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Dual responsiveness to temperature and pH of textile fibers constituted of cellulose/chitin mixture modified with N-
isopropylacrylamide (NIPAAm) or poly(N-isopropylacrylamide) (PNIPAAm) has been demonstrated, by investigating
the their swelling behavior and by optical microscopy. It has been established that the fibers exhibit a critical
temperature of 32-33 °C and a critical pH around 4.5, and that the swelling kinetics reveal Fickian behaviour.
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INTRODUCTION

The properties and interactions of cellulose
surfaces are of great interest for a wide variety of
applications including paper, textiles, medical and
pharmaceutical products.”” In contact with
aqueous solutions or humid environments, the
formation of electric charges determines swelling
and adsorption phenomena at the
polymer/solution interface, as occurring in paper
making/recycling, textile production or washing.

Chitin and modified chitins as raw materials
for man-made fibers can be useful as absorbable
sutures and wound dressing materials,” as well as
anti-bacterial sponges and hospital dressings,
artificial blood vessels, contact lenses, tumor
inhibition, dental plaque inhibition, and blood
cholesterol control.

Smart textiles have been developed by
grafting/copolymerization  of  environment-
responsive polymers (ERP), such as poly(N-
isopropyl acrylamide) (PNIPAAm) onto the
surfaces of fabrics.”® PNIPAAm is an intensively
investigated temperature-sensitive polymer, which
exhibits a hydrophilic/hydrophobic balance and a
lower critical solution temperature (LCST) at
about 32 °C, which is close to body temperature.
PNIPAAm and its copolymers or hydrogels can
be applied to obtain temperature-sensitive
hygroscopic  fabrics, environment-sensitive
deodorant fibers and stimuli-sensitive nutrient
delivery fabrics. When such materials are exposed
to external stimuli, they display
swelling/shrinkage or hydration/dehydration

properties, and cause changes in the water vapor
transmission rates and permeability of the fabrics.

In our previous work, the cold plasma
activation followed by the coupling reaction with
N-isopropylamide (NIPAAm) and poly(N-
isopropylamide) (PNIPAAm) has been applied to
modify the cellulose/chitin mix fibers.” Because
the mixed fibers could combine properties of mix
fibers with those of thermoresponsive polymer
PNIPAAm, such fibers are expected to exhibit
multi responsiveness to external factors, such as
temperature, pH, ionic strength, etc. The objective
of this work is to demonstrate the dual
responsiveness of modified cellulose-chitin mix
fibers.

EXPERIMENTAL
Materials

Unwoven cellulose-chitin mix fibers (CC) were
delivered under the trade name of Chitcel by Shandong
Helon Textile Sci. & Tech. Co. Ltd, China (Mainland).
From elemental analysis, it was found that the content
of nitrogen was between 0.75 and 1.06 wt%, which
indicated 11-15 wt% chitin content in Chitcel.”

The  Chitcel fibers modified with N-
isopropylacrylamide (CC/NIPAAm) and poly(N-
isopropylacrylamide) (CC/PNIPAAm) were obtained
according to the procedure described in our previous
paper.” In brief, the cellulose/chitin mix fibers (CC)
have been activated for 15 minutes in high frequency
plasma of 1.3 MHz and in a plasma discharge device
of 100 W power at a pressure of 0.4 mbar, which was
created inside of a glass reactor. After cold plasma
activation, the fibers were removed from the treatment
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chamber and then immersed in the aqueous solution
(10 wt%) of NIPAAm or PNIPAAm, for 30 minutes.
These solutions were previously activated with a
mixture of two chemical coupling agents, NHS (N-
hydroxysuccinimide) and EDC (1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide) in the 1:7
molar ratio. After that, the fibers dried at 60 °C were
extracted with methanol for 25 hours in a Soxhlet
extractor in order to remove the physically absorbed
chemicals. After extraction, about 80-85% of reagent
remained attached to the fiber surface. The purified and
modified fibers (CC/NIPAAm and CC/PNIPAAm)
were dried under vacuum for 24 h and further
analyzed.” Functional groups, such as carbonyl and
carboxyl, which can linked to the amino groups of
NIPAAm, were introduced on the CC fibers by plasma
activation. EDC was used as coupling agent of the
amine groups with the carboxyl groups incorporated by
plasma activation in order to yield amide bonds, while
the NHS increased coupling efficiency by creating an
amine-reactive intermediary compound.

It was also estimated from XPS data that surface
modification/grafting degrees were of about 23% for
CC/NIPAAm  and 13%  for CC/PNIPAAm,
respectively.

Investigation methods
Swelling degree determination

The temperature and pH responsiveness were
observed by allowing the cellulose/chitin mix fibers to
swell in doubled distilled water. The temperature range
varied from 25 °C to 40 °C, being maintained by a
thermostat with a precision of + 0.2 °C. Several
phosphate buffer solutions of different pH (1.2, 2.2,
3.2, 4.3, 5.5, 6.2 and 7.4) were used. The pH was
determined with a C835 multi-parameter analyzer from
CONSORT, Belgium. In order to obtain pH variation,
a 7.4 phosphate buffer solution was prepared and then
the pH was adjusted by dropping a HCI solution (37
wt%). The temperature range was chosen around the
LCST of PNIPAAm (~32 °C) and the pH range around
the pKa of cellulose (4.3).

Swelling studies were carried out by direct
immersion of the fibers (unmodified and modified) in
the above mentioned solutions, at pre-determined time
intervals. Then, the samples were removed from the
solution, gently wiped with a soft tissue to remove the
excess of surface solution, weighed and placed back
into the vessel as quickly as possible.

Swelling degree (Q) was determined by the

weighing method using equation (1):
Q. = ") w1000%) (1)
where: my — weight of dry sample (g), m — weight of
wet sample (g). At least two measurements were done
for each experimental condition and the average was
given.

my
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The swelling kinetics was analyzed for the portion
of the water absorption curve with linear variation of
the fractional water uptake (M/M.q) up to 60%, using
equation @8

Mo g @
M,
where: M, is the mass of water absorbed at time 7, M.,
is the mass of water absorbed at equilibrium, &k (min™)
is the characteristic constant of the material describing
the rate of swelling, and n is the characteristic
exponent describing the mode of the penetrant
transport mechanism.

Optical microscopy

Optical microscopy images were obtained on a
LEICA DM 2500M microscope — Leica microsystems,
in polarized light, at 500X magnification. Average
diameter was determined by the LAS AF software of
the instrument, both for dry and swollen unmodified
and modified fibers.

Thermogravimetric analysis and differential thermal
analysis

Thermogravimetric  analysis and differential
thermal analysis were carried out under constant
nitrogen flow (200 mL/min) at a heating rate of 10
°C/min, on a DTA/TG coupled instrument, model STA
449 F1 IJupiter (Netzsch, Germany). Heating and
cooling runs were performed at a 10 °C/min rate. The
kinetic parameters were evaluated by integral methods,
using a VERSATILE program (Dragoe, license: 1012-
9716-400058, Bucharest, Romania), which provides
the kinetic parameters by various methods. The
thermogravimetric characteristics of CC fibers can be
quantified by several parameters, related to the
temperature ranges of the different steps (errors 1 °C)
of the mass loss (errors +2%) and also to the yield of
residues.

RESULTS AND DISCUSSION
Temperature responsiveness

Sweling degree of both CC/NIPAAm and
CC/PNIPAAm samples increases with an increase
of temperature (Figure 1) for the first 130-160
minutes, after that the equilibrium is reached. The
time to reach equilibrium is equal with that to
reach maximum Q. The swelling profiles of the
CC fibers at different temperatures are similar, but
the maximum swelling degree increases with the
rise of temperature — Figure 1. In the case of the
modified fibers, the dependence of temperature is
different from that of unmodified CC, the curves
being overlapped at T > 35 °C. The variation of
the swelling degree with temperature was
evaluated; it has been found that modified fibers
swelled at least two times faster (dQ/dT =
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4.7%/°C) than the unmodified ones (dQ/dT =
2.2%/°C).

For the untreated fibers, the swelling degree
increases with increasing the temperature up to
around 35 °C, then the increase of the swelling
degree is slowed down.

For pH values between 1.2 and 7.4, the
swelling degree vs. temperature curves were
similar with those measured in doubled distilled
water. The swelling degree increased with the rise
of temperature, reaching a maximum, and then
decreased.

The LCST was determined with good accuracy
by the graphical method. The maximum swelling
degree vs. temperature curves were fitted by a
Boltzmann function (y) — equation (3) (using the
Origin program):

l+e *
where: A; is the minimum value of the function;
A, is the maximum value of the function; x,
represents the value on the x axis corresponding
to the inflection of the curve, equivalent to the
transition temperature, and dx is the domain over
which this value is found.

The critical temperature rises with an increase
in the solution pH for both samples, the values of
the critical temperature being higher for fibers
modified with PNIPAAm compared to those
modified with NIPAAm (Table 1).

The variation of the equilibrium swelling
degree with temperature is observed for the
sample modified with NIPAAm, (Figure 1), the
swelling  degree increased linearly  with
temperature up to around 32 °C and then the
fibers contracted. As already known, only
PNIPAAm chains exhibit LCST and temperature
responsive character,” so it is possible that during
the modification a part of NIPAAm monomer was
polymerized and grafted like short chains under
the action of the active species created under cold
plasma conditions. That is why, even for CC
modified with NIPAAm, a volume transition was

+A, 3)

Table 1

found as a sudden variation of the swelling degree
with temperature around 32 °C.

For the sample modified with PNIPAAm
(Figure 1), the wvariation of the equilibrium
swelling degree is similar with that of NIPAAm
modified fibers, but the transition was observed at
a higher temperature (~33 °C). Therefore, the CC
fibers modified with PNIPAAm according to the
procedure presented here displayed notable
temperature-sensitive behavior.

pH Responsive character

Since hydrolysis of chitin by chitinase
treatment leads to the release of glucosamine in
addition to N-acetylglucosamine, it was concluded
that glucosamine might be a significant part of the
chitin polymer. Chitin samples contain a low
amount of 2-amino-2-deoxy-D-glucose units.'” A
combination of these properties in Chitcel fibers
could impart antimicrobial properties and pH
responsiveness to the fibers.

In order to demonstrate this pH
responsiveness, the swelling of the fibers was
followed in several phosphate buffer solutions of
different pH of 1.2, 4.3, 5.5 and 7.4 and constant
temperatures of 25 °C and 36 °C.

In Figure 2, the maximum swelling degrees are
plotted as a function of pH, at room temperature
(25 °C), for the samples modified with NIPAAm
and PNIPAAm.

For both CC/NIPAAm and CC/PNIPAAm, the
sweling degrees increase as a function of time at
all pH values for the first 130-160 minutes, after
that the samples reach equilibrium — Figure 2. The
maximum swelling degree increases with pH,
from 67.1% and 55.3% at pH 1.2 to 89.5% and
84.6% at pH 7.4 in the case of NIPAAm and
PNIPAAm modified fibers, respectively. A
sudden variation of the swelling degree can be
observed around pH = 4.5, this revealing the pH-
responsive character of the fibers. The curves
show similar patterns at 36 °C, as may be also
noted from the data in Table 2.

Critical temperature of cellulose/chitin mix fibers modified with NIPAAm and PNIPAAm in different pH solutions

H Tc (°C)
PY TCC/NIPAAm  CC/PNIPAAm
1.2 31.6 326
43 31.8 32.9
55 32.5 33.2
7.4 32.6 33.4
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Figure 1: Equilibrium swelling degree versus
temperature in double distilled water (pH ~5.5) for
unmodified CC (m), NIPAAm-modified fibers (®)
and PNIPAAm-modified fibers (A)
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Figure 2: Maximum swelling degree versus pH of solutions,

at room temperature (25 °C) for NIPAAm grafted samples
(m) and PNIPAAm grafted samples ()

Table 2

Parameters n and k for CC/NIPAAm and
CC/PNIPAAm at different pH and temperature

CC/NIPAAm
25°C 30°C 32°C 33°C 36 °C
pH n k, n k, n k, n k, n k,
(min™) (min™") (min™") (min™) (min™")
1.2 0.08 0.68 0.08 0.69 0.08 0.69 0.08 0.69 0.08 0.68
43  0.07 0.71 0.07 0.73 0.07 0.73 0.07 0.73 0.07 0.71
55 0.06 0.74 0.06 0.77 0.06 0.77 0.07 0.75 0.07 0.74
7.4  0.05 0.77 0.05 0.78 0.05 0.79 0.06 0.78 0.06 0.77
CC/PNIPAAmM
25°C 30°C 32°C 33°C 36 °C
pH n k, n k, n k, n k, n k,
(min™) (min™") (min™) (min™) (min™")
1.2 0.07 0.72 0.07 0.73 0.06 0.76 0.06 0.76 0.07 0.74
43  0.06 0.75 0.06 0.76 0.06 0.77 0.05 0.78 0.06 0.77
55 0.06 0.76 0.06 0.78 0.05 0.79 0.05 0.79 0.06 0.78
7.4  0.05 0.78 0.05 0.79 0.05 0.79 0.04 0.80 0.05 0.79

Swelling kinetics

The n and k values in eq. 3 were calculated
from the slopes and intercepts of the plots of In
(M/M,q) vs. In t for different pH solutions at
different temperatures (Table 2).

The n values decrease, while rate constant &
slightly increases until the critical temperature is
reached, and then decreases, while k increases
with the rise of the pH for NIPAAm and
PNIPAAm treated CC fibers.

Since the increase of n means relaxation of the
fiber structure,'’ by rising the pH value, the

284

maximum swelling degree decreases and the
fibers undergo contraction — Table 2. The values
of n for all pH solutions and at all temperatures,
both for CC/NIPAAm and CC/PNIPAAm, were
between 0.04 and 0.08, which indicated that the
transport mechanism was Fickian diffusion,12
although very low values of n are still
controversial.

To confirm the assessment of the Fickian
mechanism of swelling, the process kinetics were
calculated by using various models, followed by
the selection of the most suitable one."> Common
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kinetics reaction models were used to analyze the Qeq
swelling kinetics."*" In——— =kt 5)
The choice of the model is based on the so- Qeq -0

called “model-fitting method”, which is widely
used to establish the reaction models for reactions
occurring in solid state.

The normalized swelling degree, a, is defined
as the ratio between the degree of swelling, Q, at
time, t, and the equilibrium swelling degree, Q. —

According to this procedure, the best choice of
the approximate reaction model of the swelling
process is achieved by comparing (both
graphically and analytically) the shapes of the
function: o, = f (t¥. q) Of the investigated systems
to the shape of the function « f (t*.q) of

equation (4): common  reaction  kinetic = models  for
0 heterogeneous processes, where o is the
a=—- “4) normalized degree of swelling and t¥. is the
Q"ff reduced time — equation (6):
When the kinetics of swelling is determined by t
the kinetics of molecules penetration in the t e = -2 (6)
swelling medium, Fick’s law of diffusion: Q = 1o

kt'? could be used to describe the kinetics of the
isothermal swelling.

If the kinetics of swelling is determined by the
diffusion of the network, the isothermal swelling
kinetics of the fibers could be described by
equation (5). The plots of In (Qeq/(Qeq—Q)) vs. t
give straight lines.

where: t, is the swelling time, which corresponds
to the normalized degree of swelling a, while tyg
is the swelling time, which corresponds to Q =
0.9Qcq.

Figure 3 shows the experimental plots o, = f
(t*. req) according to different reaction models.
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Figure 4: Plot of [1-(1-a)"*)? as a function of time for swelling of (a) CC/NIPAAm and (b)
CC/PNIPA Am fibers in different pH solutions at 25 °C
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Figure 5: Swelling rate constant (k) vs pH for the swelling of CC/NIPAAm (m) and CC/PNIPAAm (°)

Based on the results presented in Figure 3, it
may be concluded that the isothermal swelling
kinetics of CC mix fibers could be described with
the so-called kinetic model of “three-dimensional
diffusion” (n ~ 0.33). This means that the
following expression is valid — equation (7):
I-(-a)" =kt
where k is the model rate constant.

Figure 4 presents the dependence of [1-(1-
@)'*1 as a function of time for the swelling of
CC/NIPAAm mix fibers in different pH solutions
at 25 °C.

The values of the model swelling rate
constants (k) were determined from the slopes of
the lines obtained according to equation (7) —
Figure 4. These plots are shown in Figure 5.

Based on the results presented in Figure 5, a
critical pH was found around pH = 4.67 for
NIPAAm modified samples and around pH = 4.5
for NIPAAm modified samples, in accordance

N

with the values obtained from equilibrium
swelling degree variation.

Optical microscopy

The swelling behavior has been also evidenced
by optical microscopy. The average diameter of
unmodified CC fibers after swelling continuously
increases with the rise of temperature and pH,
while in the case of CC plasma activated and
NIPAAm (PNIPAAm) modified fibers, the
variation of the average diameter shows a
decrease after the LCST of PNIPAAm is
exceeded (T > 32 °C) from around 34 um at 32 °C
to about 29 um at 36 °C, due to the collapse of the
thermoresponsive polymer chains (Figure 6).
These results are in accordance with those
obtained by investigating the swelling of the
fibers using weight measurements.

Figure 6: Optical microscopy images of the cellulose/chitin mix fibers treated with NIPAAm — (a) dry and swollen at
different temperatures (b) 30 °C, (c) 32 °C, (d) 36 °C; and with PNIPAAm - (e) dry and swollen at different

temperatures (f) 30 °C, (g) 32 °C, (h) 36 °C
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Figure 7: TG/DTG curves for untreated and modified cellulose/chitin mix fibers

Table 3

Thermogravimetric data of untreated and modified CC fibers

Step no. TG data CC CC/NIPAAmM CC/PNIPAAmM
T, (°C) 47.0 49.1 48.1
T,, (°C) 80.1 83.9 82.7
Step 1 T (°C) 115.9 114.8 1145
W (Wt%) 8.3 92 9.1
T, (°C) 280.4 263.5 244.0)
Step 2 T,(°C) 3355 339.6 311.9
T, (°C) 346.4 354.7 342.6
W (Wt%) 4.5 75.4 68.9

Note: T; — onset temperature, T,, — temperature corresponding to the maximum rate of mass loss, T; — end

temperature; W — mass loss

Thermogravimetric analysis

The mass loss (TG) and derivative mass loss
(DTG) curves of the analyzed unmodified and
modified cellulose/chitin mix fibers are shown in
Figure 7, while the characteristic parameters of
devolatilization are listed in Table 3.

The thermograms show two steps of mass loss
in the DTG curves. The differences between
samples appear in characteristic temperatures and
mass losses. The first step corresponds to the
(physically or chemically bonded) water loss and
to the evaporation of some volatile substances.
The second step can be associated with the
volatilization/decomposition of different
compounds (hemicelluloses, amorphous and
crystalline cellulose, residual compounds and
lignin). Below 120 °C, about 8% mass loss was
found for the unmodified CC fibers. Mass loss
begins at a higher temperature for modified fibers
compared with untreated ones, the mass loss
being also higher (about 9%), indicating that the
cellulose/chitin mix fibers absorb more moisture
after modification. This tendency of modified
fibers to release moisture at higher temperature

may be due to the incorporation of NIPAAm and
PNIPA Am chains on the fiber surface.

The overall kinetic parameters have been
evaluated (Table 4) by the Coats Redfern (C-R),'
Flynn—Wall (F-W),'” and Urbanovici-Segal (U-S)
integral methods.'® The agreement among the
values obtained by the three methods is
satisfactory, thus the results may be considered
reliable.

The overall activation energy of the first
thermogravimetric step increases for
CC/NIPAAm, while for PNIPAAm modified
sample a slight decrease can be observed. The
reaction orders recorded values around 1.5-1.6 for
both untreated and modified fibers.

The major termogravimetric step assigned to
degradation occurred between 240 °C and 360 °C
for all samples. In the second thermogravimetric
step, the onset temperatures for modified fibers
are lower than those of the unmodified ones.
Furthermore, the modified samples yielded
residual mass values that decreased from 17.2
wt% for CC to 15.4 wt% for CC/NIPAAm, and
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increased from 17.2 wt% for CC to 22.0 wt% for
CC/PNIPAAm fibers.

The analysis of the activation energy of
decomposition can be also helpful in determining
the termal stability of the fibers. The higher the
value of the activation energy, the greater will be
the  thermal stability. In the second
thermogravimetric step, the activation energies

Cellulose

PNIPAAm modified fibers, indicating that the
termal stability of the cellulose/chitin mix fibers
decreased after modification. This can be
attributed to the increase in the amorphous or
disordered regions in the cellulose, which are
more easily decomposed than the crystalline part.
The improved swelling ability of the treated fibers
support this statment.

decreased

significantly  for

NIPAAm and

Table 4

Kinetic parameters of untreated and modified CC fibers

Method used Sample CC CC/NIPAAmM CC/PNIPAAmM
Step I
CR EA (kJ/mol) 79.6 85.1 79.4
n 1.5 1.6 1.5
EA (kJ/mol) 81.3 83.7 81.0
W n L5 L5 1.5
U-S EA (kJ/mol) 81.1 83.7 80.8
n 1.5 1.5 1.5
Step II
CR EA (kJ/mol) 228.4 196.5 204.4
n 0.9 0.8 1.3
W EA (kJ/mol) 226.2 195.9 203.3
n 0.9 0.8 1.3
U-S EA (kJ/mol) 230.2 198.0 205.9
n 0.9 0.8 1.3

Note: C-R: Coats-Redfe

rn, F-W: Flynn-Wall, U-S: Urbanovici-Segal

Table 5
DTA results for untreated and plasma treated samples

Characteristic CC CC/NIPAAm CC/PNIPAAmM
T, (°C) 92.8 96.2 91.8
T4 (°C) 338.3 334.1 329.1
AHd (J/g) -112.1 -94.4 -58.5

Differential thermal analysis

Two distinct endothermic peaks were found
for all samples in the DTA curves. The broad
endothermic peak observed in the temperature
range of 50-150 °C corresponds to the heat of
vaporization of water absorbed in the fibers
and/or evolution of some volatile compounds,
while the second peak between 290 and 370 °C
corresponds to degradation. The maximum water
loss temperatures (Tw), decomposition
temperatures  (Td), and  enthalpies of
decomposition processes (AHd) are given in
Table 5 for all the samples. The characteristic
temperatures and the enthalpies vary with the
nature of the grafts.

The enthalpy associated with decomposition
decreases for modified cellulose/chitin mix fibers
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from 112.14 J/g to 94.35 J/g in the case of
CC/NIPAAm and to 58.54 J/g for CC/PNIPAAm.
The obtained results show that the thermal
stability decreases after modification.

CONCLUSION

The dual responsiveness of the cellulose/chitin
mix fibers to temperature and pH was evidenced
after swelling in double distilled water by the
gravimetric method and by optical microscopy.

It has been found that the fibers exhibit a
LCST of 32.4 °C for CC/NIPAAm and 33.1 °C
for CC/PNIPAAm, and a critical pH around 4.5
for both treated samples.

The results obtained by TG and DTA analyses
showed a decrease in the thermal stability of
NIPAAm and PNIPAAm treated samples.
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The research results may be applied to develop
intelligent fabrics, which could be useful for in
vivo applications in cosmetic or pharmaceutical
fields.
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