
1. Introduction
Nanofiber membranes (NFM) have good properties,
such as high specific surface area, high porosity, and
fiber uniformity. As a new type of material, it is wide-
ly used in fields such as healthcare, environmental
protection, energy, and smart textiles. Electrospinning
(e-spinning) has been a fast and facile technique for
preparing nanofiber membranes [1]. Polyacrylo nitrile
(PAN) is a commonly used raw material in electro-
spinning, and PAN NFM has been one of the most
studied nanofibers due to their excellent properties,

such as good mechanical strength, chemical resist-
ance, and good thermal stability. Due to the lack of
sufficiently hydrophilic functional groups in PAN
macromolecular chains and its tight structure, the
material has poor hydrophilicity, which limits its ap-
plications in energy, healthcare, biomedical engi-
neering, and environmental water treatment [2].
The hydrophilic modification of PAN NFM mainly
focused on adding hydrophilic components to the e-
spinning solution, mixing spinning with hydrophilic
materials and finishing for hydrophilic modification.
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By incorporating hydrophilic polymers, such as poly -
vinyl alcohol (PVA) [3], polyvinyl pyrrolidone (PVP)
[4, 5], cellulose acetate (CA) [6], hydroxypropyl
methylcellulose (HPMC) [7], cellulose nanocrystals
(CNC) [8], polyaniline [9] into the e-spinning solu-
tion, the hydrophilicity and wettability of the elec-
trospun (e-spun) membranes were improved, thereby
enhancing its application performance in energy and
oil-water separation. The addition of sesbania gum
and the loading of nanosilver onto hydrophilic e-spun
fibers exhibited excellent antibacterial activity [10].
The nanofiber membrane prepared from highly dis-
persed and uniform silver nanoparticles (AgNP)
e-spinning solution of agar/PAN improved the de-
tection limit for determining the concentration of
malachite green [11]. On the other hand, the addition
of hydrophilic inorganic substances not only en-
dowed PAN e-spun membranes with functionality,
but also enhanced their hydrophilicity, such as fumed
silica (SiO2) [12], graphene or graphene oxide (GO)
[13–15], AgBr/Ag [16], TiO2 [17], etc.
The composite nanofiber membrane fabricated via
mixed e-spinning with PAN can enhance the per-
formance by incorporating hydrophilic fibers. The
layered composite NFM with inner layer of hydro -
phobic PAN/PVDF and outer layer of highly hydro -
philic cellulose acetate had good water transport and
low friction properties [18], improving the comfort
of the fabric. An alternately stack, durable and re-
newable cellulose/PAN composite nanofibers by
e-spinning for water in oil separation processes, was
prepared with a maximum separation efficiency of
up to 97.31% [19]. Another e-spun thin PVA nano -
fiber layer with a thickness of several microns on the
e-spun PAN nanofiber substrate was fabricated for
oil-water emulsion separation, which the PAN/PVA
composite membrane showed that the retention rate
was 99.5% [20].
Surface finishing of membranes or fabrics is another
common route to modify the hydrophilic properties.
An e-spun polyvinylidene fluoride (PVDF)/poly-
acrylonitrile (PVDF/PAN) membrane was modified
with different doses of electron beams [21]. The
13.56 MHz radio frequency inductively coupled
plasma (RF-ICP) improved the surface of PAN fab-
ric through oxygen treatment in plasma, making the
surface of PAN fabric hydrophilic [22]. Hydro philic
e-spun PAN NFM modified by silica nanoparticles

was prepared by e-spinning/electrospraying tech-
nique, in which the membrane was used as an effec-
tive adsorbent for removing malachite green and
methylene blue cationic dyes from aqueous solutions
[23]. The parallel electrode method was used to pre-
pare neatly arranged single-walled carbon nanotube/
polyacrylonitrile (SWNTs/PAN) nanofiber mem-
branes with good permeability, thermal properties,
and wetting properties [24]. By the electrospinning/
electrospray method, a special PAN/GO/SiO2 micro-
filtration membrane sandwich structure was devel-
oped, which was used for efficient oil-water separa-
tion with a lower water contact angle [25]. An e-spun
PAN NFM with TiO2 spheres electrospray was
sprayed, and then, in situ, polydopamine (PDA) grow-
ing was endowed with super hydrophilicity [17].
The nitrile groups in the chemical structure of PAN
are also the active sites for its modification, such as
partial hydrolysis [26], amination, reduction, and
amidation [27, 28]. These reactions generate func-
tional groups, such as amine, hydroxyl, carboxyl,
imine, etc., on the surface of original PAN chains,
making its surface active and hydrophilic. Surface-
modified PAN NFM has been applied as a carrier for
organic compounds, enzymes, and antibodies in bi-
ological research. They are also used to immobilize
various organic ligands for adsorbing metal ions in
water, serving as carriers for transition metal cata-
lysts [26]. The Ritter reaction is a common reaction
in organic synthesis that converts nitrile groups into
hydrophilic amides with mild reaction conditions
and high efficiency [29]. However, there is little re-
search on Ritter reaction on the modification of PAN
or its NFMs.
In this study, the primary investigation centered on
the successful achievement of hydrophilic amidation
modification of e-spun PAN nanofiber membranes.
This was accomplished by utilizing the Ritter reac-
tion of nitrile groups as the fundamental chemical
procedure. Under relatively mild conditions, the ni-
trile groups of PAN would be converted to more hy-
drophilic amide ones, thereby improving the hydro -
philicity of the e-spun PAN NFM. Then, the hydro -
philic amidation-modified PAN NFM was post-treat-
ed by a sodium hypochlorite solution, which made
some of the N–H bonds of amides convert into N–Cl
ones. Antibacterial experiments showed that they
had a good antibacterial effect.
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2. Experimental section
2.1. Materials
Polyacrylonitrile (PAN, Mw: 150000) was obtained
from Shanghai MackLin reagent Co. Ltd, China. N,N-
dimethylformamide (DMF), t-butyl alcohol, acetic
acid, sulfuric acid, isopropanol, ethanol and sodium
hypochlorite were bought from China National Phar-
maceutical Group (China), which were analytical
reagents and used without further purification.

2.2. Preparation of e-spun PAN nanofiber
membrane

0.8 g of PAN powder and 7.2 g of DMF were added
into a 50 ml flask equipped with a magnetic stirrer.
After stirring for 4 hours, the e-spinning precursor
solution was successfully given. 5 ml of the e-spin-
ning solution was taken out and added into a 10 ml
syringe with an inner diameter of 0.62 mm needle.

As shown in Figure 1, the e-spinning parameters
were as follows: the 20 cm distance of the tip-to-col-
lector, the 0.5 ml/h speed of the propulsion pump,
the 20 kV of DC voltage, and the 200 rpm rotating
speed of the collector drum (diameter: 9 cm)
grounded.

2.3. Hydrophilic modification of e-spun PAN
NFM

The mechanism of t-butanol participating in the
 Ritter reaction is to generate a stable tertiary carbo-
cation in a strongly acidic solution. This carbocation
is subjected to nucleophilic attack by the nitrogen
atom of nitrile, giving a nitrile onium ion, which then
reacts with water and undergoes proton transfer to
obtain hydrophilic N-substituted amides (Figure 2).
20 ml of t-butanol and 20 ml of acetic acid were
added into a 100 ml beaker equipped with a magnet-
ic stirrer. Slowly 2 ml of sulfuric acid was dropped
into the beaker when stirring. The e-spun PAN NFM
was cut strip (5×6 cm), and 4 strips were immersed
into the aforementioned solution for Ritter reaction.
Taking out a sample every half an hour, they were
washed in turn four times with 20 ml of deionized
water, and twice with 10 ml of ethanol. Then they
were dried in an oven at 40 °C for 12 h, and stored
in sealed bags, respectively.

2.4. N-halamine treatment of amidated PAN
NFM

The sodium hypochlorite solution was used to carry
out N-halamine treatment [30], and the N–H bond
of the amidated e-spun PAN NFM was converted to

J. Hu et al. – Express Polymer Letters Vol.19, No.4 (2025) 351–360

353

Figure 1. Illustration of e-spinning system.

Figure 2. Ritter reaction mechanism.



N–Cl bond. 20 ml of sodium hypochlorite solution
was added into a 100 ml beaker, and the amidated e-
spun PAN NFM was cut into two pieces of 2×2 cm
and placed in the beaker for 30 min. The obtained
NFMs were washed three times with 10 ml of deion-
ized water and then twice with 10 ml of ethanol.
They were dried at room temperature for 12 h to ob-
tain N-halamine PAN NFMs (Figure 3).

2.5. Characterization
The e-spun PAN NFM samples before and after
 Ritter reaction modification were observed using a
scanning electron microscope (SEM, Phenomworld,
The Netherlands) and the pore size was tested on a
pore size analyzer (PSM-165, TOPAS, Germany).
The structural changes of PAN NFMs were charac-
terized by Fourier-transform infrared spectroscopy
(FTIR, Nicolet iS5, Thermo Fisher Scientific,
Waltham, MA, USA). The samples were placed
under an infrared probe (ATR mode) for testing, with
a cyclic scan of 32 and a wavelength range of 500–
4000 cm–1. Thermogravimetric analysis (TGA) of
PAN NFMs before and after Ritter reaction modifi-
cation was performed on a thermal analyzer
(TGA/DSC 3+, Mettler Toledo, Columbus, OH,
USA) with a nitrogen gas flow (20 ml/min) and a
heating rate of 10 °C/min. The hydrophilicity or
water wettability was indicated by a water contact
angle measured on an instrument (JY-PHb, Chengde
Jinhe Instrument Co., Ltd, China).
20 ml of nutrient broth was prepared (19.0 g/l),
which was placed in two test tubes and sterilized in
a portable pressure steam sterilizer (DSX-280B,
Shanghai Shen’an Medical Equipment Factory) at a
temperature of 121°C for 15 min. A small quantity
of bacteria was extracted and dissolved in sterilized
nutrient broth, followed by incubation in a dual-
function steam bath shaker for 24 h. The antibacter-
ial tests were conducted using the agar diffusion
plate method (GB/T-20944.1-2007). Firstly, the N-ha-
lamine-treated PAN NFM and blank control group
were placed evenly on an agar diffusion plate sprayed
with bacterial suspension (200 μl). Then, incubated

at 37 °C for 24 h, the inhibition zone was observed
and calculated as a comparison.

3. Results and discussion
3.1. Morphologies of PAN NFMs
The morphologies of the PAN nanofiber membrane
before and after the Ritter reaction were observed
(Figure 2). The e-spun PAN fibers had smooth sur-
faces and were distributed uniformly in diameter
with 248 nm of the average diameter (Figure 4a).
After the Ritter reaction for 30 min, the fibers’ aver-
age diameter gradually became thicker, ~286 nm and
the morphologies more chaotic (Figure 4b). As the
reaction progressed, every single fiber was uneven,
and adhesion appeared obviously among the fibers,
resulting in a greater increase in average diameter,
~306 nm (Figure 4c). After the reaction was carried
out for 90 min, the e-spun fibers’ surface showed
cracks and became brittle. When the PAN NFM was
dried for SEM characterization, shown in Figure 4d,
the cracks were more likely to be caused by the dried
hydrogel layer on the surface because of the hy-
drophilic amide produced and washed in water after
the Ritter reaction finished. Correspondingly, the av-
erage diameter was up to ~397 nm. In fact, a pure
PAN molecule chain has acid resistance and chemi-
cal resistance to a certain degree. Despite strong
acid, the degree of acid hydrolysis within a few
hours was still very low [31]. It was further observed
that the Ritter reaction induced significant changes
in the surface morphologies.

3.2. Structure analysis (XPS and FTIR)
XPS is an important method for characterizing sur-
face chemical structures, especially for characteriz-
ing the composition structure within the thickness
range of ~10 nm on the surface [32]. The changes in
the chemical structure of the amidated PAN NFM
were analyzed via XPS, and the high-resolution C1s
and N1s spectra are shown in Figure 5. Compared
with pure PAN, the peaks’ shapes of the C1s and N1s
of the amidated PAN NFM were different from that
of pristine PAN NFM [33]. The C1s peak for the
amidated PAN sample given by Ritter reaction for
60 min was broadened, and the C=O of newly gen-
erated amide via Ritter reaction was assigned. At the
same time, the N1s spectrum of C≡N with one peak
located at 399.18 eV, after amidation via Ritter re-
action, C≡N was converted to O=C–N whose peak
appeared at 400.08 eV, which coincided with the
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Figure 3. N-halamine reaction mechanism.
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Figure 4. SEM images of PAN NFMs and their fiber average diameter distributions, a) pristine NFM, b)–d) ones after Ritter
reaction conducted for 30, 60 and 90 min, respectively.



other kind of amidated PAN [28]. These results indi-
cated that the amidated PAN NFM had considerable
amounts of functional amide groups on the surface.
As shown in Figure 6, FTIR spectra of e-spun PAN
membrane showed that the peaks at 2942 cm–1 (related

to stretching vibration of CH2), 2244 cm–1 (related to
stretching vibration of CN), 1668 cm–11 (related to
bending vibration of CN) and 1455 cm–1 (related to
bending vibration of CH2). After the Ritter reaction
finished, some CN groups near the surface were con-
verted to amide (O=C–N). The newly-produced
amide groups and introduced –CH3, whose charac-
teristic absorption band should appear at 1650  and
1380 cm–1, respectively, however, were not observed
obviously in their IR spectra because IR presented the
whole material and the content of amides only exist-
ing on the surface was much lower than others.

3.3. Thermal analysis (DSC/TG)
The DSC/TG curves of PAN NFM and amidated
ones are shown in Figure 7. It could be observed that
the TG curves of several samples were similar, and
the main weight loss was between 300 and 450°C,
which was due to the cyclization of PAN under
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Figure 5. C1s (a) and N1s (b) XPS spectra of PAN NFM membranes after Ritter reaction carried out for 60 min.

Figure 6. FTIR spectra of PAN NFMs before and after the
Ritter reaction carried out for 0–120 min.

Figure 7. DSC/TG curves of PAN NFM and amidated ones, a) TG obtained synchronously with b) he DSC curves at a heat-
ing rate of 10°C/min in N2.



 nitrogen [34]. After amidated modification, especial-
ly the Ritter reaction, which only occurred on the
surface of PAN fibers, the weight loss was not obvi-
ous except for that given after reaction for 120 min,
which coincided with the result of FTIR. Moreover,
the exothermic peak located at about 310°C grows
significantly with the increase of amide group con-
tent due to longer Ritter reaction time. Thus, this
peak may be assigned to the cyclization reaction
which was initiated by the amides.

3.4. Water contact angle
The water contact angle (WCA) of the e-spun PAN
NFMs was tested to show the changes in hydrophilic
properties after modification. As shown in Figure 8,
the WCA of the pure PAN e-spun NFM was 124.2°,
which indicated that its surface was hydrophobic.
After the Ritter reaction was carried out for 30, 60,
90 and 120 min, the WCA was 44.7, 42.8, 41.9 and
40.7°, respectively, which demonstrated that the

amidated PAN NFMs were obviously changed from
hydrophobic to hydrophilic after Ritter reaction, and
the hydrophilicity gradually increased with the in-
crease of reaction time. Considering the changes in
morphology and structure, a Ritter reaction time of
60–90 min was suitable.

3.5. Pore size analysis
E-spun fibers nonwoven membrane, as a type of
non-woven breathable and moisture permeable ones,
requires consideration of the pore size and pore dis-
tribution of the nonwovens in many applications,
which were related mainly to the fibers’ morpholo-
gies, diameter and diameter distribution. As shown
in Figure 9, the mean pore size of pristine PAN NFM
was 0.92 μm, and the pore distribution was relatively
uniform. After being modified by the Ritter reaction,
the pore size and distribution gradually decrease
with the increase of the Ritter reaction time. How-
ever, the porosity was lower due to the thicker fibers
with more chaotic surfaces.

3.6. Antibacterial activity after N-halamine
treatment

Functionalized e-spun NFM with antibacterial activ-
ity has attracted more and more attention in various
applications, such as tissue engineering, drug deliv-
ery, filtration, protective clothing, wound dressings,
and sensor devices. The amide groups of polymer
could be treated with NaClO solution and exhibited
a good antibacterial effect [29]. After the Ritter re-
action, the amidated PAN NFM was evaluated on
antibacterial activity.
According to the national standard GB/T-20944.1-
2007, after removing the sample from the agar plate,
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Figure 9. Pore distribution of PAN NFMs, a) before and b) after modification via Ritter reaction.

Figure 8. The water contact angle of PAN NFMs before and
after modification via Ritter reaction



bacterial growth was observed, as shown in Figure 10.
It can be seen that there were only a small number
of colonies under the PAN nanofiber membrane after
NaClO solution treatment for N-halamine, and bac-
teria growth was almost inhibited, especially E. coli
(Figure 10h). This indicated that the treated PAN
NFM has an antibacterial effect, which would be a
potential application in biomedical engineering, such
as medical dressings, etc.

4. Conclusions
In this study, the principle of the Ritter reaction was
adopted to convert nitrile groups of PAN to hy-
drophilic amide ones, which was a hydrophilic mod-
ification on e-spun PAN NFMs. After 60–90 min re-
action treatment, the morphologies and structure of
the PAN NFM underwent significant changes. XPS
showed the presence of amide groups on the fibers’
surface, particularly with a water contact angle de-
creasing from 124.2 to 40.7°, achieving good hydro -
philicity. The amidated PAN NFM was post treated
further by NaClO solution to obtain N-halamine that
had good antibacterial properties. This article pro-
vided a modification route to make e-spun PAN
NFMs more suitable for applications, such as med-
ical and filtration materials.
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