non-toxic, miscible and biodegradable
[17]. Phuphuak et al. [18] and Pillin et al. [19] stated that plasticizing PLA with PEG
facilitates the chain mobility of PLA which results with improved ductility and drawability
of the blends. Thus, these PLA/PEG blends can be melt spun into microfiber and potentially
be used in biomedical application such as for wound dressings and sutures.

One of the manufacturing processes used to produce fibers is the melt spinning method.
The melt spinning method does not require the use of solvents during the drawing process
[20], is low in cost, and allows for continuous production of fiber [21]. The polymer material
is melted into viscous liquid through the heater at the spinneret and then rapidly solidifies
upon extrusion. In this paper, PLA and PEG were mixed at different compositions via melt
blending method and were melt spun into microfiber.

2. MATERIALS AND METHODS
2.1 Materials

A pellet form of Poly (lactic acid) was purchased from Nature Works LLC (USA) grade
3052D Natureworks Ingeo TM Biopolymer. Polyethylene glycol flake was purchased from
Merck (Darmstadt, Germany).

2.2 Preparation of PLA/PEG Blends

The PLA pellets were placed in a drying oven at 50 °C for an hour to remove moisture
before being melt blended with PEG. The PLA/PEG compositions and their sample code
are described in Table 1.

PLA, PEG, and PLA/PEG blends were mixed in an internal mixer (Haake Polylab
Rheomix) for 10 minutes at 170 °C mixing temperature with speed of 50 rpm. PLA, PEG,
and PLA/PEG melt blended were then crushed using a crusher machine (HITOP, M SY-20)
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into smaller pieces. The crushed PLA, PEG, and PLA/PEG blends acquired were then again
dried in an oven for minimum an hour at temperature 50 °C to reduce the moisture contents.

Table 1: Composition of PLA/PEG blends sample used in this study

Ratio (wt %)

Sample
PLA PEG
Pure PLA 100 0
95/5 PLA/PEG 95 5
90/10 PLA/PEG 90 10
85/15 PLA/PEG 85 15
80/20 PLA/PEG 80 20
75/25 PLA/PEG 75 25
70/30 PLA/PEG 70 30
Pure PEG 0 100

2.3 Characterization of Melt Blended Compositions
2.3.1 Thermal property
a) Differential Scanning Calorimetry (DSC)

The thermal property test was conducted using a Sapphire DSC (Perkin Elmer
Instruments, USA). The DSC was conducted for 2 samples for each composition that were
measured in the range of 5-10 mg. Thermograms were obtained when the samples were
heated at a temperature of 25 °C — 200 °C at a rate of 10 °C/min in a nitrogen environment.
The glass transition temperature (Tg), crystallization temperature (T¢), melting temperature
(Tm), melting enthalpy (AHm), and crystallization enthalpy (AHc) of the studied
compositions were investigated. The crystallinity degree were also obtained based on
Equation 1,

Xe (%) = ((AHm-AHc (AHo-W) x 100 %  Equation (1)

Where;AHm = melting enthalpy of the PLA
AHc. = crystallization enthalpy of the PLA
AH, = melting enthalpy of 100% crystalline PLA homopolymer 93.6 J/g [21]
W =wt % of PLA

b) Thermal Gravimetric Analysis (TGA)

TGA was conducted using a Simultaneous Thermal Analyzer (STA7300) (Hitachi High
Technologies, USA) to determine the thermal property of the PLA, PEG, and PLA/PEG
blends. The test was carried out under air atmosphere, heated at room temperature to 600
°C and a rate of 5 °C/min. The initial degradation temperature (T;) and the final degradation
temperature (Tf) were noted and investigated.

2.3.2 Structural Property

Fourier-Transform Infrared Spectroscopy (FTIR) was carried out using an FTIR
spectroscopy Spectrum 100 (Perkin Elmer, USA) to characterize the presence and intensity
of the functional groups of the studied compositions. The analysis was conducted in the
range of 600 cm™ to 4000 cm™ with a resolution of 4 cm™ and a scanning frequency of 16
per sample.
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2.4 Melt Spinning and Characterization of PLA/PEG Microfiber

Microfibers of PLA/PEG were drawn using an in-house built melt spinning tower. The
microfibers were spun at a spinning temperature of 150 °C — 160 °C and at a spinning speed
of 430 rpm. An Olympus Microscope (BX41M, UK) was used to observe the diameter of
the melt spun microfibers with a magnification of 20x. The fiber cross-sections were
observed using a Scanning Electron Microscope (JEOL JSM-IT 100, Japan). The fiber
samples were cut and placed on a double-sided carbon adhesive stub and coated with
palladium using a Polaron SC7620.

3. RESULTS AND DISCUSSION
3.1 Fourier-Transform Infrared (FTIR) Analysis

Figure 1 shows the (FTIR) peaks of the PLA, PEG, and PLA/PEG blends. Table 2
represents the peak assignments and wave numbers for the samples.

Melt Blending Method
-OH . -CH, . c=0 C-0-C Cc=0

Assymimetric Symietric

i a) Pure PLA
| | ——1)05/5 PLA/PEG

; c) 90/10 PLA/PEG
d) 85/15 PLA/PEG
) 80/20 PLA/PEG
f) 75/25 PLA/PEG

% Transmittance

H ——— g} 70/30 PLA/PEG
h) Pure PEG

3500 3100 2700 2300 1900 1500 1100 700

Wavenumber (cm™)

Fig. 1: FTIR spectra of various PLA/PEG blends used in this study.

Table 2: FTIR spectra of various PLA/PEG blends used in this study.

Samples wavenumber (cm™)

Peak Assignment - —CH: —CH: . B
asymmetric symmetric

Pure PLA 3503 2995 2942 1746; 754 1076
95/5 PLA/PEG 3426 2993 2943 1747; 754 1078
90/10 PLA/PEG 3388 N/A 2881 1747; 756 1078
85/15 PLA/PEG 3427 N/A 2884 1747; 755 1077
80/20 PLA/PEG 3440 N/A 2883 1754; 755 1077
75/25 PLA/PEG 3409 N/A 2886 1749; 755 1080
70/30 PLA/PEG 3388 N/A 2892 1754; 754 1084
Pure PEG 3466 -CH stretching; 2879 N/A 1095
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The PLA backbone structure consists of the carbon chain of the carbonyl group (C=0)
while PEG structural arrangement is made of C-O-C bonds. The IR spectra of the carbonyl
group (C=0) of PLA appears at the frequency region of 754-756 cm™ and 1746-1754 cm
!, Meanwhile, for PEG, the C-O-C group appears at the frequency of 1095 cm™. The PLA
showed peaks of the asymmetrical CH3 and symmetrical CHs at 2995 cm™ and 2942 cm™,
respectively.

It was observed that as the incorporation of PEG increases above 10 wt %, the
stretching for asymmetrical CHs became invisible (refer Table 2). The FTIR graph showed
a strong methylene/methyl band (CH2/CHs) at 1470 cm™ and a weak methyl band (1380 cm”
1), plus a band between 725-720 cm™ (methylene rocking vibration). The presence of these
bands indicates the existence of linear aliphatic structure in the form of long chains. This is
attributed to the crystallinity and the formation of a backbone structure with a high amount
of regularity in the PLA/PEG blends [22].

The spectra showed only one significant peak of the C-H stretching band. The peak that
correlates to C-H stretching became more intense as the amount of PEG wt% increased. The
PLA and PEG were melt blended at a temperature of 170 °C and a study by Sarasua et al.
[23] suggested that such melt blending process may have resulted in a stronger C-H
interaction. The presence of OH functional groups in the PLA structure was confirmed by
the presence of a broad peak at 3422 cm™.

The C-H stretch vibrations for methyl (~CHs) and methyne (-CH) in PLA and PEG
structure, respectively confirm that both compounds are organic-based compounds that
contain at least one aliphatic fragment or center. It can be seen that with further increments
of PEG wt%, the incorporation of PEG increases, and the -OH group of PLA/PEG blends
showed an increasingly broader peak. Thus, it is proposed that interaction of the hydrogen
bonds between the two polymers [24,25] have occurred in the PLA/PEG blends. Similar
observations were also deduced by Chieng et al. [9]. The author suggested [9] that the
hydrogen bonding may have occurred due to intermolecular interaction between the oxygen
that is fixed to the carbonyl (C=0) in PLA structure and the hydroxyl (~OH) terminal group
present in the PEG molecular structure.

3.2.1 Differential Scanning Calorimetry (DSC) Analysis

The thermogram characteristics are shown in Figure 2 and information on glass-
transition temperatures (T,), crystallization temperatures (T¢), and melting temperatures
(Tw) are tabulated and presented in Table 2.

Table 2: The thermal properties of various PLA/PEG compositions used in this study
based on DSC analysis.

Sample LCO TCO H(e) TulC) Hallg X
Pure PLA 57303 107607 315 1553201 326 12
95/SPLA/PEG  463+01 841£01 218 152802 295 8.7

90/10 PLA/PEG 44908 874=x0.1 212 151.5=0.38 36.2 17.9

85/15PLA/PEG 40.1x19 87.1+02 16.5 152.7=0.7 385 27.7

80/20 PLA/PEG 40505 874=x10 139 151.8=0.0 339 342

75/25 PLA/PEG 385+04 86.7+x04 13 151502 344 471

70/30 PLA/PEG 370=00 833=x03 37 151.6=03 323 458
Pure PEG = = 67.6 175.9
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Fig. 2: Characteristics of DSC thermograms of various PLA/PEG compositions used in
this study.

The Ty, Tc and Tm values of pure PLA are observed at 57 °C, 107 °C, and 155 °C,
respectively. As PEG is added to PLA, the resultant PLA/PEG blends exhibited a trend of
decreasing T4 values compared to pure PLA. The decreasing Tq trend with further PEG
additions indicates enhanced chain mobility of PLA backbones [2,15,26]. Furthermore,
PEG is formed based on a chain structure that allows greater degree of flexibility compared
to the chain structure of PLA [16]. Thus, the PEG chains may be able to occupy the
intermolecular spaces between PLA polymer chains to form hydrogen bonding [17,27]. The
FTIR result (Figure 1) also showed a strong intensity correlated to hydroxyl bonding with
further increments of PEG wt %. The decreasing Tg trend was also consistent with the
studies by Hashim et al. [27] and Pivsa et al. [2].

The improved mobility of the blends with PEG addition facilitates the crystallization
event to occur at lower temperatures. Moreover, Table 2 shows that the blend’s crystallinity
(Xc) increases as the concentration of PEG increases up to 25 wt % indicating that a good
plasticization effect from PEG. However, as PEG was added at 30 wt %, the crystallinity of
the PLA/PEG blend slightly decreased to 1.3%. A comparable trend of decreasing
crystallinity degrees was also obtained by Li et al. [17] and was proposed due to the
separation of the PEG phase in the blend. It is observed that the further increments of PEG
into PLA decrease the melting temperature by 3-4 °C. A similar Tr trend was also observed
by Chieng et al. [28].

3.2.2 Thermogravimetric Analysis (TGA)

The TGA was performed to identify the thermal properties of the studied compositions.
Table 3 shows relevant data of the TGA thermogram for initial degradation temperature (T;)
and final degradation temperature (Tr) of these blends. The TGA thermograms of PLA,
PEG, and PLA/PEG blends in the range of 40 °C to 450 °C are shown in Figure 3. It was
observed that the studied compositions experienced a single weight-loss behavior. The T; of
pure PLA occurred at 323 °C. It is known that PLA has hydroxyl end groups in the main
chain of its molecular structure. According to Song [29] and Maiza [26], hydroxyl end
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groups will be critically affected during thermal degradation due to chain-scission which
leads to decreasing thermal stability of PLA.

Table 3: The Ti and T+ obtained from TGA for various
PLA/PEG compositions in this study

Sample T.CCC) Ts(°C)
Pure PLA 3233 3841
95/5PLA/PEG 3153 3786
90/10PLA/PEG 3085 3744
85/15PLA/PEG 3051 3924
80/20 PLA/PEG 306 3833
75/25PLA/PEG 3046 4192
7030 PLA'PEG 301 433.6
Pure PEG 230 510

100

Melt Blending Method

—— Pure PLA

—— 95/5 PLA/PEG
90/10 PLA/PEG

— 85/15 PLA/PEG
80/20 PLA/PEG

504 —— 75/25 PLA/PEG

— 70/30 PLA/PEG
Pure PEG

754

Weight (%)

254

0= T T T T T T
100 200 300 400

Temperature ("C)

Fig. 3: TGA thermograms for various PLA/PEG compositions used in this study.

Pure PEG only experiences a weight loss of 60% as the temperature reaches 400°C and
Trat 510 °C. Comparable study by Zhang et al. [12] reported that PEG with different (high
and low) molecular weight affects the thermal stability of a polymer blend and concluded
that high molecular weight of PEG requires extra energy to undergo chain scission due to
the longer chain thus indicates higher thermal stability. Septevani & Bhakri [30] and
Silverajah et al. [31] proposed that the long polymer chain of PEG functioned as a surface
protector of the polymer blends. The presence of the protective layer impedes the
permeability of volatile degradation products out from the blend and slows down the
degradation of the blend.

Further increments of PEG wt% into PLA resulted with a trend of decreasing T;
temperatures. Other studies have also observed similar trend [12,16]. According to Chieng
et al. [28], PEG chains scatter themselves around PLA chains and break the polymer-
polymer interactions that led to a decrease in thermal stability. It is necessary to identify the
temperature region where thermal degradation will commence to avoid decrease in physical
and mechanical properties at the melt spinning temperature for the studied compositions
[31].
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3.3 PLA/PEG Fibers
3.3.1 Morphological Study

The surface morphologies and diameter of melt spun fibers are depicted in the optical
microscope (OM) micrographs at 20x magnifications in Fig. 4. Table 4 shows the average
fiber diameter for the PLA and PLA/PEG fibers.

a) b)

Pure PLA 95/5 PLA/PEG
) d)

90/10 PLA/PEG
e) f)

80/20 PLA/PEG . 75/25 PLA/PEG
2

70/30 PLA'PEG

Fig. 4: OM micrographs of the melt spun microfiber for various PLA/PEG
compositions used in this study.
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It can be observed from Table 4 that the increase of PEG wt % led to a trend of
decreasing fiber diameter from 112 um to 15 um. It was therefore deduced that the increase
in chain mobility (as evidenced in DSC result) further reduced the viscosity of the PLA/PEG
blends at the melt-spinning temperature of 150 °C — 160 °C. This, in turn, exerted an
increase in the degree of flexibility and workability [32] which enables much thinner fibers
to be drawn. The OM images (Figure 4) revealed that the melt spinning process produces
clear, bead-free, and uniform PLA and PLA/PEG microfibers. The surface and cross-section
morphologies of PLA/PEG fibers are depicted in scanning electron microscopy (SEM)
micrographs at 500x magnifications in Fig. 5.

SED 6.0V WD23mmP.C.29 WV ¢!
80/20 PLA/PEG
2

SED G.OKV. WD2BmenP.C.28 HY  x500

70/30 PLA/PEG

Fig. 5: SEM micrographs at 500x magnification of the melt spun microfiber for various
PLA/PEG compositions used in this study.
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Table 4: Measured diameter obtained via OM for the melt spun PLA/PEG microfiber

Sample Fiber diameter (um)

Pure PLA 112
95/5 PLA/PEG 80
90/10 PLAPEG 67
85/15 PLA/PEG 60
80/20 PLA/PEG 48
75/25 PLA/PEG 38
70/30 PLA/PEG 15

The SEM micrographs of melt spun PLA and PLA/PEG fibers at spinning temperature
150 °C — 160 °C revealed that all the fibers produced were circular cross-section in shape.
PLA fiber has a smooth, uniform morphology, and larger fiber diameter than PLA/PEG
fibers. With increasing PEG wt%, it was revealed that the surface of the fiber transitions
from smooth to slightly rough. Such rough surface condition is proposed due to thermally
induced phase separation of PLA and PEG. Mohamed [33] and Buttaro et al. [34] explained
that the tendency for phase separation increases during melt spinning due to its processing
conditions such as the distance from the spinneret to take-up wheels and the spinning
temperature. Similar surface condition was also noted by Clarkson et al. [35] on microfiber
produced via melt spinning method.

4. CONCLUSION

In this study, the effect of PEG addition was structurally and thermally characterized
via FTIR, DSC, TGA, and SEM. FTIR results suggest that the intermolecular reaction
occurring between hydrogen and oxygen and the carbonyl (C=0) in the PLA structure reacts
with hydroxyl (—OH) terminal group in the PEG molecular structure. Such interactions were
indicated by the increasing broad peak of —OH group as PEG composition in PLA/PEG
blend increased. The crystallinity degrees of PLA/PEG blends showed increasing trend up
to 25 wt % PEG indicating a good plasticization effect from PEG. TGA results revealed that
the addition of PEG into PLA lowers the Ti and Tfof PLA/PEG. This is attributed to the
poor thermal stability of PEG. The melt spinning method was then used to successfully
produce bead-free and uniform PLA/PEG microfibers. The mechanical performance of
these melt drawn fibers will be investigated in the next phase of this study.
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