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Abstract: This study shows that chitosan (CS) could be highly useful as a coupling agent in phosphate
glass fibre/polycaprolactone (PGF/PCL) composites, as it improved the interfacial shear strength by
up to 78%. PGFs of the composition 45P,O5-5B,03-5Na,; 0-24CaO-10MgO-11Fe; O3 were dip-coated
with CS (with a degree of deacetylation >80%) dissolved in acetic acid solution (2% v/v). Different CS
concentrations (3-9 g L™!) and coating processes were investigated. Tensile and fragmentation tests
were conducted to obtain the mechanical properties of the single fibres and interfacial properties of
the PGF/PCL composites, respectively. It was observed that post-cleaning, the treated fibres had their
tensile strength reduced by around 20%; however, the CS-coated fibres experienced strength increases
of up to 1.1-11.5%. TGA and SEM analyses were used to confirm the presence of CS on the fibre
surface. FTIR, Raman, and X-ray photoelectron spectroscopy (XPS) analyses further confirmed the
presence of CS and indicated the protonation of CS amine groups. Moreover, the nitrogen spectrum
of XPS demonstrated a minimum threshold of CS coating required to provide an improved interface.

Keywords: chitosan; coupling agent; phosphate glass fibre; polycaprolactone (PCL) composite

1. Introduction

Much work so far has focused on phosphate glass fibre (PGF)-reinforced polymers as a substitute
for metal implants in bone tissue engineering, in order to achieve sufficient mechanical properties,
biodegradability, and biocompatibility [1,2]. Moreover, fibre-reinforced composites present high
stiffness and strength per weight when compared with other structural materials, along with adequate
toughness. The reinforcement of resins with short or long fibres has multiple applications in various
biomedical fields, especially in medicine [3] and dentistry [4]. However, the application of polymer
composites, such as PGF/PCL, is limited by the rapid loss of their strength profiles after exposure to
an aqueous physiological environment, which has been suggested to be due to loss of their interfacial
properties [5]. Recently, coupling agents have been explored to enhance the interfacial properties
of fibre/polymer composites [6,7]. Chitosan (CS) has a number of properties that make it a suitable
candidate as an interface agent for PGF/PCL composites.

Chitosan is the second most abundant natural polysaccharide next to cellulose and can be
produced from discarded crab and shrimp shells [8]. It is the N-deacetylated derivative of chitin with
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a typical degree of deacetylation of over 0.5, and it is a semicrystalline polymer in the solid state [9].
In dilute acidic solutions (below pH 6), CS is readily soluble due to the protonation of the amine groups,
which makes CS a water-soluble cationic polyelectrolyte [9]. The amino functional groups of CS can
participate in chemical reactions such as acetylation, chelation of metals, reactions with aldehydes,
ketone alkylation, grafting, and so forth, and the hydroxyl groups also facilitate reactions such as
o-acetylation, hydrogen bonding with polar atoms, and grafting, among others [10]. These reactive
functional groups make CS outstanding in the biocomposite field, with applications such as in blends
with other polymers [11], organic coupling agents [12], nanocomposites [13], and reinforced collagen
structures [14].

CS has generated enormous interest in biomedical applications due to its biodegradability and
biocompatibility [8,9]. For example, Copper et al. [15] investigated the fabrication and application of
CS-PCL fibres for nerve tissue regeneration. They reported a good polymer compatibility between
CS and PCL and achieved better cellular compatibility compared to PCL products. Zhang et al. [16]
produced CS scaffolds for bone tissue engineering and used phosphate calcium invert glasses as the
reinforcing filler. They found that the CS scaffolds with the calcium phosphate glass fillers had a
smoother surface and smaller pores with roughly circular shape. Therefore, they inferred that not only
the physical incorporation of the secondary phases occurs, but ionic complexes may also form between
the fillers and the CS, due to its high surface charge. These examples revealed a good interaction
between CS and both biopolymers and phosphate glasses, which suggested the potential of CS as
a coupling agent to improve the interface of PGF-reinforced polymer composites, such as might be
used for orthopaedic implants [17]. To the authors’ best knowledge, no study has yet been published
exploring the application of CS as a coupling agent.

Therefore, this study investigated the feasibility of CS as a coupling agent for PGF/PCL
composites. It was hypothesised that CS would have a good connection with PGF via hydrogen,
P-O-C, and/or N-P bonding [18,19]. Dilute acetic acid was used as a solvent for CS, which may also
impact the mechanical properties of PGFs [20]. However, this impact could be controlled in terms
of coating time and solution concentration. Mechanical properties of the coated and uncoated fibres
were ascertained using a single-fibre tensile test (SFTT). The interfacial shear strength (IFSS) was
analysed using a single-fibre fragmentation test. Thermogravimetric analysis (TGA) was used for the
detection and quantification of the CS coating on the fibres. Morphologic examination was performed
via SEM. FTIR, Raman, and X-ray photoelectron spectroscopy (XPS) analyses were conducted in order
to investigate the chemical interaction between the CS and PGFs. Finally, the CS-modified PGF/PCL
composites would be developed into composite bone plates for orthopaedic applications. The PGFs
can completely degrade in the aqueous solution, as can the polymer matrix. Cell culture analysis and
mechanical property studies have already been done and published [1,2].

2. Materials and Methods

2.1. Phosphate Glass and Fibre Preparation

Phosphate glass (45P;O5-5B,O3-5Na;0-24Ca0O-10MgO-11Fe; O3 in mol%) was prepared as
described previously [21]. An in-house facility was used to prepare ~25-um diameter continuous fibres
via a melt-draw spinning process [22].

2.2. Coating Application

A 2% v/v acetic acid solution was prepared by mixing glacial acetic acid (purity >99.7%,
Fisher Scientific, Hampton, NH, USA) into Ultrapure Milli-Q water (Merck KGaA, Darmstadt,
Germany) [23]. The CS coating solution was then prepared by dissolving 0.3-0.9 g of CS powder
(low molecular weight (Mw), the degree of deacetylation (DD) > 80%, Sigma Aldrich, St. Louis,
MO, USA) in 100 mL of the acetic acid solution, stirring in hermetically sealed glassware to prevent
evaporation of acetic acid, until a transparent, viscous solution was obtained. PGFs were dip-coated in
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the coating solution and subsequently dried in an oven overnight at 50 °C, before proceeding with
tensile testing and single-fibre composite (SFC) preparation.

Five groups were prepared for comparison. Three of them (PCP-3, -6, and -9; PCP means
PGF-chitosan-PCL) were treated using the same coating process with different CS concentrations.
PCP-3R was post-cleaned after coating, i.e., the coated PGFs were immersed in 100 mL 2% v/v acetic
acid solution and lightly shaken to remove excess CS on the fibre surface. Uncoated PGFs (PCP-0)
were also placed in the oven and prepared as a control. Full details of the coating applications are
shown in Table 1.

Table 1. Details of coating applications. The sample codes were also used for the corresponding
single-fibre composites (SFCs).

Sample Codes PCP-0 PCP-3R PCP-3 PCP-6 PCP-9
Acetic acid solution mL - 100 100 100 100
CS g - 0.3 0.3 0.6 0.9
Dip-coating at RT min - 30 30 30 30
Drying at RT hour - 2 2 2 2
Post-cleaning min - 30 - - -
Drying at 50 °C hour 24 24 24 24 24

* PCP means PGF—chitosan-PCL; R in “PCP-3R” means “removing excess chitosan”; CS means chitosan; RT means
room temperature around 25 °C.

2.3. Single-Fibre Composite (SFC) Preparation

PCL films were prepared by compression moulding from granulated PCL (Mw 65,000, Esun,
Shenzhen, China), which was dried in an oven at 50 °C for 24 h before processing. Eight grams of
the dried PCL was placed between two steel plates with polytetrafluoroethylene (PTFE) as a release
film. Then, the steel plates were moved into a hydraulic press (ZhengGong, Zhengzhou, China),
preheated at 120 °C for 5 min, hot-pressed under 23 bar at 120 °C for 40 s, and cold-pressed under
23 bar at room temperature for 2 min. The resulting PCL films (thickness of 0.15-0.20 mm) were cut
into dimensions of 75 mm X 25 mm.

SFCs were prepared via a similar compression moulding process. A single fibre was axially
aligned between two prepared PCL films in the mound and fixed at both ends using heat-resistant
adhesive tape. Then, the mould was preheated at 120 °C for 10 min, hot-pressed under 14 bar at 120 °C
for 10 min, and cold-pressed under 14 bar at room temperature for 2 min. The resulting SFC was cut
into a dog-bone specimen of total dimensions 63 mm x 10 mm X 0.25 mm using a dog-bone cutter
(Keruite, Kunshan, China), with the gauge section being 25 mm x 5 mm.

2.4. Single Fibre Tensile Test (SFTT)

SFTTs were conducted in accordance with ISO 11566 [24]. Thirty individual filaments were
mounted onto plastic tabs for each sample type. The filaments were bonded to the tabs using a
UV-cured acrylic adhesive (Dymax, Wiesbaden, Germany). The gauge length was 25 mm.

Measurements of fibre diameter were conducted using an FDAS 770 fibre micrometre (Diastron,
Andover, UK), configured with an LSM 6200 laser scan micrometre (Mitutoyo, Kanagawa, Japan).
Before measurements, the micrometre was calibrated with a glass fibre of known diameter,
determined by a Sigma/VP SEM with x1000 magnification (Zeiss, Jena, Germany), and the error on
each diameter measurement was taken to be +0.3 um. The value of diameter was obtained from the
average of three measurements of the fibre. The SFTT was performed using a LEX 820 tensile tester
(Diastron, Andover, UK) at room temperature with a load cell capacity of 1 N and a crosshead speed of
1 mm min~! [25]. The Weibull distribution is an accepted statistical tool with which to characterise the
failure of brittle fibres [25]. The normalising stress and Weibull modulus are referred to as the scale
and shape parameters, respectively. The normalising stress describes the most probable stress at which
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a brittle fibre of the gauge length will fail [26]. Minitab 17 (Minitab Inc., State College, PA, USA) was
used to calculate Weibull parameters from the tensile strength data.

2.5. Single-Fibre Fragmentation Test (SFFT)

The interfacial shear strength (IFSS) was measured from SFCs by using the SFFT method.
Dog-bone specimens were axially loaded in an E45 tensile testing machine (MTS, Eden Prairie, MN,
USA) with a load cell of 1 kN and a crosshead speed of 1 mm min~! until the strain increased
independently of the axial stress [25].

The PCL samples prepared were not transparent enough to see the fibre fragments using a
microscope after the tensile tests. Hence, the samples were sandwiched between two glass slides
and heated at 70 °C for 2-5 min on a hot plate to melt the PCL so that it became transparent. Then,
the number of fibre fragments within the gauge length was tallied under an NE 930 optical microscope
(Nexcope, Ningbo, China).

The IFSS values were calculated using the Kelly—Tyson equation [25]:

. U'fd

T oL

)

where T is the IFSS, d is the fibre diameter, and oy is the single-fibre tensile strength at the critical
fragment length /., determined by:

lc —1/m
O'f = 0'0'(10) (2)
4
le =3l (3)
i
lf= )

where m and ) are the Weibull shape and scale parameter, respectively, for the fibre strength at gauge
length [y. N is the number of fibre fragments and /; is the average fragment length, obtained using
optical microscopy.

2.6. Statistical Analysis

Statistical analysis was performed using version 22 of SPSS (IBM, New York, NY, USA).
The significance of difference between different samples was analysed using a Student’s unpaired ¢-test,
assuming equal variance and determining two-tailed p values [21]. Comparison of the significance
of change in one factor with CS concentration was performed by using one-way analysis of variance
(ANOVA), calculated with the Bonferroni post-test [22]. The Kolmogorov-Smirnov (K-S) test was
used to assess whether the samples follow a Gaussian distribution. The threshold value chosen for
statistical significance was the 0.05 level.

2.7. SEM

Fibres were fixed on the sample stage by using conductive adhesive tape and were then coated
with gold using an EM SCD 500 high-vacuum sputter coater (Leica, Welzlar, Germany). The stage with
sample was placed into a Sigma/VP SEM (Zeiss, Jena, Germany). The micrographs were taken at an
accelerating voltage of 3 kV using SE (secondary electron) mode.

2.8. Thermogravimetric Analysis (TGA)

TGA was performed using an SDT Q600 thermogravimetric analyser (TA Instruments, New Castle,
DE, USA). The CS powder and coated /uncoated fibres were heated from room temperature to 500 °C,
below the glass transition temperature (Tg) of the PGF, being around 520 °C [21]. A heating rate of

20 °C min~! in flowing nitrogen gas of 50 mL min~! was used for the experiment.
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2.9. FTIR and Microscope FTIR

Infrared spectroscopy was performed on the CS powder and chopped fibres using a Vertex 70
FTIR spectrometer (Bruker, Ettlingen, Germany), while a Cary 660 FTIR Spectrometer coupled with a
Cary 620 FTIR Microscope (Agilent Technologies, CA, USA) was used for precise analysis of the excess
coating on the fibre bundle.

All the samples were scanned in the region of 4000 to 400 cm ! with a scan resolution of 4 cm ™! for
32 scans using the Attenuated Total Reflectance (ATR) system, and analysed by using Opus software
version 7.0 (Bruker, Ettlingen, Germany). Spectra were background-corrected.

2.10. Raman

Raman spectra in the range of 100-3500 cm~! were taken at room temperature using

an inVia-Reflex Raman spectrometer coupled with an inVia Raman Microscope (Renishaw,
Gloucestershire, UK) and equipped with a 785 nm laser diode. The spectra of CS powder and
chopped fibres were obtained and then analysed by using WIRE software (Version 2.0, Renishaw,
Gloucestershire, UK).

2.11. XPS

An Axis Ultra (Kratos, Manchester, UK) with a monochromated AlK, X-ray source (1486.6 eV)
was operated at 8 mA emission current and 12 kV anode potential. For the XPS measurement, a fibre
bundle was mounted on the sample stage using a conductive adhesive tape at both ends, while the CS
powder was adhered on the stage by using conductive tape. Drift of the electron binding energy of the
peaks caused by surface charging was calibrated by using the C;5 peak of the C—C bond at 284.5 eV.

3. Results

3.1. Mechanical Properties

As shown in Figure 1, the tensile modulus of PCP-0, -3R, -3, -6, and -9 were 72 £ 3,73 £ 3,72 £ 3,
69 + 3, and 71 & 6 GPa, respectively. No significant change was found for the modulus between the
uncoated and coated fibres. Tensile strength of the fibres are shown in Figure 1 and Table 2. Table 2
also represents the fibre diameters and Weibull parameters. It was observed that the tensile strength
of PCP-3R was reduced by 20.2% (p < 0.001) compared to the control (PCP-0), while there was no
significant difference between the tensile strength of PCP-3 and PCP-0. Moreover, the tensile strength
of PCP-6 and -9 were 1.1% and 11.5% higher than the control, respectively. Thus, the tensile strength of
coated fibres was observed to have a positive correlation with the CS concentration. Statistical analysis
further demonstrated the significance of this increase (p < 0.05).

Table 2. Diameters and Weibull parameters of coated /uncoated fibres (1 = 30). The tensile strength
values are also included for the ease of comparison.

Sample Diameter Tensile Strength Normalising Weibull
Codes (um) (MPa) Strength (MPa) Modulus
PCP-0 26+ 4 565 £ 124 613 5.5

PCP-3R 24+3 451 + 114 495 5.5
PCP-3 25+2 522 + 104 565 5.3
PCP-6 26 +£3 571 +£120 619 5.3

PCP-9 25+ 2 630 + 111 675 6.7
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Figure 1. Mechanical properties (tensile strength and modulus) of coated /uncoated fibres (1 = 30).
The statistical significance of the paired ¢-test is indicated (*) at the p < 0.05 level.

It was observed from Table 2 that the trend of the mean tensile strength was consistent with that
of the normalising strength. The Weibull modulus of the fibres ranged between 5.3 and 6.7. The fibre
diameters were around 25 pm, and no significant change in diameter was observed between coated
and pristine fibres.

3.2. IFSS Analysis

As shown in Figure 2, the interfacial shear strength (IFSS) of PCP-3R (9.97 £ 2.21 MPa) increased
by 78% (p < 0.001) compared to the control, PCP-0 (5.59 £ 0.50 MPa). In contrast, the IFSS of PCP-3
(8.72 £ 1.88 MPa) increased by 56% (p < 0.001) compared to PCP-0. Moreover, no statistical significance
was found for the difference in IFSS between PCP-3, -6, and -9.
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Figure 2. Interfacial shear strength (IFSS) obtained from fragmentation tests (1 = 10). The statistical
significance of the paired t-test at p < 0.05 was illustrated (*) compared to PCP-0.
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3.3. SEM Analysis

SEM was used to investigate the morphology of the fibres after the application of CS and also
to compare the surface of the coated and uncoated fibres. As shown in Figure 3a, the surface of the
uncoated PGF (PCP-0) was smooth, whilst some CS attachment was observed on the surface of all the
coated fibres (see Figure 3b—e). Moreover, the attachment of CS on PCP-3, -6, and -9 (see Figure 3c—e)
appears as a “seam” (for an example, see the white arrow depicted in image Figure 3e). The difference
in surface condition between PCP-3R and -3 (see Figure 3b,c) represented the effect of post-cleaning
and removing of the excess CS attached to the fibres. In addition, no cracks or pits were observed in
any of the samples tested.

As shown in Figure 3c, excess attachment of CS was observed as a seam on the PCP-3 fibre,
and otherwise, the coating on the fibre surface seemed to be uniform. The blistering and skinning
appearances indicated by white arrows in Figure 3f were generated under a prolonged exposure to the
electron beam and suggested the presence of a CS coating. The white arrow in Figure 3g indicates the
connection between two filaments, which was suggested to be formed by the presence of excess CS on
the fibre surface.

3.4. TGA

Figure 4 represents the change in weight percentage of CS powders and glass fibres as a function
of temperature. A derivative of the weight percentage curve (Wt%/°C versus °C) is also presented for
a further analysis of decomposition temperature. Figure 4a shows the TGA results of the CS powders,
where two apparent peaks were observed on the derived Wt curve of CS at 86 and 310 °C, respectively.
The weight loss in the temperature between 230 and 400 °C was observed to be 43%, which was caused
by the decomposition of CS [27]. Figure 4b exhibits TGA traces of the coated and uncoated fibres.
A peak at ~300 °C was observed on the derived Wt curves of PCP-3, -6, and -9. One more peak was
found at ~160 °C for PCP-6 and -9. In addition, an obvious weight loss was found for PCP-3, -6, and -9
below 100 °C. Table 3 shows the corresponding peaks of derived Wt curves for CS powders and glass
fibres. The weight loss behaviour was observed to be composed of three stages. Table 3 also shows
the weight loss of CS powders and glass fibres heated from 230 to 400 °C. A greater weight loss was
observed with increasing CS concentration (from PCP-3 to PCP-6 and -9), and a reduced weight loss
was found after the post-cleaning (from PCP-3 to PCP-3R).

Table 3. Peaks of the Deriv. Wt (the derivative of weight percentage) curves and weight loss in the
temperature region of 230-400 °C (n = 3).

Sample Codes PCP-0 PCP-3R PCP-3 PCP-6 PCP-9 CS
- - <100 <100 <100 86+ 0
Peaks on Deriv. Wt (°C) - - - 159 + 8 159 + 2 -
- - 279 +£1 293 +£3 291+4 308+3

Wt loss at 230—400 °C (%) 0£0 0.02 £0.01 0.50 £ 0.01 1.98 £ 0.05 58+£02 43+£2
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Figure 3. SEM images of coated /uncoated phosphate glass fibres (PGFs). Subfigures (a—e) show PCP-0, -3R, -3, -6, and -9, respectively; the scale-length of a = 10 um,
the magnification (Mag) of a = 500, and (a—e) share the same factors. (f) shows blistering of the PCP-3 fibre surface heated by the electron beam; the scale-length of
f = 2 um and the Mag of f = 2000x. (g) shows two combined PCP-3 filaments; the scale-length of g = 10 um and the Mag of g = 1200 x. The cracked base shows the
conductive tape.
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Figure 4. Weight percentage and derivative of weight percentage (Deriv. Wt) for (a) CS powder and (b)
coated /uncoated PGFs. The main weight loss was observed between 230 and 400 °C. The red dashed
line and arrow in (a) were added for eyes guide.

3.5. FTIR Analysis

3.5.1. Microscope-FTIR

IR analysis was performed on the “seam” (CS-S) of the coated fibres to characterise the excess
coating on the fibre (see the seam in Figure 3e. The comparison between CS-P and CS-S in Figure 5
found a decrease in band absorption intensity around 1027 and 3358 cm ™! in the spectra of CS-S.
The band around 561 cm~! observed in CS-P disappeared in CS-S. Moreover, the bands of CS-P at
1151, 1648, 3291, and 3358 cm ! were also observed in the spectrum of CS-S. The bands at 1027, 1063,
1315, 1375, 2873, and 2917 cm ™! were found to shift to higher wavenumbers for CS-S as compared to
CS-P, while the band observed at 1419 cm~! shifted to a lower wavenumber. The band at 1589 cm !
disappeared for CS-S and a new band was found at 1560 cm~!. Peak assignments are provided in
Table 4.
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Figure 5. FTIR spectra of the CS powder used for coating (CS-P) and the “seam” on the PGFs (CS-S).

Table 4. FTIR and Raman band assignments for pure PGF and CS.

Wavenumber (cm 1) Assignments Ref.
FTIR-PGF
495 8as(0O-P-0) in Q! species [28,29]
754,894 Vg and v,5(P-O-P) of the bridging oxygen in Q? species [29,30]
~1040 vg and Vas(P-O7) in Q! species [29,30]
~1200 Vas(POy)~ of the nonbridging oxygen in Q? species [28,31]
FTIR-CS
1027, 1063 v(C-0) in the pyranose ring [11,32]
1151 Vas(C-0-C) in the glycosidic linkage [11,32]
1315 v(CHy) [33]
1375 symmetric deformation mode of CHj3 [11,34]
1419 5(C-H) [33,35]
1589 5(NHy) [32,33]
1648 v(-C=0-) in the amide group [11,35]
2873,2917 v(C-H) [11,33]
3291, 3358 vs(N-H) and vs(O-H) [11,33]
Raman-PGF
353 5(POy) of phosphate polyhedra [36,37]
450-650 8s and 8,5(PO,)?~ in QU species [38,39]
736 Vs(P-O-P) of the bridging oxygen in Q! species [37,38]
946 Vas(P-O7) of the nonbridging oxygen in QU species [37,39]
1097 Vas(P,07)4 in Q! species [39]
~1250 Va5(PO3)~ of the non-bridging oxygen in Q? species [36,38]
Raman-CS
898 v5(C-O-C) in the pyranose ring [40,41]
1106 v(C-0-C) in the glycosidic linkage and v(C-C) [42,43]
1266 v(CH) [41]
1375 5(CHy) [41,44]
1459 das(CH3) [40,41]
1596 §(NH,) [41,44]
1659 v(C=0) in the amide group [44,45]
2734, 2889, 2933 v(CH), v(CH,), and v(CH3) [41,44]
3305 v(NH,) [40,41]

s (0as) = symmetric (asymmetric) bending vibration
Vs (Vas) = symmetric (asymmetric) stretching vibration
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3.5.2. ATR-FTIR

IR analyses were also performed on the coated fibres to investigate the chemical interaction
between the CS coating and the PGF surface. The bands of uncoated PGFs (PCP-0) were taken as the
control and the bands of pure CS powders were used as references. The band assignments are listed in
Table 4.

Figure 6a shows that the main bands of PCP-0 were observed at 495, 754, 894, and ~1040 cm™ 1.
Shifts towards lower wavenumbers were observed for the bands at 495 and 754 cm ™! for all the coated
fibres. It was also obvious that the bands at 894 cm ™! shifted to a lower wavenumber in PCP-3, -6,
and -9, while no evident change was found on the band at 1040 cm 1.
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Figure 6. Cont.



Fibers 2018, 6, 97 13 of 25

(c) —PCP-0 —PCP-3R ——PCP-3 —PCP-6 — PCP-9 —CS

C-H N-H, O-H
2873,2917 3291,3358
3 s
S/ [
o LI
2 .
8 1
o .
.
<
[/ R
| % Lo
2500 2800 3100 3400 3700

Wavenumber (cm™1)

Figure 6. FTIR spectra of the coated /uncoated fibres and the pure CS powder at the band range of
(a) 400-1300 cm ™1, (b) 1300-1800 cm ! and (c) 2500-3800 cm L.

As shown in Figure 6b, the absorption bands of CS at ~1648 cm~! were found only in PCP-3, -6,
and -9, and a new band was also found at ~1633 cm~!. The band at 1589 cm ™! disappeared in the
spectra of all the coated fibres, while a new band appeared at 1547, 1560, and 1552 cm ! for PCP-3, -6,
and -9, respectively.

Absorption bands at 2873, 2917, 3291, and 3358 cm~! were observed in PCP-3, -6, and -9, and a
significant decrease in absorption intensity was observed at 3291 and 3358 cm ! for the coated fibres
as compared to CS (see Figure 6¢).

3.6. Raman Analysis

Raman analyses was performed on the coated /uncoated fibres and the CS powder. The bands in
the spectra of PGFs were observed in the range of 300-1400 cm~!. As shown in Figure 7a, the bands
located at 353, 736, 946, and 1097 cm ! were unchanged for the coated fibres compared to PCP-0.
The intensity of the bands at 946, 1097, and ~1250 cm~! were observed to decrease for PCP-3R, -3, -6,
and -9, especially the band at 1097 cm~!. The broad band observed at 450-650 cm ! was considered to

be an overlapping of peaks, which were difficult to distinguish. The band assignments are listed in
Table 4.
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Figure 7. Raman spectra of the coated /uncoated fibres and the pure CS powder at the band range of
(a) 250-1300 cm 1, (b) 1300-1750 cm ™! and (c) 2550-3400 cm 1.

As shown in Figure 7b, four bands were observed at 1375, 1459, 1596, and 1659 cm~! in CS.
The bands at 1596 and 1659 cm ™! were also observed for PCP-6 and -9 with much lower intensities
compared to CS. However, only the band at 1659 cm ™! was observed for PCP-3, while neither of the
two bands at 1596 and 1659 cm~! were found in PCP-0 and -3R.

Figure 7c shows the bands of CS at 2734, 2889, 2933, and 3305 cm~ L. A decrease in the band
intensity of 2889 and 2933 cm ! were observed in PCP-3, -6, and -9. The bands at 2734 and 3305 cm !
were observed to disappear in the spectra of all the coated fibres.

3.7. XPS Analysis

High-resolution XPS spectroscopy was performed on the coated /uncoated fibres and the CS
powder. Narrow scans of Cy5, O1s, Ny, and Py, are exhibited in Figure 8. In the Cys scan of CS,
the carbon peak was deconvoluted into three signals at 284.5, 286.0, and 287.6 eV binding energy.
Similar peaks were also observed in the spectrum of PCP-3R, -3, -6, and -9.

The nitrogen peak in the spectrum of CS was deconvoluted into two signals, involving the main
peak at 399.1 eV and a much smaller peak at 400.7 eV binding energy. Their atomic ratios were 95
and 5%, respectively. The peak at 399.2 & 0.1 eV was also found in the spectrum of PCP-3R, -3, -6,
and -9, whilst a new peak appeared at 401.3 &= 0.1 eV binding energy. Moreover, the atomic ratio of the
peak at 401.3 &= 0.1 eV was observed to increase from 40% to 65% as the PCP-3 samples were treated
by the post-cleaning process. On the contrary, the atomic ratio of the 401.3 £ 0.1 eV-peak decreased
to 17% as the CS concentration increased from PCP-3 to PCP-6. However, the atomic ratio remained
constant when the CS concentration increased from PCP-6 to PCP-9. The details of the binding energy
and atomic ratio of nitrogen are shown in Table 5.
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Figure 8. X-ray photoelectron spectroscopy (XPS) spectra of (a) Cys, (b) N5, (¢) Oss, and (d) P2, narrow
scans of coated /uncoated fibres and pure CS powders.
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Table 5. Binding energy and atomic ratio of N4 peaks in XPS spectra.

Sample codes  Binding Energy (eV) Atomic Ratio

PCP-0 - -
PCP-3R 399.4; 401.5 35.2:64.8
PCP-3 399.2;401.3 59.8:40.2
PCP-6 399.1; 401.1 83.2:16.8
PCP-9 399.2;401.4 82.9:17.1
CS 399.1; 400.7 94.8:5.2

In the Oq4 spectroscopy, the spectrum of CS required three peaks for the curve fit, including the
main peak at 532.3 eV taking 86% of the oxygen atomic ratio and two much smaller peaks at 530.9 and
533.7 eV. The Oy peak of PCP-0 showed two deconvoluted peaks at 530.8 and 532.4 eV binding energy.
Due to the absorption peaks over similar ranges of binding energy, it was difficult to differentiate the
peaks between PCP-0 and CS in the spectrum of coated fibres. However, as shown in Figure 8c, it was
obvious that the signal of CS gradually dominated the peak from PCP-3R to PCP-9.

The P;, peak of PCP-0 was deconvoluted into two peaks at 133.3 and 134.4 eV binding energy.
Their atomic ratio was 67:33. Similar peaks were also observed in the spectrum of the coated fibres.

4. Discussion

4.1. Mechanical Properties

The impact on fibre strength caused by the acetic acid solution used for dip-coating and
post-cleaning was investigated by a comparison of PCP-0 with PCP-3 and -3R (see Figure 1). There was
no significant difference between the tensile strength of PCP-3 and PCP-0, while a significant decrease of
20.2% (p < 0.001) in tensile strength was observed for PCP-3R as compared to PCP-0. The degradation
of PGF in solution is highly pH-dependent and greatly accelerated at low pH [46]. Potentially,
the additional exposure to acid in the post-cleaning process caused additional glass degradation and
could have created additional surface flaws, affecting the fibre strength [46].

The mechanical properties of PCP-3, -6, and -9 fibres were compared to investigate the influence
of varying CS concentration. As shown in Figure 1, a linear increase in tensile strength was shown to
be statistically significant (p < 0.05) with respect to the CS concentration. The CS did not contribute
significantly to the fibre modulus, due to there being only a thin coating and having a much lower
modulus than the glass. However, Gao et al. [47] stated that the CS coating could make contributions
to the mechanical properties by reducing the flaw formation and crack growth at the glass fibre surface.
Firstly, the CS coating layer could protect the fibre surface from abrasion during sample preparation for
tensile testing, as well as moisture/alkali contact and reaction at a crack tip (stress corrosion). Secondly,
the protonation of amine groups in CS molecules could decrease the Na*/H* exchange at the fibre
surface, and then the positively charged amine groups could absorb the free hydroxyl ions around the
fibre surface. Thirdly, the coated CS could have filled any surface flaws present, and in turn, blunt the
crack tips. Finally, shrinkage of the CS during drying could have created compressive stresses on the
fibre surface, which may have prevented crack initiation/propagation [47].

4.2. Interfacial Properties

As shown in Figure 2, IFSS between the PCL matrix and the PGF significantly increased (p < 0.001)
for PCP-3, which was suggested to be due to the formation of hydrogen bonds between the hydroxyl
groups present at the PGF surface and the amino and hydrogen groups in CS [18]. The phosphate
glass immersed in aqueous solution will generate O~ groups at the glass surface due to the rapid
release of sodium ions, whilst the CS in low-pH aqueous solution could have generated NH;* groups
(see Figure 9) [46]. Strong hydrogen bonds of 20-40 kcal /mol could be formed between the charged
donor and acceptor groups that are nearly as strong as covalent bonds [48]. Kohl et al. [49] reported
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that glass fibres with native surface hydroxyl groups could have strong hydrogen-bonding interactions
(high surface energy) with polar functional groups of the polymers in glass fibre-reinforced composites.

HO

OH

MNH;

Q

~ 4+ H —s 4

Figure 9. Schematic illustration of the protonation of amine groups in low-pH aqueous solution.

The protonation could have also enabled CS to possess pH-dependent electrostatic interactions
with the phosphate groups on the PGFs in a manner similar to amino silane [50]. Huang et al. [51]
added glycerol-phosphate to the CS—-acetic acid solution and found that the interaction between the
NH;" and P-OH groups was caused by electrostatic attraction. Chenite et al. [52] summarised that the
combination of CS and polyol-phosphate salts could have formed hydrogen bonding, electrostatic
interactions, and hydrophobic interactions in acetic acid solution. Amaral et al. [53] investigated the
phosphorylation of CS using XPS and assigned the signal at 401.4 eV in the Ny peak to the amino
groups in ammonium form. They proposed that the phosphate groups and the protonated amine
groups were likely to form salt linkages with inter- or intrachain ionic bonds.

Zhang et al. [16] reinforced a CS scaffold with P,O5-CaO invert glass and suggested that the
chemical attraction between CS and the glass may take place due to the high surface charge density of
CS. They inferred that not only that the physical incorporation of the glass powders into the CS matrix
occurred, but that the chemical complexation between CS and the glass may also occur due to the high
surface charge density of CS and its ability to form ionic complexes.

A further increase in IFSS was observed after the post-cleaning treatment, which was employed
to remove any excess CS coating on the fibre surface and consequently improved the load transmission
between the matrix and fibres (see Figure 2) [54]. However, no evidence of an increase in fibre
roughness was observed at the resolution of SEM microscopy after post-cleaning.

The IFSS value reduced from 8.72 to 8.34 MPa when the CS concentration was increased from
PCP-3 to PCP-6, whilst it reduced to 8.24 MPa when the CS concentration was increased to PCP-9.
This linear reduction may also relate to poorer load transmission from the matrix to the reinforcing
fibres caused by the thicker coating. As shown in Figure 2, the effect of CS concentration on the IFSS
was relatively small, but cumulative.

Bhattarai et al. [55] investigated CS-PCL polyblend nanofibres in comparison to PCL products.
They reported an enhancement in mechanical properties and cellular behaviour without the creation of
chemical crosslinking between the CS and the PCL. Copper et al. [15] also achieved better mechanical
properties and cellular compatibility from CS-PCL fibres compared to the PCL products alone.

Furthermore, the different profiles of Figures 1 and 2 reveal that the fibre strength increased,
but the IFSS decreased with increasing CS concentration. Therefore, an optimal solution can be
expected between PCP-3R and -3 to balance the mechanical and interfacial properties during the
application of the CS coupling agent.

4.3. SEM Analysis

As shown in Figure 3, the surface of the uncoated fibre (PCP-0) was smooth, while excess
attachment was observed on the surface of all the coated fibres (PCP-3R, -3, -6, and -9), which evidenced
the presence of a CS coating on the fibres. The difference between Figure 3b,c indicated removal of
excess coating by post-cleaning. In addition, no visible cracks or pits were observed on the surface of
all the fibres after dipping or post-cleaning treatments.
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The blistering and skinning indicated by white arrows in Figure 3f were observed at the fibre
surface after a prolonged exposure to the electron beam. This phenomenon was suggested to
be associated with the heating on the fibre surface caused by electronic scanning, indicating a
heat-sensitive coating layer on the fibre. This was interpreted as further evidence of a polymeric
CS layer on the fibres. Furthermore, the connection between two filaments presented in in Figure 3g
showed the potential of CS to act as a binder or film former as well as a coupling agent.

44. TGA

Zawadzki et al. [27] conducted TGA of CS from room temperature to 600 °C under a nitrogen
atmosphere, and suggested that the TGA behaviour of solid CS can be divided into three stages:
(1) the removal of water below 100 °C, in which the water was physically adsorbed and/or weakly
hydrogen-bonded to CS molecules; (2) the release of strongly hydrogen-bonded water starting above
100 °C and reaching the maximum rate at ~168 °C; and (3) the predominant weight loss by 43% at
230400 °C caused by the depolymerisation of CS chains, the decomposition of pyranose rings via
dehydration and deamination, and finally, a ring-opening reaction. The quantities of weight loss
provided in Table 3 indicated the presence of a coating layer on the fibres. The thermal behaviours
traced in Figure 4 showed a good agreement with reference [27], further proving the coating layer to
be CS.

An increase in weight loss of CS was also shown in Table 3, indicating a thicker CS coating layer
with higher CS concentration, which was suggested to be due to the aggregation behaviour of CS
polymer chains. The rapid release of alkali (Na*) in the coating solution introduced negative charge at
the fibre surface, which attracted NH3* groups of CS, further leading to an uneven charge distribution
of the CS chains caused by asymmetric electron dispersion. Then, the CS coating on the fibre
surface was increased by charge attraction and stabilised via intermolecular hydrogen-bonding [27].
Several articles [10,56] have reported that CS can form an entangled network in an acidic aqueous
medium by crosslinking with itself and that the crosslinking involves two structural units that may be
from the same or from different CS polymer chains.

In addition, the post-cleaning process may have disrupted the intermolecular hydrogen bonds
and consequently removed any excess CS, leaving only the firmly bonded CS on the fibre surface [25].

4.5. FTIR and Raman Analyses

As shown in Figure 5, the absorption bands at 3291 and 3358 cm™ were assigned to the stretching
vibrations of O-H and N-H, respectively. The intensity of these two bands on C5-S was observed
to reduce as compared to CS-P, which was suggested to be due to the formation of intermolecular
hydrogen bonds in the excess CS coating [11]. The band of NH, at 1589 cm™! was replaced by a
new band of NH3* at 1560 cm™ on CS-S, suggesting the formation of hydrogen bonds to balance
the change of charges in the excess CS [27]. The bands at 561 and 1063 cm™ could be identified as
crystallisation-sensitive bands of CS, and the changes of these bands in wavenumber and intensity
that occurred on CS-S implied that an intermolecular interaction between different polymer chains
disturbed the crystallisation of CS [34]. The absence of a characteristic band at ~1730 cm~! on CS-S
implied that there was no residual COOH group on the fibres after coating application [57].

The band at 495 cm ! shown in Figure 6a was assigned to the asymmetric bending vibration
of O-P-O in Q1 units, and a slight shift to a lower wavenumber occurred for the coated fibres,
which might be attributed to the interaction between the pyrophosphate units and the coating [28].
The bands at 754 and 894 cm~! were assigned to the symmetric and asymmetric stretching of P-O-P
bridging bonds in Q? units, respectively [30]. The latter band was observed to decrease in intensity
and shift to a lower wavenumber for the coated fibres, which was suggested to be due to the reduction
in Q? units, indicating a depolymerisation of metaphosphate units in acid solution. The Raman spectra
in Figure 7a also showed a reduction in intensity of the band at 1097 cm ! (the asymmetric stretching
vibration of (P,O7)*~ in Q! units [38]) and the shoulder at ~1250 cm ™" (the asymmetric stretching
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vibration of (PO3)~ in Q? units [39]) for the coated fibres, indicating a decrease in concentration of
pyro- and metaphosphate units.

As shown in Figure 6b, the replacement of the band of NH; at 1589 cm™! by the new bands
appearing at 1547, 1560, and 1552 cm™! on PCP-3, -6, and -9, respectively, was attributed to the
protonation of the amine groups in CS [33]. Lawrie et al. [58] reported that partial protonation of
NH, groups in CS could cause the appearance of a new band at ~1530 cm~! due to one of the NHz*
vibrational modes. The difference of the band locations between the literature and this study might be
due to the interaction between the charged amine groups and the phosphate units. The Raman spectra
in Figure 7b,c show that the bands of the bending (1596 em~ 1) and stretching (3305 cm 1) vibrations
of NH, disappeared for the coated fibres, and this was attributed to the protonation of amine groups,
which correlated well with the IR results [41].

Bhumbkar et al. [59] investigated the crosslinking of CS with sodium tripolyphosphate in acidic
aqueous solution via FTIR. They reported that in the IR spectra of crosslinked CS, the band at 1655 cm™
disappeared and two new bands appeared at 1554 and 1645 cm™!, due to the linkage between the
phosphoric and ammonium ions. Therefore, the appearance of the bands at ~1547 and ~1635 cm ™!
and the intensity reduction of the band at 1648 cm™! for the coated fibres suggested interaction of
the NH3* groups with the fibre surface (see Figure 6b). Moreover, it was also suggested that the
formation of hydrogen bonding contributed to the interaction between the charged CS and PGFs.
Sayyar et al. [60] characterised graphene-filled CS composites using FTIR. They found that the bands
corresponding to the N-H bending of the amino group (1573 cm~!), C=0 stretching of the amide
group (1658 cm™1), and N-H stretching of the amino group (3464 cm~') in CS shifted to a lower
wavenumber in composite films, indicating likely hydrogen-bonding interactions between CS and
lactic acid and reduced graphene oxide.

4.6. XPS Analysis

The C;5 peaks of CS shown in Figure 8a have a good agreement with the literature [61]. The peak
at 284.5 eV was assigned to C—C or C-NHpy; 286.0 eV was assigned to C-O, C-OH, or C-NHC=0;
and 287.6 eV was assigned to O—-C-O or C=O-NHR chemical bonds. The detection of these signals for
the coated fibres indicated the presence of CS on the fibre surface. The minor difference between the
spectra of the CS powder and the coated fibres was suggested to be due to contamination carbon on
the fibres.

The Ny peak of CS could be resolved into two peaks at 399.1 and 400.7 eV, assigned to the nitrogen
of the amino and amide groups, respectively [62]. The atom % of the amino peak was 95%, agreeing well
with the degree of deacetylation (DD > 80%) quoted by the supplier. As shown in Figure 8b, the peak
of NH, was also found for the coated fibres, whilst a new peak of NH3" appeared at 401.3 £ 0.1 eV
binding energy, indicating the partial protonation of the amino groups [62]. Lawrie et al. [58] performed
XPS on CS powders from Sigma with a reported 85% degree of deacetylation. They identified the N4
peak as one main signal at 399.4 eV with another weaker signal at 400.5 eV, corresponding to the amino
and amide, respectively. They subsequently characterised the acid-treated CS film and detected one
more signal at 401.4 eV, attributing to the protonated amine.

As shown in Table 5, the atomic percentage of the NH;* in PCP-3 increased from 40% to 65% after
the post-cleaning, supporting the assertion that the post-cleaning process removed excess unreacted
CS adsorbed to fibre surface by weak hydrogen bonds. In contrast, the atom % decreased to 17% in
PCP-6 with increasing CS concentration, indicating an increasing layer of excess CS. The atomic % was
observed to remain constant in PCP-9 as compared to PCP-6, indicating that there was a threshold of
concentration of CS interacting with the PGF surface. The changes in the atomic % of NH3* were also
observed to be consistent with the IFSS profile shown in Figure 2, which revealed the efficiency of the
CS coating.

The O14 spectrum of CS was resolved into one main peak at 532.3 eV and two weak peaks at 530.9
and 533.7 eV. The peak at 532.3 eV was assigned to C-O-C, O-H, or bound water and the two weak
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peaks were assigned to C=0 in the amide group and O—C-O in the pyranose ring, respectively [61].
The Oy spectrum of PGF was deconvoluted into two peaks at 530.6 and 531.8 eV binding energy,
corresponding to the nonbridging and bridging phosphate oxygens, respectively [25]. Although it was
difficult to differentiate the subpeaks from the overlapped binding energy range, the signal of CS was
seen to dominate the overlapping peak gradually from PCP-3R to PCP-9, which indicated the increase
in CS on the fibres, fitting well with the TGA results.

The Py, peak of PGF was composed of the Pa,3/2/Pop1/2 doublet, and was fitted with an energy
difference of 1.1 eV and an approximate atomic ratio of 2:1. The peak of Pp,3,, at 133.3 eV was
attributed to the pentavalent tetracoordinated phosphorus (pyrophosphate and orthophosphate)
surrounded by a different chemical environment (phosphate-like structure), and the peak of Pp1 2
at 134.4 eV was attributed to the metaphosphate [63]. The peaks at similar binding energy were also
observed for the coated fibres.

In summary: (1) The presence of CS coating on the fibre surface was confirmed via TGA, FTIR,
Raman, and XPS analyses. (2) SEM and TGA indicated the formation of a thicker CS coating layer
when using the solution of higher CS concentration. (3) The results of tensile tests indicated that the CS
coating protected the fibres from losing strength in the acid solution. (4) The results from single-fibre
fragmentation tests indicated that CS coupling agents improved the IFSS of the composites, due to the
interaction between the protonated amine groups of CS and the hydrogen groups in the fibre surface,
as correlated via the analyses of FTIR, Raman, and XPS.

5. Conclusions

CS showed its potential to improve the interface of PGF/PCL composites, in which the protonation
of amine groups plays a central role in the interaction between CS and PGF. The nitrogen spectrum
of XPS revealed a threshold of efficient CS coating for interfacial improvement. The post-cleaning
process could remove the excess CS on the fibre surface and consequently increase the efficiency of the
coupling agent.

The coated CS layer showed a significant effect on the fibre surface protection, resulting in a
maintenance of mechanical strength after dipping in the acetic acid solution. In addition, TGA and
SEM indicated an increase in coating thickness with higher CS concentration in the coating solution.
However, a thicker CS layer could also have led to poorer load transmission between the fibre and
matrix. Therefore, a balance of the mechanical and interfacial properties would be considered during
the application of CS as a coupling agent. This balance is suggested to be achieved by adjusting the CS
concentration and the post-cleaning duration.
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