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1. Introduction 
 

The aim of the research presented in this chapter was to prepare cotton fabrics 
with "intelligent" liquid management properties by functional finishing with 
stimuli-responsive microgel. The targeted use of these fabrics is in performance 
apparel, where the added value of controlled ("on-demand") liquid management 
could enable the transformation of cotton into an advanced material. Functional 
finishing using the surface modification approach is expected to introduce 
advanced properties to the material without impairing its intrinsic properties, 
which currently make cotton the most widely used textile material.  
Stimuli-responsive microgel, based on a biopolymer (chitosan) and a synthetic 
polymer (poly-NiPAAm), has been prepared as described in the chapter 6 of 
this book. The incorporation of microgel to textile fabrics was achieved by a 
simple pad-dry-cure procedure, using a surface modifying system that 
contained aqueous microgel dispersion and 1,2,3,4-butantetracarboxylic acid 
(BTCA) as a crosslinking agent. With BTCA, a known durable-press finishing 
agent, we were able to meet our main challenge of integrating the microgel into 
the fabric’s structure and make it sufficiently durable. This application method 
results in a thin film coating of cotton fibres with good resistance to washing 
without impairing the beneficial intrinsic properties of cotton.  
To accomplish the development and evaluation of this new textile material with 
advanced functionalities, my research tasks were highly multidisciplinary, 
combining the fields of material science, polymer chemistry and surface 
chemistry. My main goals were to study the:  

 methods and processes for functional finishing of fibrous materials, 
 thermodynamic and kinetic aspects of transport phenomena in 

responsive functionalized textile material, 
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 material properties, such as: roughness, handle, wetting and other 
comfort characteristics.  

 
2. Preparation of poly-NiPAAm/chitosan (PNCS) microgel 
 

A stimuli-responsive microgel based on a thermo-responsive polymer (poly-
NiPAAm) and pH-responsive polymer (chitosan) has been prepared by a 
surfactant-free emulsion polymerization method in the presence of ammonium 
persulfate and methylenebisacrylamide as reported by Kulkarni et al. [1].  

 
2.1 Surface characterization of PNCS microgel  
The surface morphology of air dried PNCS microgel dispersion was determined 
by scanning electron microscopy (SEM) and the obtained micrographs showed 
particles of a spherical shape and particle size ~200 nm (in dry state) [2]. 
However, when it comes to determining the size and the structure of microgel 
particles, transmission electron microscopy (TEM) is often the instrument of 
choice (Figure 1) and a negative staining method with uranyl acetate (UA) can 
be used to confirm the morphological features [3]. It is known that uranyl salts 
bind primarily to the negatively charged groups. However, under usual staining 
conditions UA does not react exclusively with negatively charged groups. 
According to the literature [4], positively charged groups also participate in 
binding with uranyl ions. This is expected because UA is only weakly 
dissociated and a variety of ionic uranyl complexes (cationic, anionic, and 
neutral) coexist in aqueous solution. 
 

 

A B 

 
Figure 1. TEM micrograph of poly-NiPAAm/chitosan microgel particles at 

magnification of 5200x (A) and 16000x (B). 
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Poly-NiPAAm has no charge by itself. However, when the initiator APS is 
present, enough negatively charged groups (i.e. sulphonic) are present for UA 
to bind. Moreover, chitosan’s free amino groups are available for binding with 
UA, which has been characterized as a “pendant complex” [5]. From the results 
obtained by staining PNCS microgel with UA, it can be seen that the microgel 
particles have a spherical form (Figure 1A) as it was confirmed by SEM. It is 
believed, that the particles have a homogenous inner structure containing both 
poly-NiPAAm and chitosan and that their outer layer consists of chitosan only 
(Figure 1B). Moreover, it can be noticed that after being stained with UA some 
leaching trails can be observed in the immediate vicinity of the microgel particle, 
causing a “sunflower-like” effect. The leaching trails might be the result of the 
drying process before the TEM image was taken. It seems that the outer layer is 
bound relatively weekly and that with water even some chitosan leached out.  

 
3. Incorporation of PNCS microgel onto cotton surface 
 

The incorporation of PNCS microgel to cotton fabric was achieved by a simple 
pad (100% WPU) - dry (90°C, 1h) - cure (160°C, 3 min) procedure, using the 
surface modifying system that contained aqueous PNCS microgel dispersion 
and 1,2,3,4-butanetetracarboxylic acid (BTCA) as a crosslinking agent. The 
main advantage in using BTCA for PNCS microgel incorporation is that previous 
activation of cotton surface is not needed. The proposed mechanism of PNCS 
crosslinking on cotton using BTCA was reported by Kulkarni et al. [1]. In short, 
in the presence of a catalyst, BTCA forms an anhydride during the curing stage 
which readily reacts either with hydroxyl groups of cellulose or of chitosan 
present in the shell of PNCS microparticles. It is believed that it can react even 
with free amino groups of chitosan forming an amide. As a result, PNCS 
microgel particles become chemically linked to cotton.  
 
 

 
 

BTCA 

Sheme 1. Proposed mechanism of PNCS crosslinking on cotton using BTCA 
[1].  
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3.1 Surface characterization of modified cotton (Co-PNCS/BTCA) 
The purpose of characterizing the surface of the functionalized material was to 
determine the efficiency of PNCS microgel incorporation onto cotton surface by 
using BTCA as a crosslinker. For this purpose two approaches were 
undertaken. Firstly, the quantity of accessible BTCA carboxylic groups was 
determined spectrophotometrically by staining the samples with methylene blue 
dye and secondly, the presence of PNCS microgel was confirmed by SEM, XPS 
and FT-IR analysis.  
In order to establish the most appropriate mass fraction of BTCA and PNCS 
microgel in the impregnation bath for sufficient crosslinking of PNCS microgel 
on cotton fibres, various concentrations of BTCA (from 0.1 to 3%) were applied, 
keeping the amount of PNCS microgel constant (2%). In addition, BTCA was 
applied on cotton fabric alone, without PNCS microgel. The obtained results are 
presented elsewhere [6]. As expected, the degree of crosslinking cotton 
cellulose to BTCA increased proportionally to the increase in percentage of 
BTCA applied. A similar tendency was noticed in the case of crosslinking cotton 
cellulose to BTCA and PNCS microparticles (Co-PNCS/BTCA), the only 
difference being that less carboxyl groups were measured, since part of BTCA 
is consumed in linking chitosan to cellulose substrate. By knowing the number 
of carboxylic groups available we were able to determine the proper 
concentration of BTCA for efficient crosslinking of cellulose hydroxyl groups with 
BTCA and/or chitosan.  
In a second step the efficiency of PNCS microgel incorporation to cotton was 
studied by varying the amount of PNCS microgel from1 to 4%, while the ratio 
BTCA:PNCS was kept constant and equal to 1:3.75.  
 

 
 

Figure 2. Carboxyl content (mmol/kg) vs. PNCS concentration (% owf).  
 
As it can be seen from Figure 2, sufficient crosslinking of PNCS microgel on 
cotton fibres occurred at lower concentration of PNCS. If the amount of PNCS 
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microgel was increased over 3%, it resulted in a higher amount of available 
carboxyl content, meaning that not all carboxyl groups were included in the 
crosslinking reaction. These findings, together with our aim to maintain the 
positive properties of cotton, suggest that 2% of PNCS microgel should be 
applied, since it covers only up to 50% of the fibre surface. The SEM analysis 
gave visual confirmation for this assumption. 
Furthermore, a structural analysis of the samples treated by BTCA and PNCS 
microgel of various concentrations (in same manner as for carboxyl content 
measurement) was done by Fourier transform infrared (FT-IR) spectroscopy. 
Due to the low concentration of BTCA used, no structural changes were 
observed from IR ATR spectra of cotton by concentrations of BTCA lower than 
1%. However, when more than 1% of BTCA was used, namely 1.5 and 3%, the 
absorption band at 1720 cm-1 characteristic for the ester carbonyl group 
appeared, whereas its intensity increased by increasing the concentration of 
BTCA. Since this absorption band overlaps with the absorption band 
characteristic for the carboxyl carbonyl group of the uncrosslinked BTCA [7-10], 
dried samples were exposed to the ammonium vapour, causing transformation 
of the carboxyl groups into the carboxylate, which gave rise to the absorption 
band at 1565 cm-1. Consequently to the formation of the absorption band at 
1565 cm-1, a slight decrease of the intensity of the absorption band at 1720 cm-1 
occurred, thus showing the presence of ester groups only and undoubtedly 
confirming the chemical reaction between BTCA and cotton fibres. By 
increasing the concentration of BTCA the intensity of the carboxylate absorption 
band increased.  
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Figure 3. IR ATR spectra of Co-UT and Co- PNCS/BTCA, where the 
concentration of PNCS was increased and the ratio of BTCA:PNCS was kept at 
1:3.75. Samples: UT - untreated, a – 1% PNCS, b – 2% PNCS, c – 3% PNCS, 

d – 4% PNCS.  
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M  
microgel revealed the absorpt ging to the amide I and II, 

 was determined and presented already 

oreover, the structural analysis of the samples treated by BTCA and PNCS
ion bands belon

appearing at 1645 and 1530 cm-1 (Figure 3). Since the concentration of applied 
PNCS increased (from 1 to 4%, while the BTCA:PNCS ratio was kept constant 
at 1:3.75), it was expected that the intensity of those absorption bands would 
increase in accordance to the PNCS concentrations. However, a detailed 
inspection of the IR spectra of the studied samples showed that the intensities 
of the absorption bands at 1645 and 1530 cm-1 did not significantly change by 
increasing the concentration of PNCS. Thus it can be concluded that, at a 
certain ratio between BTCA and PNCS, only a certain amount of microgel 
particles can bind to cotton fibres and that increasing the concentration of 
PNCS from 1 to 4% had no influence on the increase of the deposition of the 
microgel particles on the cotton fibres.  
The presence of PNCS microgel on cotton was confirmed by XPS analysis as 
well. The surface chemical composition
elsewhere [11]. In short, XPS survey spectra confirmed that PNCS microgel 
was successfully incorporated to cotton. As expected, nitrogen was present only 
at PNCS treated cotton which could be considered as the indicator of 
successful microgel incorporation. However, relatively low observed nitrogen 
content (4.3 at.%), when compared to theoretical values for chitosan 9.0 and 
poly-NiPAAm 12.5, could be explained by specific discrete arrangement of 
microgel particles at the fibre surface which is estimated to be covered not more 
than 50% by microgel. Additionally, the surface chemical composition was 
studied on washed samples. After 5 repetitive washings a satisfying durability 
was obtained since nitrogen was detected, its content being 1.4 at.%. Since the 
washings were done at severe washing conditions (60°C, 45 min) with a 
nonionic detergent, a higher reduction (in this case of 70%) was expected. A 
visual confirmation of the presence of PNCS microparticles after 5 washings 
was given by SEM.  
 

 

A B 

 
Figure 4. SEM images of Co-PNCS/BTCA after 1 washing (A) and of Co-

PNCS/BTCA after 5 washings (B) taken at magnification of 5000x.  
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 Figure 4 it can be seen that after 1 washing a thin layer of PNCS microge
esent on the cotton surface. However, after 5 washings, due to se

washing conditions, most of the cuticle is damaged (peeled off) which is the 
reason of PNCS microgel removal.  

 
. Assessment of functionalise4

 

After the incorporation of PNCS microgel onto the cotton surface was 
y SEM, XPS and FT-IR, the responsiveness of the functionalized mab

to be assessed. The capability of functionalized material to respond to different 
stimuli (pH, temperature, humidity) is often studied through swelling/shrinking or 
hydration/dehydration kinetics and equilibrium using a gravimetric method. The 
most common gravimetric method used for assessing the responsiveness of 
thermo- and pH-responsive hydrogels is the determination of water uptake. The 
measurements of the amount of water absorbed by fabrics such as moisture 
regain, moisture sorption isotherms, water retention and absorptive capacities 
are of great importance in order to study the interactions between water and 
textiles [12].  
Since liquid management properties often refer to the transmission of both 
moisture and liquid thro
Table 1 will be divided in two subsections according to the form of water used, 
i.e. moisture and liquid management.  
 

Parameter measured Abbreviatio
Moisture regain MR ASTM D 629-77 
Moisture content MC Moisture analyzer 
Water vapour transmission 
rate 

WVT UNI 4818-26 

Water retention value WRC DIN 53814 
Water uptake WU Gravimetric method 
Wicking rate TLW Thin-layer wicking method [13,14] 

 
. Methods used fo ing li

 
.1 Mo
 has been previously published that the liquid/moisture management 

textile depend on temperature and 

l will absorb more water at temperatures below its 

Table1 r study quid management properties.  

4
It

isture management properties 

properties of microgel functionalized 
humidity [2, 11, 15]. Therefore, the humidity values were chosen as low (50% 
R.H.) and high (80% R.H.), and temperature was chosen to be below (25°C) 
and above (40°C) of 32°C, which is the lower critical solution temperature 
(LCST) of poly-NiPAAm.  
Our expectations were that due to the thermo-responsiveness of poly-NiPAAm 
the functionalized materia
transition temperature, while absorbing less water when above it. Below LCST 
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the amide group binds water molecule via hydrogen bonding, above LCST 
hydrogen bonds break and the polymer expels water.  
The results presented in Figure 5 show that, when exposed to changes in 
ambient humidity and temperature, cotton material with incorporated PNCS 
microgel responds by changes in moisture regain. Moisture regain results follow 
the known fact that the moisture content of material decreases with temperature 
increase or ambient humidity decrease, which can be observed with both 
untreated and functionalized material. However, since the presence of water (in 
this case water vapour) is the driving force for the thermo-responsiveness of 
PNCS microgel, different behaviour can be observed at low and at high ambient 
humidity. As it can be seen from Figure 4, only at 80%, when enough humidity 
is available, we can observe noticeable differences in the functionalized cotton 
behaviour in response to temperature change.  
 

 
 

Figure 5. Moisture regain of Co-UT and o-PNCS/BTCA at 50% R.H. (A) and at 

 
 similar responsive behaviour was noticed by measuring the moisture content. 

ur) through the porous structure of the 

C
80% R.H. (B). 

A
The combined effect of temperature and ambient humidity on moisture content 
(MC) and water vapour transport rate (WVT) of Co-UT and Co-PNCS/BTCA, 
obtained by using statistical software for process optimization (CCD), is 
presented in Figure 6 [2].  
The transfer of moisture (water vapo
functionalized material is directly related to the ability of the material to absorb 
moisture. As expected, the moisture content of the functionalized material 
increases with decreasing temperature and increasing relative humidity, while 
the water vapour transmission through the porous structure of the functionalized 
material increases with increasing temperature and decreasing relative 
humidity.  
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B A 

 
Figure 6. Moisture content (A) and water vapour transport rate (B) of Co-UT and 

Co-PNCS/BTCA at different conditioning parameters [2]. 

 
4.2 Liquid management properties 
When referring to liquid management properties, the functionalized material was 
in contact with water in its liquid form. Parameters measured were water 
uptake, water retention value and thin layer wicking. The advantage of using 
water is that both the thermo-responsiveness of poly-NiPAAm and the pH-
responsiveness of chitosan can be studied at the same time. Chitosan responds 
to changes in the pH of the surrounding media by swelling/deswelling. The 
response is triggered by functional amino groups, which acquire a positive 
charge in acidic medium. Therefore, three different pH values were chosen, 
namely pH 3, 6.5 and 10. 
It was expected that due to the pH-responsiveness of chitosan more water will 
be absorbed by the functionalized material in acidic medium, while less water 
will be absorbed in alkaline medium compared to the untreated sample. Water 
uptake results, which are presented elsewhere [6], confirmed an increased 
water uptake capacity of the functionalized material at low pH values at room 
temperature, which is the consequence of chitosan pH-responsiveness. In an 
alkaline environment (pH 10) the level is nearly the same as in the case of 
untreated sample. A decreased water uptake capacity was noticed at higher 
temperature due to the influence of poly-NiPAAm, which added a hydrophobic 
character to the microgel. The difference becomes more prominent at higher 
temperature and at pH 10, since both poly-NiPAAm and chitosan are 
hydrophobic. Furthermore, a contribution of the surface incorporated PNCS 
microgel to water uptake was calculated and presented in Figure 7. At 25°C, the 
pH-responsive behaviour of chitosan prevails and water uptake decreases 
when pH rises from pH 3 to pH 10. At 40°C, water uptake decreases further, 
due to the hydrophobic effect of poly-NiPAAm, reaching the lowest value at pH 
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10 as a result of a synergistic effect of both poly-NiPAAm and chitosan. Same 
synergistic effect of poly-NiPAAm and chitosan can be clearly seen even in 
acidic conditions at room temperature, where both of them are hydrophilic. The 
obtained cWU values confirmed the responsiveness of the functionalized 
material in response to external stimuli, such as temperature and pH. 
 

 
 

Figure 7. Contribution (cWU) of the surface incorporated PNCS microgel to water 
uptake (WU) of Co-PNCS/BTCA (compared to Co-UT) determined at different 

pH and temperature. 
 
However, water uptake gives an estimate how much water is absorbed by the 
fibres, which means the cumulative amount of both bound and free water. Free 
water is being held by surface tension in capillary spaces within a fibre and it 
can be partially removed by centrifugation. Therefore, the quantity of water that 
can be retained by the fibres can be determined by calculating the water 
retention capacity of centrifuged samples. In our case, the amount of liquid 
retained by swelling depends both on intrinsic swelling properties of cotton and 
on the responsive behaviour of PNCS microgel particles. From the results 
obtained after immersing both Co-UT and Co-PNCS/BTCA into three different 
buffer solutions (i.e. pH 3, 6.5 and 10) for 24 hours at temperature below (25°C) 
and above (40°C) the transition temperature of poly-NiPAAm, with centrifuging 
the samples after that, we were able to see that the most pronounced WRC was 
found to be in an acidic environment at 25°C as a result of a synergistic effect of 
poly-NiPAAm and chitosan. Additionally, these considerations were confirmed 
quantitatively by calculating contributions due to the presence of PNCS 
microgel on the surface of cotton (Figure 8). At 25°C, water retention is 
completely regulated by pH-responsive behaviour of chitosan, since it 
decreases when pH increases. A similar trend has been confirmed by water 
uptake measurements. At 40°C, a dominant effect due to chitosan can still be 
seen at acidic conditions, while at higher pH values, where both chitosan and 
poly-NiPAAm are hydrophobic, an opposite effect would be expected. The 
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reason might be in the thin layer of a surface modifying system covering the 
fibre surface which acts as a barrier obstructing the diffusion processes.  
 

 
 

Figure 8. Contribution (cWRC) of the surface incorporated PNCS microgel to 
water retention capacity (WRC) of Co-PNCS/BTCA (compared to Co-UT) 

determined at different pH and temperature.  
 
Thin layer wicking (TLW) is often used to determine the theoretical value of the 
effective capillary radius and to determine how fast a sample gets soaked by a 
testing liquid. However, in our case it was used to determine the ability of PNCS 
microgel particles to swell in contact with water. The effective capillary radius 
(R) was determined from the results of the wicking rate of n-heptane for two 
series of samples; completely dry and preconditioned samples. The wicking rate 
was obtained by measuring the liquid penetration distance at different time. R 
was then calculated according to the Washburn equation, where the liquid 
penetration rate obtained from the plots of distance vs. time was included.  
 

Absolutely dry samples Preconditioned in standard 
atmosphere (65% R.H., 20°C) 

Sample 

k Rx106 (m) k Rx106 (m) 
Co-UT 0.24 1.70 0.17 2.40 
Co-PNCS/BTCA 0.20 2.04 0.19 2.15 

 
Table 2. The slope k and the apparent capillary radius R, obtained from the thin-

layer wicking measurements with n-heptane on samples previously saturated 
with n-heptane (absolutely dry samples) and samples preconditioned in 

standard atmosphere.  
 
The obtained results presented in Table 2 show that when the PNCS microgel 
particles are in their dry state (absolutely dry samples) R of functionalized 
material is bigger compared to R of untreated cotton. Two explanations could 
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be plausible in this case. Firstly, that the increased R is the consequence of an 
increased capillarity of the surface modifying layer made of PNCS microgel, and 
secondly, that the contribution of intrayarn pores to the R is considerably lower 
than the contribution of interyarn pores. When the samples were 
preconditioned, an opposite effect was noticed. Due to the swelling of PNCS 
microgel particles, both type of cotton pores (intra-yarn and inter-yarn) were 
enclosed, which resulted in a slower penetration rate.  

 
5. Material properties 
 

Since the PNCS/BTCA incorporation may impart changes not only to the fabric 
surface but also to the overall fabric appearance and properties, whiteness 
index (WI) and crease recovery angle (CRA) of Co-BTCA and Co-PNCS/BTCA 
were measured. A known drawback in using BTCA is the decrease in cotton 
whiteness [16]. However, in our case no significant changes were noticed in WI 
values when comparing either Co-PNCS/BTCA or Co-BTCA to untreated 
cotton. Even when increasing the PNCS concentration or BTCA concentration, 
the WI remained almost the same (from 77.3 for untreated to 76.3 for the 
highest concentration of PNCS or 76.5 for the highest concentration of BTCA).  
 

 
 

Figure 9. Crease recovery angles (CRA) measured on samples coated with 
different amounts of BTCA (A) and different amounts of PNCS (B). 

 
However, as it can be seen from Figure 9A, CRA of Co-BTCA increases with 
increase in the concentration of BTCA. If the concentration of BTCA is kept 
constant (Figure 9B), CRA of Co-PNCS/BTCA increases with the increase in 
PNCS up to 1%, decreasing afterwards due to the stiffness imparted by the 
presence of PNCS microgel. In fact, tactile properties changed with increased 
PNCS concentration, resulting in increased stiffness of the fabric.  
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6. Conclusions 
 

In the final year of the Advanbiotex project the focus was mainly on the 
evaluation of the responsiveness of functionalized materials to ambient 
conditions (pH, temperature and humidity). As it has been shown in this chapter, 
by using a simple pad-dry-cure method with BTCA as a crosslinker, the 
microgel particles bind to cotton via covalent bonds, which offers a satisfactory 
level of durability. Cotton fibres with a thin film coating that have good 
resistance to washing are the result of this method. The biggest achievement of 
this method is that it is simple, efficient and industrially acceptable. It also allows 
us to control the level of add-on and with that the coverage of fibres with the 
microgel simply by changing the percentage of wet pick-up. However, in order 
to maintain the positive properties of cotton, no more than 50% of the surface 
should be covered by microgel particles.  
To conclude, we were able to show that the controlled expansion or contraction 
of the surface incorporated microgel particles provides the textile material with 
"intelligent" liquid management properties and that the advanced material 
obtained reacts satisfactorily to the changes in ambient conditions. This opens 
up the possibility of using such functionalized cotton as an advanced material 
for performance apparel, exploiting the controlled ("on-demand") liquid 
management.  
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