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Electrospun nanofibers of polybenzoxazines (PBzs) were fabricated using an electrospinning process and
crosslinked by a sequential thermal treatment. Functionalization by the direct sulfonation process
followed after the post-electrospinning modification treatment. The first stage of experiment determined
the effects of varying the concentration of sulfuric acid as the sulfonating agent in the sulfonation
reaction under ordinary conditions. The second stage examined the mechanism and kinetics of the
sulfonation reaction using only concentrated H,SO, at different reaction time periods of 3 h, 6 h, and
24 h. The mechanism of the sulfonation reaction with PBz nanofibers was proposed with only one
sulfonic acid (-SOsH) group attached to each of the repeating units since only first type substitution in
the aromatic structure occurs under this condition. The kinetics of the reaction exhibited a logarithmic
correlation where the rate of change in the ion exchange capacity (IEC) with the reaction time increased
rapidly and then reached a plateau at the reaction time between 18 h and 24 h. Effective sulfonation was
confirmed by electron spectroscopy with a characteristic peak associated with the C-S bond owing to
the sulfonate group introduced onto the surface of the nanofibers. ATR-FTIR spectroscopy also
confirmed these results for varying reaction times. The SEM images showed that sulfonation has no
drastic effects on the morphology and microstructure of the nanofibers but a rougher surface was
evident due to the wetted fibers with sulfonate groups attached to the surface. EDX spectra exhibited
sulfur peaks where the concentration of sulfonate groups present in the nanofibers is directly
proportional to the reaction time. From surface wettability studies, it was found that the nanofibers
retained the hydrophobicity after sulfonation but the inherent surface property of PBz nanofibers was
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mechanical performance and molecular design flexibility.?
Other remarkable properties of such polymers include chemical
inertness, high thermal and temperature stability, flexural
strength, low dielectric constant, near zero volumetric change

1. Introduction

Polybenzoxazines (PBz) are one of the recently developed poly-
mers, which have been attracting research interests in the field

of polymers as superior alternatives to thermosetting polymers
for high performance applications." They are a new type of
addition-cure phenolic resin, which have the capability to attain
good thermal properties and flame retardancy, and exhibit high
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upon curing, and low thermal expansion coefficients.**® Despite
these distinct valuable properties, PBz still has limited appli-
cations due to some disadvantages.?

PBz, as a polymerization product, plays a special role among
the class of highly-crosslinked polymers having benzoxazine
(1,3-oxazine cycle condensed with a benzene ring) in their
structures.>” The synthesis of PBz occurs via thermally induced
ring-opening polymerization (ROP) of the 1,3-benzoxazine
monomer, which also results in crosslinked networks.>® This
simple synthesis method for benzoxazine monomers led to the
exploitation of addition of new functional groups, which
allowed other possible molecular design for PBz.! The addition
of functional groups to modify the functionalities of PBz is still

This journal is © The Royal Society of Chemistry 2020
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being explored as it provides further performance enhancement
of the polymer properties. For the polymerization of PBz,
functional groups such as thiol compounds were incorporated
for its direct modification to reduce the temperature require-
ment of ROP and provide enhancement of the thermal and
mechanical properties." Another effective approach studied for
functionalization was the synthesis of PBz from benzoxazine
monomers containing other polymerizable groups® such as
ethynyl or phenyl ethynyl," nitrile," and propargyl groups.*
But, aside from the modification of benzoxazine monomers
during the synthetic phase, different strategies of functionali-
zation such as preparation of polymer blends and composites,
hybridization with inorganic materials, and chemical incorpo-
ration of the benzoxazine structure into the polymer have also
been reported.” Several works involve the blending of PBz with
other polymers such as rubber," polycarbonate (PC),"* poly-
urethane (PU)," poly(e-caprolactone) (PCL),"* and poly(S-r-
diisopropenylbenzene) (SDIB),'® which resulted in the modifi-
cation of the functional properties derived from the synergy of
polymer components. In the previous study of Li and Liu,?
a composite of polybenzoxazine (PBz)modified poly-
benzimidazole (PBI) nanofibers showed enhancement in the
mechanical strength using PBz as the crosslinking agent.
However, the addition of functional groups during PBz
synthesis or the formation of copolymers and composite as the
modification methods produced mostly beneficial effects but
may also have some negative influences on other properties of
the final materials.?

Electrospinning process was used for the fabrication of PBz
nanofibers. Although electrospinning technique is relatively
new for fabricating nanomaterials, it is known to enhance the
functionality and versatility of nanofibers, which are brought
about by the surface morphologies. The thermal treatment of
the nanofibers after electrospinning is a physical method of
functionalization, which is an effective post-modification
strategy for nanofibers.”” In some polymers such as PBz, appli-
cation of thermal treatment also causes crosslinking reaction in
the polymer structure. Chemical treatment along with physical
treatment is applied in order to modify or control the surface
properties of the electrospun fibers.*® For surface modification
methods, one of the widely used strategies is to introduce
chemically active groups on the surface of the nanofiber-based
mat through specific chemical reactions.” Incorporating sulfur-
containing functional groups by chemical modification
methods have beneficial effects on the physical and chemical
properties of the polymer.™ Sulfonation is one of the frequently
used methods for modification of the properties for better
wettability, higher water flux, higher antifouling capacity, better
selectivity, and increased solubility in solvents for processing.”®
The simplest sulfonation process is by direct sulfonation using
concentrated sulfuric acid (H,SO,) as the sulfonating agent
conducted under ordinary conditions.>

In this study, a different approach of functionalization was
explored by the direct sulfonation reaction of electrospun
nanofibers that had undergone thermal treatment. Previous
studies have investigated the functionalization of PBz by
incorporating functional groups during synthesis or by
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blending and compositing with other polymers and materials.
This time, prior to functionalization, PBz was formed into the
nanofibers and subjected to successive modification treatment.
The PBz nanofibers undergo post-electrospinning thermal
treatment, followed by chemical treatment by sulfonation.
Thus, this work explores the application of direct sulfonation
process to electrospun PBz nanofibers, which, to the best of our
knowledge, is the first time such an approach has been used for
synthesizing thermally-crosslinked PBz nanofibers. This study
examines the nature of chemical interaction between the acid
group and the thermally-crosslinked nanofibers, and the effects
on the resulting properties, which have not been studied yet.
The possible interactions that took place, revealed on studying
the mechanism and kinetics of sulfonation, provided a new
perspective on the functionalization of PBz nanofibers for
applications in separation processes such as in oil-water
mixtures.

2. Experimental section
2.1 Materials

Polybenzoxazine (PBz) was prepared in the lab, as reported in
the work by Lin et al.>* The synthesized PBz had a number-
averaged molecular weight of 4040 g mol '.*> Concentrated
H,S0, (analytical grade, 96-97%) was purchased from Aencore
and used as received. Dimethylsulfoxide (DMSO) (ACS grade,
Echo, 99.9%) and tetrahydrofuran (THF) (inhibitor free high
purity, Tedia, 99.8%) were also used as received.

2.2 Preparation of electrospun PBz nanofibers

A homogeneous solution of 10 wt% PBz in a mixture of DMSO
and THF (1/3) (v/v) was prepared prior to electrospinning. The
nanofiber mat was produced using a vertically-aligned electro-
spinning apparatus consisting of a 10 mL syringe with a needle
(ID = 0.8 mm) connected to a syringe pump, a ground electrode,
and a high voltage supply (Falco Enterprise Co., Taipei, Taiwan).
The needle was connected to the high voltage supply, which
generates positive DC voltages up to 40 kV. The electrospinning
solution of PBz was placed in the 10 mL syringe, which was
ejected through the needle spinneret by a syringe pump with
amass flow rate of 1.00 mL h™~ " while the applied voltage was 10
kv in relation to the polymer concentration. The electro-
spinning process was carried out at ambient conditions. The
nanofiber mat was obtained in a grounded plate collector with
tip-to-collector distance (TCD) of 15 cm. After electrospinning,
the electrospun PBz (ES-PBz) nanofiber mat was set aside at
ambient conditions for 24 h to vaporize the remaining solvent
prior to the post-electrospinning thermal treatment. Then, the
nanofiber mat was thermally-crosslinked in an air-circulated
drying oven (Deng Yng, DH 400) for sequential thermal treat-
ment with temperatures of 80 °C, 120 °C, 160 °C, 200 °C, and
lastly, 240 °C, each for 1 h. Then, the thermally cured mat was
cooled down to room temperature inside the oven and then,
removed from the collector plate.

RSC Adv, 2020, 10, 14198-14207 | 14199
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2.3 Direct sulfonation of nanofibers

A two-stage experiment was carried out for the direct sulfona-
tion process of thermally-crosslinked ES-PBz nanofibers. The
first stage of the experiment tested only the one-variable-at-a-
time involving the concentration of the sulfonating agent, viz.,
concentrated and diluted 5 M and 6 M H,SO,, while the other
parameters such as the reaction time and temperature were not
changed. This part was conducted to establish the most
appropriate concentrations of sulfuric acid that effectively
modified the surface properties of the nanofibers. Direct
sulfonation was conducted according to the procedure
described in the work of Esmaielzadeh and Ahmadizadegan.*
The nanofiber mat samples were prepared (approx. 1 cm x 1
cm) from the thermally-crosslinked electrospun PBz nanofibers.
Then, the samples were separately immersed in different
concentrations of sulfuric acid (5 M, 6 M, and concentrated
H,S0,) at room temperature for 72 h. The ES-PBz samples were
removed from sulfuric acid and washed with deionized water
repeatedly to remove the residual sulfuric acid until the pH of
wash water was > 5. Subsequently, the samples were oven dried
(Deng Yng, DH 400) at a temperature of 50 °C for 24 h.

In the first stage, concentrated sulfuric acid was effective in
the direct sulfonation of the nanofiber mat samples based on
the initial characterization methods. In the second stage of the
sulfonation process, variable reaction time was investigated to
determine the mechanism and kinetics of reaction. For this
stage, the reaction time was varied from 3 h to 6 h and up to only
24 h using concentrated H,SO,. The same sulfonation proce-
dure was used. Additional post-washing treatment was applied
to the membrane samples after sulfonation, as reported from
the works of Huang et al* In the acetone/water (1/1) (v/v)
mixture, the sulfonated membrane samples were immersed
for 5 min. Then, the samples were removed from the acetone/
water mixture and immersed in pure acetone for 10 min.
Subsequently, the samples were oven dried (Deng Yng, DH 400)
at a temperature of 50 °C for 24 h.

2.4 Characterization of the electrospun nanofibers

The characterization of the electrospun nanofibers after sulfo-
nation were conducted to evaluate the resulting properties by
comparing the non-sulfonated electrospun nanofibers with the
samples that undergo the sulfonation reaction. This is to
determine if functionalities of the thermally-crosslinked ES-PBz
nanofibers were modified or enhanced by the chemical treat-
ment. The samples for testing were prepared according to the
methods of characterization that were conducted. For FTIR,
a very tiny sample was loaded in the transmission mode after
pressing into a KBr disc while ATR was used in conjunction with
FTIR to directly examine the portion of the nanofiber mat
surface without further preparation. A 5 mm x 10 mm nano-
fiber mat sample was prepared for mounting and insertion into
the instrument to conduct XPS analysis while almost similar
size of the dried sample was placed on a carbon tape and gold
was coated on the non-conductive nanofiber mat sample for
SEM-EDX applications. Surface chemical characterization was
performed with an X-ray photo electron spectrometer (XPS) (VG
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Microtech MT-500 ESCA) analysis to determine the change in
the surface chemistry of the material. The resolution of the sub
peaks was performed using the least-squares peak analysis
software XPS PEAK 95 version 3.0. Attenuated total reflectance
(ATR) sampling with Fourier-transform infrared (FTIR) spectra
of the electrospun PBz nanofiber mat samples after the sulfo-
nation treatment were obtained using a PerkinElmer Spec-
trometer at the wavenumbers between 400 cm ™" to 4000 cm ™.
SEM-EDX analysis was carried out with a Scanning Electron
Microscope (SEM) (FEI Helioz Nanolab 600i, Eindhoven, The
Netherlands) with Energy Dispersive X-ray Spectroscopy (EDX)
(Oxford Instrument X-Max, Abingdon, U.K.) at the Advanced
Device and Materials Testing Laboratory (ADMATEL) of DOST.
The water contact angle (WCA) of the electrospun membranes
were measured using the water contact angle meter (First Ten
Angstroms (FTA) Model: FTA 1000 B) with water drops of about
5 pL under the ambient conditions to evaluate the surface
wettability of the electrospun nanofiber surfaces. The contact
angle data were obtained from the average of three replicates
from five measurements of the samples mounted on specimen
glass. The pH level of the water used for determining the contact
angle was adjusted from neutral to acidic and basic to further
test the surface property.

The ion exchange capacity (IEC) was determined using
a modified back titration procedure described in the work of
Huang et al.*® Prior to the back titration procedure, the nano-
fiber mat samples were prepared by neutralization in 0.01 M
sodium hydroxide aqueous solution in the sample to NaOH
ratio of 0.025 g/10 mL for 72 h. This fully converted the
sulfonated mat samples into their sodium salt form. Then,
diluted sulfuric acid with the concentration of 0.003 M was
employed to back titrate the NaOH aqueous solution that was
partially neutralized by the sulfonated samples. The neutrali-
zation point in the back titration was predicted by using
a universal indicator. The volume of sulfuric acid used in the
titration was used for obtaining the IEC of the samples using
eqn (1):*°

IEC = VNImgry (1)

where IEC (meq g~ ') is the ion exchange capacity (on a dry
sample weight basis), ¥ (mL) is the volume and N (mol L") is
the normality of the sulfuric acid titrating solution, and mq,y (g)
is the dry mass of the nanofiber mat. The pH of the NaOH
solution used for soaking the samples was measured before and
after soaking to determine the change in the basicity of the
solution.

3. Results and discussion
3.1 Thermal crosslinking of the electrospun PBz nanofibers

Post-electrospinning treatment is an important thermal curing
process for PBz as a physical method of modification prior to
the next step functionalization. This curing process applied to
the electrospun nanofibers uses sequential thermal treatment
and causes improvement in the properties. During thermal
curing, the oxazine ring opens by itself without hardeners or

This journal is © The Royal Society of Chemistry 2020
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a strong acid catalyst.*®* The modified nanofiber surface is
produced due to the crosslinked fiber structures.** Crosslinking
is a chemical modification treatment of a nanofiber-based mat,
which improves the mechanical properties, compactness, and
chemical stability.”” In PBz, the cured material possesses low
crosslinking density and exhibits near-zero shrinkage due to the
removal of strain from ring opening polymerization.>

Direct sulfonation process uses sulfuric acid as one of the
commonly used sulfonating solvents. The desired outcome for
the sulfuric acid reaction during sulfonation is the introduction
of sulfonic groups in the nanofibers to a certain degree.*® For
the electrospun nanofibers that were thermally cured, the
sulfonate group linkage could endow special features to
produce functional nanofibers. To show the effect of using
concentrated H,SO, as the solvent in the sulfonation reaction,
both powdered PBz and the as-spun nanofibers of PBz were
tested by soaking in the acid. After less than 5 min in H,SO,, the
powdered PBz completely dissolved, as shown in Fig. 1a and b.
For the as-spun nanofibers, which was set aside for 24 h to
remove the residual solvent and then soaked in H,SO,, also
resulted in complete dissolution, as shown in Fig. 1c and d.

These results showed the strength of H,SO, as a sulfonating
agent that affects the stability of the material. Through these
solubility tests, the concentration of sulfuric acid was identified
as a critical factor in the sulfonation reaction for electrospun
nanofibers. To investigate the sulfonation reaction with the
thermally-crosslinked PBz nanofiber, the first variable of
concern is the acid concentration.

3.2 Effect of H,SO, concentration on the nanofiber mat

The sulfonation of the electrospun nanofibers was undertaken
under ordinary conditions with sulfuric acid as the sulfonating
agent. Based on a previous study, using sulfuric acid at room
temperature, the reaction occurred at a slower pace, so a long
reaction time was needed.”® The reaction time was initially set to
72 h with the concentration of sulfuric acid as the only variable
from the lower concentration of 5 M and 6 M to concentrated

7 T
a b
%
i
N
’ N
c d
.

Fig. 1 Solubility of (a) powdered PBz, (b) after soaking in H,SO4,, (c)
sample of the as-spun nanofibers of PBz, and (d) after soaking in
H,SO4.
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H,S0, (97%) during the initial experiment of the sulfonation
process. As shown in Fig. 2, the change in the color of the
nanofiber mat samples from light brown to reddish brown and
eventually to black were observed with the increase in the
concentration of sulfuric acid but there was no effect on the
stability of the nanofibers. The color change was a clear indi-
cation that a reaction between the electrospun nanofiber and
the sulfonating agent took place but the dissolution of nano-
fibers was not seen.

During the first stage it was found that using concentrated
sulfuric acid, the sample formed into a gel during washing with
deionized water, as shown in Fig. 3. This result indicated that
using concentrated H,SO, for a longer reaction time of 72 h also
resulted in longer exposure to the reaction and affected the
dimensional stability of the sample even if sulfonation was
achieved.

From these observations, the reaction time was shortened to
only 24 h for the second stage with concentrated sulfuric acid as
the only concentration used to avoid the occurrence of the same
condition. The second stage of the experiment involving the
sulfonation process established the interactions of the acid
group with the nanofibers, which also exhibited the beneficial
effect of crosslinking.

3.3 Mechanism and kinetics of functionalization by
sulfonation

In sulfonation, the reaction of the sulfonating agent with the
electrospun nanofibers occurred where sulfonic acid was added
to the aromatic ring by electrophilic substitutions.>**® Based on
the previous works, the reaction was found to be second order
with respect to SO; and first order with respect to aromatic
compounds.” The substitution preferentially occurred at the
ortho-position of the aromatic ring in the repeating unit of PBz,
as shown in Fig. 4. Using sulfuric acid as the sulfonating agent
under room temperature, only one sulfonic acid (-SO3;H) group
attached to each of the repeating units since only first type
substitution occurs because of the low energy barrier of this
sulfonation condition.*

On using sulfuric acid as the sulfonating agent, the active
site is due to the electron density of the site. The sulfonation
reaction at low temperature only occurs in one of the aromatic
rings since the electron density of the other aromatic ring in the
repeating unit is relatively low due to the neighboring group.*
In addition, the crosslinking reaction in the polymerization of

Fig. 2 Change in color of the nanofiber samples during sulfonation
with different concentration of sulfuric acid (a) 5 M, (b) 6 M, and (c)
concentrated sulfuric acid.
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Fig.3 Electrospun nanofiber samples (a) before sulfonation, (b) during
sulfonation with concentrated sulfuric acid at 72 h, and (c) after
washing, which formed into a gel.

benzoxazines prior to sulfonation proceeds through the elec-
trophilic attack of the ring-opened benzoxazine structure,
resulting in the available ortho (more activated, preferred site)
and para positions of the neighboring phenolic ring for elec-
trophilic substitution during the sulfonation reaction.?®
Although there were no previous works that confirmed the
sulfonation of nanofibers PBz, this study proposed that the
mechanism of sulfonation reaction is confined to the first type
substitution, as shown in Fig. 4.

IEC is the number of moles of the sulfonate groups (ions)
present per gram of the polymer.>® The ion exchange capacity of
the sulfonated electrospun nanofibers of PBz was determined
by acid-base titration and compared with the samples
sulfonated at different reaction times (3 h, 6 h, and 24 h). At3 h
of the reaction time, the IEC measured was to be 1.78 while at
6 h, it increased 2.03 and obtained the IEC value of 2.27 after
24 h, as presented in Fig. 5. These results showed that

Jgod@%

Polybenzoxazines

(1) AN

Crosslinked Polybenzoxazines

i H,SO,

z(;r‘ C, ;3@)5‘

Fig. 4 Proposed scheme of functionalization by step (1) thermal
treatment, followed by step (2) sulfonation reaction of the electrospun
PBz nanofibers.
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Fig. 5 Time dependence of sulfonation reaction of PBz nanofibers.

increasing the reaction time also increased the IEC values where
the IEC value for the sample sulfonated at the reaction time of
24 h has the highest value. This confirmed that the sulfonate
groups were incorporated in the electrospun nanofibers during
the direct sulfonation reaction and the rate of reaction increases
with increasing reaction time. The pH of NaOH before and after
soaking the samples also confirmed this with the change in the
pH values from 9.7 to 8.8.

The kinetics of sulfonation reaction of electrospun PBz
nanofibers was evaluated by determining the correlation of
reaction time with the amount of sulfonate groups present in
the nanofibers. It exhibited a non-linear correlation and
observed that the data is logarithmically related, as shown in
Fig. 5. The level of IEC increased steadily up to 18 h and reached
a plateau between 18 to 24 h of sulfonation. From the trendline,
the derived empirical equation of IEC as a function of reaction
time was obtained as:

J(IEC) = 0.2267 In x(¢) + 1.5681 2)

where y is the IEC value and x is the reaction time with
a correlation coefficient of 0.9797, indicating strong relation-
ships between the reaction time and the IEC value.

However, based on these results, the kinetics of reaction at
ordinary conditions confirmed that only the slow reaction took
place. The kinetics of reaction with IEC as a function of reaction
time exhibited a logarithmic trendline where the rate of change
in IEC with the reaction time increased rapidly and then, almost
level out or show no significant change in the reaction time
between 18 h to 24 h. Further investigation could be undertaken
with reaction temperature as another variable.

3.4 Surface chemistry

The sulfonation of the electrospun PBz nanofibers was
confirmed using XPS to determine the change in the surface
chemistry that occurred in the material. From Fig. 6(a and b),
which exhibited only the O 1s and C 1s regions on the survey,
the non-sulfonated ES-PBz exhibited three characteristic peaks

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 XPS spectra of ES-PBz (a and b) non-sulfonated, (c and d)
sulfonated using 5 M, (e and f) sulfonated using 6 M, and (g and h)
sulfonated using concentrated H,SO4.

in the C 1s region at the binding energies of 284.7 eV, 285.6 eV,
and 286.4 eV, which were attributed to C-C/C-H, C-N, and C-O,
respectively. From the XPS spectra of the other ES-PBz samples,
as shown in Fig. 6(c-h), which undergo sulfonation at different
concentrations of sulfuric acid (5 M, 6 M, and concentrated),
only the nanofibers sulfonated using concentrated sulfuric acid
showed a new peak in the S 2p region. This sample exhibited
a new characteristic peak at the binding energy of 285.3 eV
associated with C-S owing to the sulfonate group introduced on
the surface of the ES-PBz. While, for the sulfonation of samples
using lower concentrations of 5 M and 6 M H,SO,, the same
characteristic peaks were observed similar to the non-
sulfonated ES-PBz without the presence of the characteristic
peak attributed to C-S. Based on the XPS analysis, only the
nanofiber samples that were sulfonated using concentrated
sulfuric acid, were we to incorporate the sulfonate groups onto
the surface of the nanofibers.

Further confirmation of sulfonation was obtained from the
elemental composition of ES-PBz samples and their relative
atomic percentages, as listed in Table 1. Sulfur (S 2p) from the
sulfonating agent was only present in the sulfonated ES-PBz
with the relative atomic percentage of 1.9%, corresponding to
the sulfonic acid group incorporated in the sample during the
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Table1 Elemental composition of non-sulfonated and sulfonated ES-
PBz and the relative atomic percentages based on the XPS spectra

Sulfonation H,SO, concentration

Concentrated
at% Non-sulfonated 5M 6 M (97%)
O 1s 16.9% 19.8% 17.9% 15.3%
C1s 83.1% 80.2% 82.1% 82.8%
S 2p — — — 1.9%

sulfonation reaction. This confirmed the functionalization of
ES-PBz by the sulfonation reaction using sulfuric acid.

3.5 Structural composition

In order to further confirm the sulfonation reaction with the
crosslinked PBz nanofibers, FTIR spectroscopy was carried out
to validate the structural composition of the material in
comparison with the results of electron spectroscopy. As shown
in Fig. 7, the characteristic peaks associated with the benzox-
azine structure at 1230-1235 cm™ " (asymmetric stretching of C-
0-C), 1330-1340 cm ™' (CH, wagging in the closed benzoxazine
ring), and 1495-1510 cm ™" (tri substituted benzene ring) were
present.” For the ES-PBz that undergoes sulfonation as
compared to the non-sulfonated ES-PBz, a new peak at 1025-
1035 cm ™~ was observed, which corresponds to the symmetric
stretch of the sulfonate group (SO3). The presence of sulfonate
(SO;) group is the result of functionalization of the nanofibers.
From the spectra, it was observed that the intensity of the new
peak assigned to the sulfonate group was more prominent in
the sample that was sulfonated using concentrated sulfuric acid
for 24 h as compared to the sulfonated samples at diluted
concentration of 5 M and 6 M sulfuric acid at 72 h. This could be
the reason for the absence of the sulfonate group, as indicated
by the C-S in the XPS analysis of the sulfonated samples at
lower concentrations.

For the second stage of sulfonation using only concentrated
sulfuric acid with varied reaction times of 3 h, 6 h, and 24 h,

120
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1104
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100
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Fig. 7 FTIR spectra of the electrospun PBz nanofibers and sulfonated
electrospun PBz nanofibers at diluted concentration of 5 M and 6 M,
and concentrated sulfuric acid after 72 h.
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attenuated total reflectance (ATR) with Fourier transform
infrared (FTIR) spectroscopy was used to directly measure the
change in the surface chemistry on the nanofiber mat surface
and to validate the sulfonation process of the samples at lower
reaction times. The ATR-FTIR spectra in Fig. 8 showed that all
the three samples at different sulfonation reaction times of 3 h,
6 h, and 24 h exhibited a new peak in the range of 1025-
1035 cm~ " with almost similar intensity. This characteristic
absorption band corresponds to the symmetric stretch of the
sulfonate group (SOs), indicating that the sulfonation reaction
took place on the samples' surface. This also validated the
results of XPS analysis that sulfonate group was only present in
the sulfonation reaction using concentrated H,SO, with the
strong intensity of the peak assigned to SO;. Thus, proving that
the sulfonation reaction under ordinary conditions with shorter
reaction time (3-24 h) resulted in surface modification of the
electrospun PBz nanofibers.

3.6 Surface composition, microstructure, and morphology

The SEM images of the non-sulfonated electrospun PBz nano-
fibers in Fig. 9al show a uniform fiber morphology with an
average fiber diameter of 2.668 + 0.987 pm and an evenly
distributed fiber diameter between 1.3-3.3 pum. After under-
going the sulfonation process for 3 h, 6 h, and 24 h, the struc-
ture of the randomly-oriented continuous, interconnected fiber
networks were still evident and intact, as shown in Fig. 9b1-d1.
The sulfonation reaction involving concentrated sulfuric acid
did not show any drastic effect on the nanofiber's structural
stability except for very few broken fibers in the electrospun
nanofibers treated for 24 h reaction time. It has been studied in
a previous work that the membrane samples became more
brittle when sulfonated at a higher concentration of the acid
(>0.2 mol L™").%* This could be the reason for the few broken
fibers in the mat samples. In addition, a rougher surface was
observed in the nanofibers, which could be the result of the
wetted fibers with the sulfonate group that is attached to the
nanofibers' surface after the sulfonation reaction.

The EDX spectra were then analyzed to determine the overall
chemical composition and the distribution of the chemical

Non Sulfonated

Sulfonated (5M)

©
o
A

@®
o
N
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Sulfonated (Conc)|

Transmittance (%) a.u.
~
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Fig. 8 ATR-FTIR spectra of the electrospun PBz nanofiber mats

sulfonated with concentrated sulfuric acid at varying reaction times of
3h,6h, and 24 h.
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Fig. 9 SEM micrographs and EDX spectra of the electrospun nano-
fibers: (al and a2) non-sulfonated ES-PBz; (bl and b2) sulfonated ES-
PBz at 3 h; (cl and c2) sulfonated ES-PBz at 6 h; and (d1 and d2)
sulfonated ES-PBz at 24 h: (magnification: 5000x; scale bar: 10 um);
other peaks without labels in the spectra are due to Au, which was
used as the coating material.

elements of interest in the sulfonated electrospun nanofibers.
The EDX spectra of the non-sulfonated ES-PBz, as expected,
show no presence of the sulfur element in the nanofibers
whereas the carbon element predominantly appeared, as shown
in Fig. 9a2. The EDX spectra have peaks of carbon, nitrogen, and
oxygen only. Based on the EDX spectra, all the sulfonated
electrospun nanofibers exhibited sulfur peaks along with the
peaks assigned to carbon, nitrogen, and oxygen (Fig. 9b2-d2). In
addition, the relative peak heights of the chemical elements
present in the polymer were clearly correlated with the respec-
tive amount present in the nanofibers. The sulfur peak present
in the EDX spectra of the samples sulfonated at shorter reaction
times (3 h and 6 h) is a relatively short sulfur peak in the
nanofibers as compared to the sulfur peak of the sulfonated
sample with longer reaction time of 24 h. It could be deduced
from these results that qualitatively, the concentration of the
sulfonate groups present in the nanofibers is directly propor-
tional to the reaction time, which resulted in a higher degree of
sulfonation using concentrated sulfuric acid.
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3.7 Water contact angle

Contact angle is an important functional property of a material.
The change in the contact angle indicates a modification in the
surface chemistry.? If the sulfonation reaction was successful
in incorporating sulfonate groups on the nanofibers' surfaces,
then there is an expected change in the hydrophobicity of the
ES-PBz nanofibers. Non-sulfonated ES-PBz nanofibers are
hydrophobic with a water contact angle of 130° based on the
previous work of Parrefio et al.'® The crosslinking that occurred
in the PBz nanofibers during thermal treatment is known to be
an effective method to change the morphology as well as the
surface properties of the polymers.”® However, pure PBz nano-
fibers retained their hydrophobicity even after undergoing post-
electrospinning thermal treatment.

In this study, the water contact angles of the nanofiber mat
samples were determined to know if there was an effect on the
surface chemistry, as indicated in the IR and electron spec-
troscopy after the sulfonation process. The contact angles were
measured for the non-sulfonated and sulfonated samples at
different reaction times for comparison. The results showed
that the non-sulfonated, thermally-crosslinked ES-PBz retained
its hydrophobicity with a contact angle of 130.03°, as shown in
Fig. 10a. For the sulfonated samples, the contact angles of the
samples were 127.06°, 128.86°, and 127.41° after 3 h, 6 h, and
24 h of reaction, respectively, as indicated in Fig. 10b-d. The
incorporation of sulfonate groups onto the surface of the
nanofibers did not alter the surface chemistry of the nanofibers.
The reason for this is the presence of inter- and intra-molecular
hydrogen bonding within the PBz structures, which prevented
the hydroxyl groups from interacting with the water molecules.”
The ultralow surface-energy of the crosslinked PBz nanofibers is
the result of the hydrogen bonding, which is mainly responsible
for the surface properties.*

Surface wettability of the sulfonated samples at 24 h reaction
time was further characterized by adjusting the pH level of
water from acidic to basic to confirm another surface property

a 130.030.27° b

127.06 + 1.36°

c 128.86 +0.76° d 127.41+0.67°

Fig. 10 Water contact angle of (a) non-sulfonated ES-PBz, (b)
sulfonated ES-PBz after 3 h, (c) sulfonated ES-PBz after 6 h, and (d)
sulfonated ES-PBz after 24 h of reaction. The values are means +
standard deviations with three replicates taken per data point.
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of the thermally-crosslinked ES-PBz. From a previous study, it
was found out that crosslinked PBz has an intrinsically stimuli
responsive characteristic due to the hydrogen bonding, which
can be broken by changes in pH level of water.>” The pH level of
water used for the measurements of water contact angle were
adjusted to acidic (pH: 3 and 6) and basic (pH: 12 and 14) to
examine this surface property. At acidic pH of water, the contact
angles at pH 3 and 6 were 127.32° and 129.16°, respectively, as
shown in Fig. 11a and b. At basic pH of 12 in Fig. 11c, the
contact angle measured was 123.36°, which is still hydrophobic
and similar to the contact angle of acidic water. However, when
the pH level was further adjusted to 14, the sample became
completely wetted, where the wettability changed from hydro-
phobic to hydrophilic, as shown in Fig. 11d.

This is the validation of the surface properties of the ES-PBz
nanofibers, which switch to hydrophilic when the pH of water
changes to highly basic. This functional property of the
sulfonated PBz nanofibers has potential applications in oil-
water separation as they have stimuli responsive surfaces and
combined enhancement obtained from the crosslinking and
electrospun fiber structure and morphology.

3.8 Thermal stability

The thermal stability of the sulfonated electrospun nanofibers
of PBz at different reaction times of 3 h, 6 h, and 24 h were
compared to the non-sulfonated electrospun nanofibers to
determine the influence of the sulfonation reaction on the
nanofibers' stability. Based on the TGA thermograms, as shown
in Fig. 12, the non-sulfonated and sulfonated samples showed
almost the same thermal resistance with the onset temperature
of degradation at 275 °C except for the sulfonated sample at the
reaction time of 24 h where it started its degradation at a rela-
tively lower temperature of 220 °C. The lower temperature of
degradation of the sample nanofibers sulfonated at 24 h reac-
tion time could be attributed to the higher amount of sulfonic

a 127.3210.50° b 129,16+ 0,54°

C 123.36+0.34° d

Completely wetted

—————

Fig. 11 Water contact angle of ES-PBz nanofibers sulfonated for 24 h
when pH levelis (a) 3, (b) 6, (c) 12, and (d) 14. The values are means +
standard deviations with three replicates taken per data point.
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Fig. 12 Thermal stability of the PBz nanofibers sulfonated at 3 h, 6 h,
and 24 h reaction time as compared to the non-sulfonated PBz
nanofibers.

acid group incorporated in the nanofibers for a longer sulfo-
nation reaction compared to 3 h and 6 h of reaction time.
Between 220-375 °C, there is a steep, massive weight loss due to
the decomposition of sulfonic acid. By increasing the temper-
ature, the weight loss reaches a plateau, where no further
degradation occurs at 500 °C. This thermal behavior confirmed
that a higher sulfonation degree was achieved with longer
reaction time but it affected the onset temperature of degra-
dation. Based on these results, sulfonation at the reaction time
of 6 h is the most appropriate for the retention of thermal
stability.

4. Conclusions

This study provides a new perspective on the functionalization
of nanofibers of PBz prepared by the electrospinning process by
direct sulfonation reaction using sulfuric acid as the
sulfonating agent. The crosslinking of PBz nanofibers by post-
electrospinning thermal treatment showed its contributing
factor in accommodating the succeeding sulfonation reaction.
The mechanism of incorporating the functional groups onto the
surface of the PBz nanofibers was analyzed and proposed as first
type substitution of sulfonic acid in the aromatic ring, which
was effectively carried out using concentrated sulfuric acid. The
kinetics of the sulfonation process exhibited a logarithmic
correlation where the rate of reaction is time dependent. But
with low energy barrier under ordinary sulfonation conditions,
it occurred at a slower pace and reached a plateau between the
reaction time of 18 to 24 h. The microstructures and
morphology after undergoing the sulfonation process were
unchanged but had few broken fibers and rougher nanofibers
due to the wetted fiber surfaces with the added sulfonate
groups. The surface wettability of the nanofibers after sulfona-
tion retained the hydrophobicity and revealed the intrinsic
stimuli responsive property of the nanofibers on changing the
pH of water to basic. Thermal stability was retained for 3 h and
6 h reaction time in comparison to the non-sulfonated
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nanofibers. Thus, a simple and easy yet effective functionali-
zation method that can be carried out on crosslinked PBz
nanofibers without compromising their form and stability has
potential for the targeted applications although further study
on other parameters of the sulfonation reaction is needed to
achieve the desired results.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported through a research exchange program
between the National Tsing Hua University (NTHU), Taiwan and
De La Salle University (DLSU), Manila, Philippines with finan-
cial assistance from the Sandwich Program of the Department
of Science and Technology-Human Resource Development
(DOST-HRDP) Scholarship Program, DOST AO No. 008 s 2018.
The authors thank the Special Polymer and Chemical Lab
(SPCL) of NTHU for the resources and technical assistance
provided during the conduct of experiments, the ADMATEL of
DOST for the conduct of additional tests on the samples and
Ronaldo P. Parreno III for editing the photos and images in the

paper.

Notes and references

1 E. Semerci, B. Kiskan and Y. Yagci, Thiol reactive
polybenzoxazine precursors: a novel route to functional
polymers by thiol-oxazine chemistry, Eur. Polym. J., 2015,
69, 636-641.

2 N. N. Ghosh, B. Kiskan and Y. Yagci, Polybenzoxazines-New
high performance thermosetting resins: synthesis and
properties, Prog. Polym. Sci., 2007, 32(11), 1344-1391.

3Y. L. Kobzar, I. M. Tkachenko, V. N. Bliznyuk and
V. V. Shevchenko, Fluorinated polybenzoxazines as
advanced phenolic resins for leading-edge applications,
React. Funct. Polym., 2018, 133, 71-92.

4 L. U. Han and L. Han, Understanding the vibrational structure,
ring-opening kinetics of oxazine ring and hydrogen bonding
effects on fast polymerization of 1,3-
benzoxazines(Unpublished doctoral dissertation), Case
Western Reserve University, Cleveland, Ohio, USA, 2018.

5 M. M. Khan, K. Halder, S. Shishatskiy and V. Filiz, Synthesis
and crosslinking of polyether-based main chain benzoxazine
polymers and their gas separation performance, Polymers,
2018, 10(221), 1-13.

6 X. Shen, J. Dai, Y. Liu, X. Liu and J. Zhu, Synthesis of high
performance polybenzoxazine networks from bio-based
furfurylamine: furan vs. benzene ring, Polymers, 2017, 122,
258-269.

7 Y. Yagci, B. Kiskan and N. N. Ghosh, Recent advancement on
polybenzoxazine-a newly developed high performance
thermoset, J. Polym. Sci., Part A: Polym. Chem., 2009, 47(21),
5565-5576.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01285h

Open Access Article. Published on 07 April 2020. Downloaded on 3/29/2026 7:46:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

8 H.Y. Li and Y. L. Liu, Polyelectrolyte composite membranes
of polybenzimidazole and crosslinked polybenzimidazole-
polybenzoxazine electrospun nanofibers for proton
exchange membrane fuel cells, /. Mater. Chem. A, 2013,
1(4), 1171-1178.

9 T. Agag and T. Takeichi, Synthesis and Characterization of
Novel Benzoxazine Monomers Containing Allyl Groups and
Their High Performance Thermosets, Macromolecules,
2003, 36(16), 6010-6017.

10 H. J. Kim, Z. Brunovska and H. Ishida, Molecular
characterization of the polymerization of acetylene-
functional polybenzoxazine resins, Polymer, 1999, 40,
6565-6573.

11 Z. Brunovska and H. Ishida, Thermal study on the
copolymers of phthalonitrile and phenylnitrile-functional
benzoxazine, J. Appl. Polym. Sci., 1999, 73, 2937-2949.

12 T. Agag and T. Takeichi, Novel benzoxazine monomers
containing p-phenyl propargyl ether: polymerization of
monomers and  properties of  polybenzoxazines,
Macromolecules, 2001, 34, 7257-7263.

13 J. Jang and D. Seo, Performance improvement of rubber
modified polybenzoxazine, J. Appl. Polym. Sci., 1998, 67, 1-
10.

14 H. Ishida and Y. H. Lee, Infrared and thermal analyses of
polybenzoxazine and polycarbonate blends, J. Appl. Polym.
Sci., 2001, 81, 1021-1034.

15 T. Takeichi, Y. Guo and T. Agag, Synthesis and
characterization of poly(urethane-benzoxazine) films as
novel type of polyurethane/phenolic resin composites, J.
Polym. Sci., Part A: Polym. Chem., 2000, 38, 4165-4176.

16 R. P. Parreno Jr, Y.-L. Liu and A. B. Beltran, A Sulfur
Copolymers (SDIB)/Polybenzoxazines (PBz) Polymer Blend
for Electrospinning of Nanofibers, Nanomaterials, 2019,
9(11), 1526.

17 J. Xue, T. Wu, Y. Dai and Y. Xia, Electrospinning and
electrospun  nanofibers: methods, materials, and
applications, Chem. Rev., 2019, 119(8), 5298-5415.

18 L. Duque Sanchez, N. Brack, A. Postma, P. J. Pigram and
L. Meagher, Surface modification of electrospun fibres for
biomedical applications: a focus on radical polymerization
methods, Biomaterials, 2016, 106, 24-45.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

19 A. Kausar, S. Zulfigar and M. I. Sarwar, Recent developments
in sulfur-containing polymers, Polym. Rev., 2014, 54(2), 185-
267.

20 R. Y. M. Huang, P. Shao, C. M. Burns and X. Feng,
Sulfonation of Poly (Ether Ether Ketone)(PEEK): Kinetic
Study and Characterization, J. Appl. Polym. Sci., 2001, 82,
2651-2660.

21 C.-H. Lin, S.-L. Chang, T.-Y. Shen, Y.-S. Shih, H.-T. Lin and
C.-F. Wang, Flexible polybenzoxazine thermosets with high
glass transition temperatures and low surface free
energies, Polym. Chem., 2012, 3, 935-945.

22 C.-T. Liu and Y.-L. Liu, pH-Induced switches of the oil- and
water-selectivity of crosslinked polymeric membranes for
gravity-driven oil-water separation, J. Mater. Chem. A, 2016,
4(35), 13543-13548.

23 S. Esmaielzadeh and H. Ahmadizadegan, Construction of
proton exchange membranes under ultrasonic irradiation
based on novel fluorine functionalizing sulfonated
polybenzimidazole/cellulose/silica bionanocomposite,
Ultrason. Sonochem., 2018, 41, 641-650.

24 Y. Ertas and T. Uyar, Polybenzoxazine-Based Nanofibers by
Electrospinning, in Advanced and Emerging Polybenzoxazine
Science and Technology, Elsevier Inc., New York, NY, 1st
edn, 2017, ch. 33 pp. 643-671.

25 A. G. Theodoropoulos, V. T. Tsakalos and G. N. Valkanas,
Sulfone-type crosslinks in sulfonation of macronet
polystyrene backbone, Polymer, 1993, 34(18), 3905-3910.

26 E. E. Abdel-Hady, M. O. Abdel-Hamed, S. Awad and
M. F. M. Hmamm, Characterization and evaluation of
commercial poly(vinylidene fluoride)-g-sulfonated
polystyrene as proton exchange membrane, Polym. Adv.
Technol., 2018, 29(1), 130-142.

27 X. Ma, P. Li, T.-X. Ma, G.-W. Chu, Y. Luo, H.-K. Zou, B. Sun
and J.-F. Chen, Study on phenol sulfonation by
concentrated sulfuric acid: kinetics and process
optimization, Chem. Eng. Sci., 2019, 202, 15-25.

28 H. Ishida and T. Agag, Handbook of Benzoxazine Resins,
Elsevier, Amsterdam, The Netherlands, 2011.

29 S. Swier, J. Gasa, M. T. Shaw and R. A. Weiss, Sulfonation
Reaction Kinetics of Poly(ether ketone ketone) (PEKK)
Using a Mixture of Concentrated and Fuming Sulfuric
Acid, Ind. Eng. Chem. Res., 2004, 43(22), 6948-6954.

RSC Adv, 2020, 10, 14198-14207 | 14207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01285h

	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers

	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers

	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers
	Effect of a direct sulfonation reaction on the functional properties of thermally-crosslinked electrospun polybenzoxazine (PBz) nanofibers


