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Nano surface modification of poly(ethylene terephthalate) fabrics for
enhanced comfort properties for activewear
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A B S T R A C T

Moisture absorption and transport properties of fabrics determine the thermo-physiological comfort of
the apparel. The study aims to investigate the application of hydrophilic metal oxide nanostructures on
poly(ethylene terephthalate) (PET) fabrics and their influence on the comfort properties of PET. Both, the
sol-gel synthesized nano sols and commercially available nanoparticles (NPs) of SiO2 and TiO2 with
different concentrations were applied on PET fabric alone or in combination with a hydrophilic resin. The
composite of nanoparticles and resin exhibited radical improvement in the moisture management
behavior of PET substrate, which is crucial for its industrial viability for activewear. At add-on of < 2 wt%,
this nano-finishing agent led to remarkable enhancement in wettability, wickability, and evaporation of
moisture. Based on the surface morphology and chemical characteristics of the treated fabrics, a
mechanism has been proposed to explain the role of nanoparticles in the enhancement of moisture
management properties. It has been shown that in the presence of resin, the nanoparticles form a durable
network on the surface of PET fibers and play a synergistic role in moisture and heat management of the
finished fabric. Infrared thermography has been used to demonstrate the potential of such combination
to attain enhanced comfort properties.
© 2021 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

With the rapid change in fashion and apparel worldwide, the
consumer’s choice of garments depends not only on the aesthetics
and appearance but also on the comfort properties of the garments
[1]. Therefore, the textile industries have focused their efforts to
revolutionize the clothing concept by new technologies utilizing
functional textiles [2]. Moisture management of fabrics is widely
acknowledged as one of the prime facets as it decides the comfort
level of the fabric in many sectors of textile applications
particularly in sportswear [3,4]. To maintain this state of comfort,
the surface of the fabrics should be tailored in such a way that the
perspiration, an essential body phenomenon, should be expelled in
a controlled manner from the body to the atmosphere through the
fabric. This involves three major processes, moisture absorption,
wicking, and spreading and drying (Scheme 1).

PET is the most widely used fabric in activewear apparel as it
has excellent physiochemical, mechanical and wicking properties

[5]. However, it is hydrophobic in nature due to lack of hydrophilic
functional groups in its backbone, and therefore, it does not readily
absorb moisture, which causes discomfort to the wearer. On the
other hand, polyester microfibers by virtue of their extreme
fineness, form especially small gaps/channels which lead to high
capillary effect for the transportation of moisture. However,
microdenier polymers fabric is able to exhibit such properties
only after the application of a hydrophilic finish on the surface of
the microdenier polyester. Also, its poor ability to spread and dry
moisture quickly leads to friction between the skin and the wet
fabric resulting in irritation, bacterial infection, itching and chafing
on the skin [6–11]. Moreover, exercise-induced hyperthermia may
also result due to poor heat dissipation from the body, depending
upon the thermal resistance, thickness, porosity and various other
parameters of the fabric. All these factors, may have an adverse
effect on the wellbeing of the wearer and compromise the
performance of a sports person [12]. On the other hand,
hydrophilic fabrics, such as cotton and viscose etc., are hydrophilic
due to large number of polar –OH groups in their polymer
structures, which attract and bind the water molecules, which are
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Keeping in mind, the superior wicking property of PET over
otton, the surface modification of PET has been a desirable though
hallenging approach, to fulfill the demand of the sportswear
ndustry. It is necessary to improve the essential processes of
oisture management, i.e. absorption, wicking and spreading and
uick drying.
Various methods of modification of PET surfaces have been

eported in the literature and these can be essentially categorized
s physical or chemical modifications.
Physical modifications are attained by changing the cross-

ectional shape of fibers [13,14], using multi-layer fabric [15,16],
mploying micro-fibers [17,18], and making bi-component fibers
19,20]. These tend to improve the wicking properties of PET. Janus
tructure of polyester/nitro cellulosic fabric with one side
ydrophobic and the other super hydrophilic has been reported
o show improved wicking and air permeability [21]. However, for
he production of such fibers, significant changes at the level of
ber manufacturing are a prerequisite. On the other hand, finishing

 fabric or garment is a simpler approach. This includes different
rocesses such as denier reduction by aminolysis or alkali
ydrolysis [22–24], application of hydrophilic materials [25,26],
rradiation [27,28], enzymatic modification [29,30], plasma treat-
ent [31–33], graft co-polymerization [34,35], application of
odified silicones [36,37], resins [38] or their combinations [39].
owever, various problems are also associated with these
rocesses. High weight and mechanical strength loss, and
roduction of large amounts of effluent waste are some of the
ajor issues with the denier reduction process. While the other
rocesses result in change in the aesthetics, involve high cost,
ophisticated apparatus, and lengthy processing time, which make
hese commercially unviable for treating PET fabric in an existing
et-up. Furthermore, some of the emerging techniques such as
lasma, irradiation, etc. are still under development and their use
t mass scale is highly challenging. Till date, only a few studies
40,41] have been reported on the synthesis of resin for moisture
anagement application. However, these resins have limited
oisture management activity, which restricts their usage in the

ndustry.
Nano-finishing is another emerging approach to alter the

oisture transfer properties of the fabric by creating roughness on
he surface of the textiles without adversely affecting permeability,

durability. Recently, the in-situ approach of finishing using
nanostructures [45] has been introduced as a promising method
that surpasses the complex and multi-step ex-situ finishing
method [34]. However, in-situ finishing of textiles is possible only
if there is an interaction between NPs and fibers. A single-step
procedure for the direct fixation of NPs over the substrate is
feasible with various commercially available binders [26]. Howev-
er, the hydrophobic nature of these binders makes them unsuitable
for moisture management applications.

The present study is on the surface modification of PET
substrate using various inorganic oxide nanoparticles with
hydrophilic resin to impart durable moisture management
property. It also aims to investigate the effect of type and
concentration of NPs on various processes of moisture manage-
ment i.e. wettability, wickability, and evaporation of water on the
PET fabric. A real time analyses of spreading area, drying time and
surface-temperature of nano-finished fabric were also studied
using IR thermography.

Experimental section

Titanium tetra isopropoxide (TTIP, � 98%), tetraethyl orthosi-
licate (TEOS, � 99%), and ethanol were purchased from Merck
(Darmstadt, Germany). Aeroxide1 P25 titania (TiO2 NPs, mean
diameter of approximately 21 nm) and Aerosil1 fumed silica (SiO2

NPs, the diameter of approximately 15 nm) were procured from
Evonik India Pvt. Ltd., Mumbai, India. Isopropanol, hydrochloric
acid (HCl, 35%), nitric acid (HNO3, � 70%) and liquor ammonia
(NH3, � 25%) were purchased from Merck, Mumbai, India. Cetyl
trimethyl ammonium bromide (CTAB) was purchased from CDH,
New Delhi, India. An aqueous dispersion of low melting point,
hydrophilic resin (Neu Dri) was procured from Resil Chemicals Pvt.
Ltd., Bengaluru, India. All the reagents were used without further
purification. Double de-ionized water was used in all the experi-
ments.

100% knitted PET fabric (with 5226 loops/inch2) was supplied
by Rihinna Industries, Ludhiana, India. Prior to use, PET fabric was
washed with 0.37 g/L AATCC 1993 detergent at 40 �C for 45 min.
After washing, the fabric was rinsed with water twice and air-
dried.

Synthesis of nano sols

Hydrophilic silica nano sol particles were prepared by Stöber
method as reported in our previous study [46–48]. In brief, 0.5 mL
TEOS was added to 2 mL of ethanol to prepare TEOS/ethanol
precursor solution. The TEOS/ethanol solution was added to 100
mL ethanol and 20 mL liquor ammonia (25%) and stirred at 500–
600 rpm for 2 h at 40 �C.

Nano-sized titania particles were prepared according to a
method reported previously [49]. In brief, 0.18 M of TTIP was mixed
with 0.71 M of isopropanol for 10 min at 300 rpm. 1 mL of HCl (35%)
was added dropwise with stirring at 300 rpm and the mixture was
stirred for an additional 10 min. Thereafter, 97.05 mL of DI water
was added to this in one go and the mixture was stirred at 600 rpm
for 3 h to obtain titania nano sol.

Preparation of stable dispersions of commercially available SiO2 and
TiO2 NPs

Scheme 1. Mechanism of liquid moisture transmission.
and, or feel of the fabric [11,34,42–44]. The benefit of this
echnology is that it can be easily adapted by any existing textile
acility in a cost-effective way/manner. However, the application of
Ps on textiles has many challenges. Due to the high surface energy
f NPs, they tend to agglomerate. Additionally, the NPs are required
o be attached firmly to the textile substrate to render good wash
21
To compare the performance of the synthesized, highly stable
SiO2 and TiO2 nano sols with the commercially available NPs, these
were dispersed in the concentration range of 0.12% to 1% (w/v). In
brief, dispersions of commercially available NPs were prepared by
sonicating required concentrations of SiO2 and TiO2 NPs with CTAB
(100% on weight of NPs) in DI water at 30 �C for 60 min. The
8
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mixture was then stirred for 30 min at 500�600 rpm. The
dispersions of fumed silica and P25 titania were stabilized using
the method reported in our previous study [50]. The electrostatic
stabilization of the above NPs dispersion was achieved by adjusting
the pH to 3�4 (using nitric acid) for the P25 titania and to 8–9
(using ammonia) for fumed silica dispersions, respectively.

Application of SiO2 and TiO2 nano sols/dispersions on PET fabric

The nano sols/dispersions were applied on PET fabric in
presence of CTAB (100% on the weight of nanoparticles), and 3%
(w/v) of hydrophilic resin on the weight of solution (ows) in DI
water. The mixture was ultra-sonication for 30 min and then
stirred at 500�700 rpm for 1 h. The PET fabric was then treated by
dip-pad method (� 90–100% expression). Subsequently, the fabric
was cured at 130 �C for 3 min and rinsed with water to remove
loosely bound NPs. The process of the application of NPs-resin
combination on PET fabric is shown in Scheme 2.

For comparison, another set of PET fabrics were treated with the
dispersions of synthesized nano sol and commercially available
NPs (without the hydrophilic resin). Table 1 summarizes the
description and codes of all the samples studied.

Wash durability

The samples were washed using AATCC61-1A method without
steel balls. This method is equivalent to five laundry washes. In this
protocol, the treated samples were washed with AATCC 1993
detergent solution (0.37%, w/v) in the water at 40 �C for 45 min
using Mathis Labomat launder-o-meter (Oberhasli, Switzerland).
All the samples were rinsed twice with water and dried.

Characterization of NPs and surface morphology of treated fabrics

The particle size distribution of NPs dispersions was assessed
on Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The surface
morphologies of NPs and fabrics treated with different NPs were
observed using a FE-SEM, Quanta 200F from FEI (Eindhoven, The
Netherlands). High-resolution transmission electron microscopy
(HRTEM) of synthesized nano sol was performed using HRTEM
200 kV with field emission (Tecnai G2 20 S-Twin, FEI, Eindhoven,
The Netherlands).

2D and 3D surface topographies and roughness of untreated
and treated fabrics were investigated using TOSCA Tm 400 AFM in
the air under the tapping mode. Arrow-NCR-10-Silicon SPM-
Sensor (Anton Paar, Austria) aluminum-coated non-contact mode
tips, 4.6 mm in thickness, 160 mm in length, and 45 mm in width
with a constant force of 42 N/m at a resonance frequency of 285
kHz were used. Fabric samples with 1 � 1 cm2 area were fixed on
the specimen holder and 4 � 4 mm2 area was scanned. Height

profiles along with line and roughness parameters in terms of
average roughness (Ra) and root mean square (Rq) were deter-
mined using Gwyddion AFM software.

The chemical changes on the surface of the PET fabrics were
investigated using high performance, automated scanning XPS
microprobe, Axis Supra, Kratos Analytical, Manchester, England.
The samples for analysis were cut into 10 � 10 mm2 dimensions
and then mounted on the sample holder and irradiated with
monochromatic Al Kα X-rays (1486.6 eV) operated at a power and
acceleration voltage of 450 W with 15 kV, respectively. An area of
700 � 300 mm2 was used to collect the large area survey spectra.
The take-off angle was fixed at 90� for survey and narrow scan.
Both survey and narrow spectra were logged with a pass energy of
160 and 20 eV with an acquisition time of 120 and 60 s,
respectively. The surface elemental ratios were determined from
the peak areas of C1s and O1s spectra. Data analysis was done using
Kratos’s ESCApe and XPSPEAK 4.1 software.

The water vapor permeability of all untreated and treated
samples was investigated using moisture vapor transmission rate
test system (Labthink, W3/060). Method as specified in ASTM
D1653-13 (Test method B, Condition A) was followed. The water
vapor transmission rate (WVTR in g/m2 per day) was calculated
using the following Eq. (1)

MVTR ¼ M=ðAtÞ ð1Þ
where M is the loss in mass in grams,

t is the time duration in days, and
A is the area of the exposed test fabric in square meters.
The air permeability of the fabric was carried out using air

permeability master i8 (Paramount, New Delhi, India) as per ASTM
D737 protocol. The fabric bending lengths in both wale and course
directions were evaluated using Shirley stiffness tester as per the
ASTM D1388 standard. The breaking strengths of the fabric
samples (dimensions 15 � 5 cm2) was evaluated on a H5KS Tinius
Olsen, with a working distance of 50 mm and load cell of 1000 N in
both the directions as per ASTM 5035 standard. The thickness of
the fabrics was measured using digital thickness gauge. CIE
whiteness index of the treated fabrics was measured by Color eye-
7000A computer color matching spectrophotometer (Gretag
Macbeth, USA) using ASTM test method E1349–06.

Assessment of moisture management

The moisture transport properties of all the fabrics were
assessed using the following methods. The tests were conducted
after preconditioning of fabrics at 35 � 1 �C and 65 � 3% RH for 24 h.

(a) AATCC 197 (Vertical Wicking). This test method was used to
assess the ability of PET fabrics to transport water in the vertical
direction. The distance which liquid travels in the vertical direction
in the PET fabrics in 10 min was measured.
Scheme 2. Schematic representation of the process of application of NPs-resin combination on PET fabric.
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(b) GATS (gravimetric absorbency testing system). The water
bsorbency of the fabric (9 cm diameter) was measured using
ravimetric Absorbency Testing System (GATS) (M/K system, USA).
his test is based on the spontaneous trans planar uptake of liquid
ater by the fabric when water is supplied from below using a
orous plate of uniform pores without any hydrostatic pressure.
hus, real-time movement of liquid water was recorded in the form
f absorption (amount of liquid absorbed in grams/dry weight of
abric in grams) and absorption rate (slope of the initial part of the
lot in grams/second). The amount of water (g) absorbed by one
ram of fabric was calculated and plotted against time. The
nstantaneous absorption rate was calculated by determining the
lope at each observation point to understand the change in the
ate of absorption in different samples. The measurements were
arried out in triplicate and average values are reported.
(c) Adapted M&S P136A protocol. This test method was used to

ssess the ability of the fabric to evaporate the moisture present in
he fabric. This test was performed at 35 � 1 �C and 65 � 3% RH for
0 min with an air velocity of � 0.8 m/s which had an angle of
pprox. 60� with the surface of the fabric. The quick-drying
apability of different fabric samples was assessed by their
vaporation. % Evaporation in 10 min was calculated by using
q. (2).

 Evaporation ¼ B � C
B � A

� 100 ð2Þ

here,
A - initial dry weight of fabric in grams
B - wet weight of fabric in grams
C - weight of fabric after 10 min in grams
(d) Infrared thermography. The evaporation of water from fabrics

as evaluated by an Infrared (IR) thermography experiment
Scheme 3) using a reported method with slight modification [51].

 specially fabricated hollow glass plate was used with provision to

images were recorded with a thermal vision camera Fluke Ti450
PRO (Fluke Corporation, Everett, WA) after every 1 min till 15 min.
Fluke SmartViewTM software was used for image analysis.

Results and discussions

Nano-SiO2 and nano-TiO2 were selected for moisture manage-
ment application as they are widely used in cosmetics and food
industry. The nano sols of silica and titania were successfully
prepared, as reported in our previous study [46–49]. The FESEM/
HR-TEM micrographs of the synthesized silica and titania nano sol
particles are shown in Fig. S1a,b (supporting information). The
average diameter of the spherical monodispersed silica nano sol
particles was observed to be � 120 nm, while titania nano sol
particles were much smaller in size (average diameter of � 8 nm).

The commercial fumed SiO2 and P25 titania NPs dispersions of
concentrations varying from 0.12% to 1% (w/v) were prepared. As
shown in Fig. S2a,b (supporting information), the Z- average size
was found to be in the range of 261 � 30 nm to 300 � 55 nm for
different concentration of fumed silica ranging from 0.12% to 1%
(w/v). While for P25 titania, the Z-average values were found to be
216 � 15, 218 � 20, 255 �15, 278 � 10 nm for the dispersions of
concentrations 0.12, 0.24, 0.5 and 1% (w/v), respectively. The
dispersion stability of P25 titania and fumed silica at different time
intervals is shown in Fig. S3 (supporting information). The
prepared P25 titania dispersions were highly stable (observed
for 6 days duration). However, the fumed silica dispersions had
relatively poor stability (� 1 h only even with resin).

The dispersions of silica nano sol, titania nano sol, commercial
fumed SiO2 and P25 titania NPs of concentrations 0.12–1.0% (w/v),
were applied on PET to investigate the influence of nanoparticle
size, concentration, and type on moisture management behavior of
PET. In another set, the treatments were also carried out with NPs-
resin combination to understand the effect of combination of NPs
with the hydrophilic polyester resin on the treatment and comfort
properties. The resin used here is a low melting point, hydrophilic
alkyl chain based polyester resin with large number of hydroxyl
and ester groups. The codes and descriptions of treated samples are
detailed in Table 1. The moisture management properties of the
treated samples were assessed in comparison to control PET and
hydrophilic resin-treated PET samples as per the testing protocols
mentioned in the experimental section.

Moisture management properties of NP treated PET fabrics

The above effect of resin, NPs, and resin-NP combinations were
studied on micro denier knitted polyester fabric, which is a widely

able 1
ample codes and treatment concentrations for different PET fabrics.

owf – on the weight of the fabric, x - concentration of NPs.
or example - 0.5SiNsol-PET – PET fabric treated with 0.5% (w/v) of SiNsol.
.12SiNsol-R-PET – PET fabric treated with 0.5% (w/v) of SiNsol and 0.24% (w/v)
esin.

Scheme 3. Schematic representation of IR thermography experimental set up.
irculate heated water to maintain the temperature of the plate
urface at 37 �C. The experiment was performed at 58 � 3% RH. The
istance between the sample and the IR camera was fixed as 30 cm.
he emissivity value was taken as 0.78 as per the reported
iterature [52]. The test fabric sample was placed on the top of the
lass plate with 0.5 mL water maintained 37 �C and IR thermal
22
used material for activewear. This fabric has good physiochemical,
mechanical, and wicking properties. It consists of fine diameter
fibers (i.e. of less than 1.0 denier per filament) which tightly pack
together and create channels to enable fast wicking of moisture
away from the body. Since polyester is hydrophobic, the micro-
denier polymers fabric is able to exhibit moisture absorbance and
0
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wicking properties only after the application of a hydrophilic
finish.

Water wicking and absorption behavior
Fig. 1 shows the plot of the measured wicking height for all the

treated samples in both course and wale directions. Since the
control PET (C-PET) fabric was washed to remove any previously
applied finish before the studies, it showed a low wicking height of
1 cm due to its hydrophobic nature, while the resin-treated PET(R-
PET), showed a reasonably good wicking height of 8 and 7 cm in
wale and course directions, respectively. This indicates that
modifying the surface with hydrophilic groups can bring about
considerable change in capability of the fabric to wick the water
from the skin and spread it. SEM micrograph (Fig. S4a - supporting
information) shows that the application of resin (R-PET) gives a
uniform continuous film on the surface of the fibers.

As shown in Fig. 1a,b, the wicking heights of the samples
treated with different concentrations of NPs such as fumed silica
(SiO2-PET), silica nano sol (SiNsol-PET), titania nano sol (TiNSol-
PET), and P25 titania (P25-PET) were found to be quite similar to
that of control PET at lower concentrations. Even at the highest
concentration of 1.0% (w/v) of nano sols, the wicking height was
observed to be barely � 2 cm in both the wale and course
directions. However, in the case of fumed silica (SiO2-PET) and P25
titania NP treated samples (P25-PET), with an increase in the
concentration of NPs to 1.0% (w/v), a slight increase in the wicking
height was observed to � 4 cm. The SEM micrographs of control
and NPs treated PET fabrics, shown in Fig. S4b (supporting
information), reveals the surface morphology of these treated
samples. As can be seen, control PET (C-PET) has a reasonably
smooth surface. On the other hand, the nano sol/NP treated
samples had highly non-uniform deposition of nanostructures on
the surface of PET fiber, which is unable to create wicking channels
to transport liquid. Therefore, the presence of nanoparticles by
themselves is not able to change the wicking characteristics of the
treated PET fabrics appreciably.

Further, when PET was treated with the nano sol/NPs-resin
combination, a significant improvement in the vertical wicking
was observed. At a lower concentration i.e. 0.12% (w/v) of fumed
silica (0.12SiO2-R-PET), the wicking height was observed to be �
8 cm, which is the same as that of R-PET in both wales and course
directions. On increasing the concentration from 0.12 to 0.24% and
further to 0.5% (w/v), only a slight change in wicking height (max
value � 8.5 cm in either direction) was observed. Even at 1% (w/v)
of fumed silica concentration, a marginal increase in wicking
height values to 9.2 and 8.7 cm in wale and course directions,
respectively, was recorded. Surface morphologies using SEM of
these samples are shown in Fig. S4a. It appears that the large
particle size/agglomerates of the SiO2 are not helping in improving
the wicking characteristics over the contribution of the resin in the
treated fabric. While for silica nano sol, 0.12SiNsol-R-PET, having a

substantially smaller particle size of SiO2, showed a significant
increase in wicking height with 13.5 and 11 cm (in wale and course)
at the very low concentration (0.12% (w/v)) of NPs. These values are
about 68 and 58% higher than the just resin-treated samples and
1250 and 1000% higher than the just NPs treated samples.
However, with the increase in concentration i.e. from 0.12 to 1% (w/
v), a notable decrease in these values i.e. from � 13 to � 9 cm for
both directions could be seen. This may be because of the
agglomeration of these particles at higher concentrations. This is
supported by morphologies seen under SEM images (Fig. S4a).

The wicking height of titania nano sol, 0.12TiNsol-R-PET, was
observed to be � 9.5 cm, (both wale and course directions), which
is nearly 19% higher than R-PET. On further increasing the
concentration of TiNsol, a rapid increase in the wickability was
observed, with the highest wicking heights of 14.4 and 13 cm (in
wale and course directions, respectively) being achieved for
0.5TiNsol-R-PET fabrics. Surprisingly, when the concentration of
titania nano sol in the NP-resin formulation was further increased
to 1% (w/v), a dramatic drop in wicking height to � 7 cm was
observed. Notably, this value is even lower than that of the sample
treated with only resin (i.e. R-PET). SEM images of the samples are
given in Fig. S4a. The initial increase in wickability may be
attributed to better coverage of the fiber/fabric surfaces by the very
small-sized (� 8 nm) titania NPs till a concentration of 0.5 wt%. At
1 wt%, the number of titania NPs are likely to be very high resulting
in the agglomeration and partial blockage of channels between the
fibers responsible for the acquired behavior.

The wicking height of P25 titania-resin treated samples,
0.12P25-R-PET, was observed to be similar to that of R-PET, which
is lower than 0.12TiNsol-R-PET. On increasing the concentration of
TiNPs, a continuous increase in wicking height was observed till
the highest studied concentration of 1% (w/v). The 1.0P25-R-PET
fabrics showed a notably high wicking height of 14.5 and 12.2 cm
compared to 4 and 3 cm for 1.0P25-PET, which is P25 NPs without
the resin, in wale and course directions, respectively. A small
difference in the wickability of the fabrics in course and wale
directions may be attributed to the fabric structure. SEM images of
the samples shown in Fig. S4a indicate that, unlike TiNsol, the
larger size of P25 NPs does not give excessive deposition of NPs
even at 1 wt% concentration, thus enabling good wicking behavior
even at higher concentration. The above results indicate that both
titania nano sol with particles size of 8 nm and P25 titania with the
agglomerated size of � 250–300 nm are able to give high
wickability, though at different concentrations. Clearly, the
treatment of fabrics with appropriate concentrations of NPs in
combination with the hydrophilic resin is significantly more
effective than treating with just NPs in facilitating the capillary
action and wetting.

The transverse wicking, which is the horizontal spreading of
water in a flat fabric, is another important attribute that
significantly affects the comfort properties of a fabric. Therefore,
Fig. 1. Plot of wicking height vs concentration of NPs on the untreated and treated PET fabrics in (a) wale, and (b) course directions (error bars are shown with each data point
to indicate their significance).
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ransverse wicking in terms of the gravimetric water absorption
nd absorption rates of selected samples exhibiting high vertical
icking heights i.e. 1.0SiO2-R-PET, 0.12SiNsol-R-PET, 0.5TiNsol-R-
ET and 1.0P25-R-PET were evaluated along with resin-treated (R-
ET) and control PET (C-PET). These results are displayed in Fig. 2. It
ay be noted that the water absorption values obtained in this
xperiment refer to the water held between the fiber interstices/
apillaries of the fabric and not absorbed within the PET fibers as
ET is highly hydrophobic.
The readings were taken starting from 0.3 s after the start of the

xperiment. It is evident, from Fig. 2a,b that within 0.3 s the water
bsorption of resin-treated PET i.e. R-PET was significantly higher
han that of the control PET. Thereafter, the absorption was
bserved to rise rapidly till 25 s and reach a value of 3.8 g/g, which
s � 155% higher than that of C-PET. Similar trends were also
bserved for NP-resin treated samples, i.e. 1.0SiO2-R-PET, 0.12SiN-
ol-R-PET and 0.5TiNsol-R-PET, where the samples could achieve
ater absorption values that were 165, 166 and 158% higher
ompared to C-PET, respectively. The results show that during the
nitial phase (i.e. 25 s), the water absorption is primarily controlled
y the presence of hydrophilic resin and the NPs appear to have a
elatively lower contribution. At the longer absorption time of 120
, R-PET had water absorption of 4.1 g/g, while the NP-R-PET
amples had values significantly higher in the range of 4.4–4.8 g/g.
n comparison, C-PET could absorb only 3.3 g/g. The results indicate
hat the combination of NPs with the resin could hold significantly
ore amount of water within the fabric structure.
The rate of water absorption for these samples at different time

ntervals were calculated and are presented in Fig. 2c. The rate of
ater absorption of control PET remained nearly the same at �
.05�0.06 g/s over the entire duration of the test. On the contrary,
or all the treated samples, the values of rates of water absorption
ncreased with time and attained the highest rate between 3�4 s.
fter this, a rapid decline in absorption rate was observed. The
ighest absorption rate for the resin-treated sample (R-PET) was
bserved to be � 0.4 g/s. When nano sol/NPs were applied in
ombination with resin, a further increase in absorption rate was

recorded. The transverse absorption rate was found to be highest
for P25-R-PET (0.56 g/s) followed by TiNsol-R-PET (0.52 g/s),
SiNsol-R-PET (0.46 g/s) and SiO2-R-PET (0.42 g/s) samples.

The above results suggest that treatment of PET fabric with NPs
in combination with resin is not only able to absorb more water (i.e.
perspiration near the skin) but also helps in faster wicking of
absorbed water.

Evaporation/drying behavior
As mentioned above, fabrics with good moisture management

properties should have good absorption, high wicking, and quick-
drying characteristics which are essential for sportswear and other
activewear clothing, which have direct contact with skin.

Evaporation or rate of drying is related to the ability of the fabric
to lose water easily to the atmosphere under ambient conditions.
For example, cotton being highly hydrophilic is able to absorb large
amounts of water, however, it is difficult to dry due to the strong
bonding of water molecules with the hydroxyl groups present in
the cellulosic macromolecules. It is important to dry off the
absorbed sweat quickly to keep the comfort level of the fabric high.
Therefore, cotton is usually not used in the activewear. On the other
hand, micro-denier PET is used in these applications because it is
able to wick the sweat away and allow its evaporation due to its
non-absorbing nature.

The drying capabilities of all the samples were evaluated by
measuring their % evaporation using Adapted M&S P136A protocol
at 35 �C and 65% RH in 10 min and the results are presented in
Fig. 3.

As expected, the % evaporation of the control PET (C-PET) fabric
was low at � 20% in a duration of 10 min, and all the treated
samples showed improved evaporation/drying behavior. In case of
0.12SiO2-PET samples, the % evaporation value was marginally
higher at 29.5% than that of C-PET. On increasing the concentration
of fumed silica even to 1% (w/v), only a small increase in this value
i.e. 32.5% was recorded. Similarly, when the PET fabric was treated
with 0.12% (w/v) silica nano sol (0.12SiNsol-PET), the % evaporation
value changed from 20 to � 27%. However, this value decreased to
ig. 2. Plot of (a) water absorption for 120 s, (b) water absorption for the initial 10 s, and (c) water absorption rate of different samples. (Absorption is in g/g i.e. amount of
quid absorbed in g/dry weight of fabric in g; error is in the range of � 0.2 g/g).
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23% on further increase in concentration from 0.12 to 1% (w/v).
Similarly, for 0.12TiNsol-PET samples, this value was found to be
22.4%, which is slightly higher than that of control PET. On
increasing the concentration of titania nano sol, a slow increase in
% evaporation was recorded up to 0.5% (w/v) concentration after
which it dropped to 25.4%. On the other hand, as shown in Fig. 3, for
P25-PET samples, the % evaporation was the highest among all the
NPs treated fabrics. It increased from 30 to 39.5% when the
concentration of NPs was increased from 0.12 to 1.0% (w/v). This
implies that NPs, when applied on the PET surface has an influence
on the evaporation behavior. The highest improvement was
observed with P25 NPs and lowest for SiO2 NPs among all the
particles. It was noticed that the evaporation studies follow a trend
similar to those observed in vertical wicking.

The hydrophilic resin-treated sample (R-PET) without NPs
showed much higher evaporation, i.e. 63% in 10 min. Interestingly,
when different NPs were applied in combination with resin over
the PET surface, a further increase in this value was observed for
some samples. As shown in Fig. 3, for fumed silica (SiO2-R-PET)
samples, % evaporation values for all concentrations (0.12 to 1% (w/
v)) were found to be very close to that of R-PET. However, for
0.12SiNsol-R-PET sample, the % evaporation value was observed to
be around 80%. With an increase in NPs concentration from 0.12 to
1% (w/v), this value reduced from 80 to 71%. In the case of titania
nano sol, 0.12TiNsol-R-PET sample, the % evaporation was almost
equivalent to that of R-PET fabric. However, on increasing the
concentration of titania nano sol to 0.5% (w/v), a significant
increase in evaporation to 81% was observed. In fact, this was the
highest evaporation exhibited by TiNsol-R-PET samples. On further
increasing the concentration to 1.0% (w/v), a drastic drop to 51%
was observed. Surprisingly, this value was even lower than that of
R-PET. On the other hand, in the case of P25-R-PET samples, almost
no change in % evaporation (� 61%) was observed till 0.5% (w/v).
However, this value increased dramatically from 61 to 90% for
1.0P25-R-PET sample. These results give substantial evidence that
the evaporation behavior of treated samples is certainly dependent
on the type, size and concentration of NPs on the sample.

Fumed SiO2 nanoparticles have large particle size/agglomerates
and are therefore not able to cover the surfaces of the fibers
properly. Because of this, even at 1% (w/v), these particles were not
able to bring out a significant change in the values of absorbency,
wicking and % evaporation. While in the case of SiNsol-R-PET, due
to the small size of Si nano sol particles, a better coverage was

absorbed water faster to a larger surface area as mentioned in the
earlier sections. This led to better evaporation at these concen-
trations. Furthermore, in the cases of nano sols, i.e. SiNsol-R-PET
and TiNsol-R-PET, the treated samples showed a drop in the
properties at high concentrations due to the agglomeration and
partial blockage of channels between the fibers.

Among all the treated samples, only 0.12SiNsol-R-PET, 0.5TiN-
sol-R-PET, and 1.0P25-R-PET samples demonstrated significant
improvement in moisture management properties in terms of
wicking, absorption, and evaporation behavior. Therefore, these
three samples were selected to further investigate the water
spreading and evaporating behavior using IR thermography
(Scheme 3).

IR thermal micrographs, the water spreading area and
temperature profiles with time for the three samples, i.e.
0.12SiNsol-R-PET, 0.5TiNsol-R-PET, and 1.0P25-R-PET along with
control (C-PET) and resin treated (R-PET) samples are shown in
Figs. 4 and 5 and S5 (supporting information).

As the water (0.5 mL) was added onto the samples, first, it
spreads instantaneously to cover an area, then spreads slowly to
increase the wet area, and finally, evaporates to shrink the wet area
with time. From the Fig. 5a, it can be observed that in the control
sample, the added water could spread instantaneously (indicated
at time zero of the test) to cover an area of � 22 cm2. This wet area
did not decrease at all and the sample had a significant amount of
water left at the end of the test indicating very poor evaporation
behavior. In the case of R-PET sample, the water spread area was
about 20% higher at 27 cm2. This area increased marginally with
time indicating a higher wicking tendency due to the presence of
hydrophilic resin. However, this area changed marginally even
after 14 min of the test (Fig. S5 - supporting information). These
results indicate that the application of a hydrophilic resin alone on
PET is not able to enhance the rate of evaporation significantly.

On the other hand, the behavior was markedly different on the
incorporation of NPs with resin. As can be observed from the
figures, 1.0P25-R-PET and 0.5TiNsol-R-PET samples, showed about
140% (� 54 cm2) and 0.12SiNsol-R-PET about 110% (� 48 cm2)
higher areas of instantaneous water spreading. Within 1 min, the
spreading area values increased to 56, 57 and 52 cm2, respectively
owing to high surface wicking phenomena. In contrast to C-PET
and R-PET, after 5�8 min of test, the water spread area started to
reduce in all the resin-NP treated samples indicating much faster
evaporation of the water. This reduction or drop in the spread area
started at 8, 6.5 and 5 min, in 0.12SiNsol-R-PET, 0.5TiNsol-R-PET,
and 1.0P25-R-PET, respectively. After 10 min, the corresponding
spread areas in these samples were observed to be 30.8, 6.0, and
0.8 cm2, respectively. From the data, it is pertinent that sample
0.12SiNsol-R-PET, exhibited a lower extent of spreading and a
much slower rate of evaporation. However, after 12 min, the spread
area was found to reduce to < 5 cm2 similar to the other two
samples. Interestingly, the evaporation behavior of titania NPs is
significantly different from that of silica NPs. The spreading and
evaporation are significantly better in P25-resin compared to
SiNsol-resin even though the agglomerated particle size of P25 was
much higher. These results are in good agreement with the %
evaporation results obtained using Adapted M&S P136A protocol in
Section “Evaporation/drying behavior” (Fig. 3). This difference in
behavior may be attributed to the lower binding energy of water
molecules with the hydroxyl groups present on the surface of
titania NPs. Similar observations have also been reported in the

Fig. 3. Plots of % evaporation of water as a function of the concentration of NPs with
and without resin-treated PET fabrics.
achieved over the fibers even at the lowest concentration of 0.12%
(w/v), which facilitated better wetting, wicking and evaporation.
On the other hand, TiNsol-R-PET at 0.5% (w/v) and P25-R-PET at 1%
(w/v) could give better coverage over the entire surface of PET as
could be seen from SEM micrographs (Fig. S4a). Therefore, these
samples could not only absorb more water but also wick the
223
literature [53,54], wherein the activation energy from associative
desorption of water for titania surface (120�200 kJ/mol) was
reported to be lower as compared to silica (80�280 kJ/mol). It was
further reported that this activation energy value depends on the
number of surface hydroxyl groups of NPs and decreases with an
increase in the number of hydroxyl groups. In the case of titania,
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wing to its large number of surface OH groups (both neighboring
ridging and terminal hydroxyl with the density of 4.8 OH/nm2),
he energy required to desorb water from its surface is low [55,56].
owever, 4-fold coordination system of silica leads to lesser
umber of surface -OH groups (only terminal hydroxyl), requiring a
igher level of energy for the elimination of water from its surface.
Further, the associated evaporative cooling in the treated and

ontrol samples was also compared by measuring the average
urface temperature of the samples with time. In the dry state, the
verage surface temperatures for all the samples were found to be
round 37 �C as shown in Fig. 5b. This is the temperature at which
he glass plate, on which the fabric samples were placed, is
aintained. At the start of the test, 0.5 mL of water, again
aintained at 37 �C was added. Initially, the surface temperatures
f the control and R-PET remained nearly the same at 37 �C, and
ith time a gradual drop in the temperature was recorded. The
ontrol (C-PET) and resin (R-PET) treated fabric displayed the
owest average surface temperature of around 36.8 and 36.2 �C,
espectively. The difference in the temperature profile of the C-PET
nd R-PET fabrics could be attributed to the presence of hydrophilic
roup on the surface of resin-treated fabric which helped in higher
egree of spreading of the added water, and in turn, may have
ontributed to the improved rate of evaporation. On the other
and, in case of all the NPs-resin treated samples, as soon as the
ater drop was introduced on the sample, a sharp drop in the

results imply that the NPs resin combination shows an enhanced
degree of evaporation resulting in higher degree of evaporative
cooling and thus lower surface temperature. It is interesting to note
that titania-based samples showed a much rapid drop in the
surface temperatures and remained at lower temperatures
throughout till the end of their evaporation phases compared to
the silica NP-resin treated sample.

The synergistic combination of NPs and resin in this nano-finish
can significantly enhance the comfort properties of otherwise
hydrophobic PET fabric. It is noteworthy to mention that a change
of even 1 �C in the human body temperature can cause a significant
difference in the comfort properties [57,58].

From the above observations, it appears that the presence of
hydrophilic nanoparticles may be contributing to high absorption
and consequent wicking; while the high surface area of NPs with
lower binding energy with water molecules might be leading to
faster evaporation or drying of wicked water. This evaporative
cooling effect may further result in enhanced comfort properties.
The differences observed among the samples prepared from
different NPs could be attributed to the difference in their nature,
size, and concentration.

As discussed above, the application of silica and titania NPs
could give a little improvement in moisture management
properties compared to the control PET. Though the application
of just the hydrophilic resin on PET fabrics could result in

Fig. 4. IR thermal micrographs of untreated and treated PET fabric samples.

Fig. 5. Plot of (a) water spreading area vs time, (b) temperature vs time, for untreated and treated PET fabrics (error � 0.2 cm2 and � 0.2 �C).
urface temperature was observed. Also, the temperature profiles
f all the samples treated with NP resin composite were observed
o first decrease for a certain time (6�8 min) and then increase.
nterestingly, all the NPs treated samples 0.12SiNsol-R-PET,
.5TiNsol-R-PET and 1.0P25-R-PET exhibited a much lower average
urface temperature of � 35.2, 34.9 and 34.5 �C, respectively. These
22
significant improvement. The combination of resin and nano-
particles resulted in extremely high values of moisture absorption,
wicking, spreading and evaporation. Further, the fabrics treated
nanoparticles of silica (SiNsol-R-PET) and titania (TiNsol-R-PET)
were observed to show better properties at a lower concentration
of 0.12% (w/v) and 0.5% (w/v), respectively and at a higher
4
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concentration of 1.0% (w/v) of these, a drastic drop in the
performance properties was recorded. On the contrary, P25-R-
PET exhibited the best properties at the highest concentration of
1.0% (w/v) used in the experiments. A comparison of moisture
management properties achieved in the current study with those
reported in the literature is presented in Table 2.

It is interesting to note that wicking heights of the samples
treated with a combination of NPs and resin, observed in this study,
are significantly higher than those reported in the literature [59–
61]. Also, the rate of wicking is substantially higher. Li et al., [59]
studied the surface modification of PET by coating with titania
under alkaline conditions and reported vertical wicking of 6.2 cm
in 30 min. of test duration. Similarly, Liang et al., [60] have reported
a wicking height of 11 cm in 40�60 min. for PET modified with
nano TiO2 under UV light. In fact, the specialized yarn like Coolmax
is also reported to show a wicking height/rise of � 6 cm after
10 min, while in the current study, a wicking height of 14.5 cm is
demonstrated after just 10 min of test for samples 0.5TiNsol-R-PET
and 1.0P25-R-PET.

Wash durability

One of the major issues with the hydrophilic finishes is poor
wash durability. The hydrophilic finishes are usually non-
compatible with hydrophobic PET and get removed on the
application of washing stresses. The treatments applied in this
study were also subjected to washing cycles to evaluate their wash
durability. Table 3 shows the results of water wicking heights for
the various samples. As may be seen that the control fabric did not
show any change on washing, while the effect of just the NPs gets
removed completely on washing. The effect of resin treatment is
retained to some extent but drops on washing to a lower value. On
the other hand, the NP-resin combination samples were very
effective in both as-applied samples and washed samples. The
wicking height values were significantly higher and their effect
was retained to a large extent even after 5 cycles of laundry washes.

The durability of the resin-NPs combination may be ascribed to
the interaction among NPs, resin and the PET fabric. This was
confirmed by Raman studies conducted on the treated samples.
The Raman spectra are shown in supporting information Fig. S6
(supporting information).

The spectra in Fig. S6a-c show characteristic Raman peaks of C-
PET at 1724, 1612 and 631 cm�1 which correspond to C¼O bonds,
ring deformation, and aromatic C��O��O in-plane deformations,
respectively [62].

Owing to the similar structure of resin as that of PET, the resin
sample showed two characteristic peaks at 1724 (C¼O bonds) and
1612 cm�1 (ring deformation). There was no P25 NPs peak
observed in this region. However, on application of resin without
NPs (R-PET) and with NPs (P25-R-PET) on the surface of PET, these
peaks were found to be slightly blue shifted by 1�2 cm�1 as could
be seen from Fig. S6a,b. This shows the presence of weak secondary
interaction between resin and PET.

Raman spectrum of P25 NPs is also shown in Fig. S6c where the
peak at 638 cm–1 was assigned to Eg mode of titania which
corresponds to the anatase phase of titania [63] while resin does
not show any significant peak in this range. Both P25 titania and
polyester peaks can be separately observed in case of P25-PET.
While on application of P25 with resin on surface of PET, these
peaks (631 and 638 cm�1) were found to be blue shifted by � 1 and
5 cm�1 to 632 and 643 cm�1, respectively. This indicates a strong
association between NPs and PET in the presence of resin.

The above observations further confirmed that all three PET,
P25 and resin were interacting and thus forming an interlinked
durable/stable network. Similar interactions have been observed in
other systems reported in the literature [64,65].

Surface characterization

From the foregoing comparison, it appears that the treatment
with NPs and resin combination must be playing a synergistic role
in modifying the surface characteristics responsible for controlling
the key processes involved in the transmission of liquid moisture.
Therefore, to get an insight into the mechanism of moisture
transmission, the morphology and chemical characteristics of the

Table 2
Comparison of moisture management properties reported in the literature.

Fabric sample/treatment systems Finish/add-on and application method Tests and values Observation time Ref

MCC particles 30 wt%
Coat/dry

Capillary rise � 10 cm – [26]

GTMAC/PrintRite 595/SC6477/NCC 30 wt%
Roll/dry/cure

Capillary rise � 3 cm
Contact angle �132 to 42�

5 min [34]

Coolmax – Capillary rise � 6 cm 10 min [14]
NaOH/H2O2/n-TiO2 30/50/30 gpl

UV - alkaline
Capillary rise � 6.2 cm 30 - 40 min [59]

TiO2 NPs 40 gpl
UV irradiation

Capillary rise � 11 cm 60 min [60]

NaOH/cyclodextrin 12/8 gpl
Dip/pad/cure

Capillary rise � 9.6 cm
Drying time � 25 min

30 min [61]

NaOH/ZnAc 4/3 wt% Absorption time � 8 s – [45]

Table 3
Water wicking heights of untreated and treated samples.

Sample codes Vertical wicking (in cm)

Unwashed 1A Washed

Wales Courses Wales Courses

C-PET 1 � 0.1 1 � 0.1 1 � 0.1 1 � 0.1
0.12% SiNsol-PET 2.2 � 0.2 1.5 � 0.2 1 � 0.1 1 � 0.1
0.5% TiNsol-PET 1 � 0.1 1 � 0.1 1 � 0.1 1 � 0.1
1.0% P25-PET 4 � 0.2 3 � 0.2 1 � 0.1 1 � 0.1
R-PET 8 � 0.2 7 � 0.2 5 � 0.5 4.6 � 0.3
0.12% SiNsol-R-PET 13.5 � 0.2 11 � 0.2 9 � 0.3 8 � 0.4
0.5% TiNsol-R-PET 14.4 � 0.4 13 � 0.4 11.5 � 0.5 10 � 0.5
1.0% P25-R-PET 14.5 � 0.3 12.2 � 0.3 10.6 � 0.5 10.2 � 0.5
In-situ/ultrasound/stirring
Current study
0.5TiNsol-R-PET
1.0P25-R-PET

� 1 wt%
Dip/pad/cure

Absorption time - instant
Capillary rise � 14 & 13 cm
% Evaporation � 81 & 90%

10 min –

*MCC- Microcrystalline cellulose.
*GTMAC- Glycidyl tri-methyl ammonium chloride.
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urfaces for selected samples such as C-PET, R-PET, 1.0SiO2-R-PET,
.12SiNsol-R-PET, 0.5TiNsol-R-PET and 1.0P25-R-PET were further
tudied using AFM and XPS.
Fig. 6 depicts 2D and 3D morphologies obtained by AFM for all

he selected samples. The lighter parts of the AFM micrographs
orrespond to the raised regions of the fiber surfaces, while the
arker ones are indicative of the depression or channels between
hem. The micrographs depicted a significant change from a fairly
mooth surface profile in the case of control PET (Fig. 6a,a1) to a
rogressively rougher surface after the treatment with the resin
Fig. 6b,b1) and resin-NPs combination (Fig. 6c-f,c1-f1).

The roughness parameters of all the samples were also deduced
rom their respective 2D AFM micrographs and are summarized in
able 4. On treatment with resin (R-PET), the values of average

roughness (Ra) and corresponding root mean square roughness
(Rq) of the PET fabrics were observed to increase from 1.65 to 4.2
nm and 2.04 to 6.0 nm, respectively.

On treatment with the dispersion of fumed silica and resin
(Fig. 6c,c1), only a marginal increase in the roughness, Ra and Rq

values was observed probably due to the non-uniform coating of
these NPs over the surface of PET (as can be seen in SEM
micrograph given in supporting information, Fig. S3a). However,
these values were found to increase from 4.2 to 7.5 nm and 6.0 to
10.3 nm after incorporation of 0.12 wt% silica nano sol particles
(0.12SiNsol-R-PET) with the resin onto the PET fabric (Fig. 6d,d1).
Similarly, in sample 0.5TiNsol-R-PET, a further increase in the
roughness could be observed (Fig. 6e,e1) with the values of Ra and
Rq increasing to 7.9 and 10.9 nm, respectively. This may be ascribed
Fig. 6. 2D and 3D AFM micrographs of control and treated PET fabrics.
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to the better stability of NPs in the sol which led to a uniform
coating of NPs on the surface of PET. Furthermore, similar
roughness could be seen in the case of P25-R-PET sample with
8.1 and 11.3 nm as their Ra and Rq values, owing to the uniform
coating of 1% (w/v) of P25 NPs on the surface of PET (Fig. 6f,f1). This
increase in roughness with the application of these nanostructures
in combination with resin could be attributed to the firm fixation of
NPs with resin on the surface of PET fiber.

It could be clearly seen that the incorporation of NPs with resin
as a coating led to significant enhancement in the roughness. This
roughness is expected to form numerous fine capillaries/channels
on the fiber surfaces, which may be responsible for enhanced
absorption and wicking of water.

XPS analysis was conducted to evaluate the chemical nature of
the surfaces of the various samples. Fig. 7 shows the relative
concentrations of various elements and O/C ratios for the selected
samples i.e. 0.12SiNsol-R-PET, 0.5TiNsol-R-PET and 1.0P25-R-PET
along with R-PET and C-PET. From the figure, it may be observed
that untreated PET fabric (C-PET) exhibited O/C ratio of 0.19. This
ratio increased from 0.19 to 0.25 for the PET coated with the
hydrophilic resin i.e. R-PET due to the presence of hydrophilic OH
groups in the resin. In 0.12SiNsol-R-PET sample, a further increase
in O/C value to 0.31 was observed confirming the contribution of
additional hydroxyl functional groups on the surface by silica nano
sol. Similarly, in samples 1.0P25-R-PET and 0.5TiNsol-R-PET, the O/
C values were determined to be even greater at 0.35 and 0.37,
respectively. Thus, it suggests that on treatment of PET with NP-
resin combinations, there was an increase in the surface atomic
percentages of O and a decrease in that of C. The increased oxygen
content is also due to the contribution of large number of hydroxyl
functional groups present on the surfaces of different NPs [56]. The
O/C ratio was found to be higher in case of P25 owing to its higher
concentration (1% (w/v)). Interestingly, due to the much smaller
size and higher surface area of titania nano sol higher O/C value
was observed even at half the concentration (0.5% (w/v)).

Further, the lower O/C value of silica nano sol-resin treated
(0.12SiNsol-R-PET) sample, compared to 1.0P25-R-PET and 0.5TiN-
sol-R-PET may be ascribed to the lower number of surface hydroxyl
groups present on the large-sized silica NPs. The lower OH- group
density on silica NPs compared to titania NPs has also been
reported in the literature [56]. These results also show that the
hydrophilic resin is expected to have good interaction with the
hydroxyl functional groups present on the surface of nanoparticles
and form a stable network.

Proposed mechanism of moisture management in treated samples

the remaining exposed part of NPs contributed towards creating
high surface area. The shift in peaks corresponding to PET, resin
and P25 NPs indicate an interaction among these to form a
physically stable networked structure.

AFM analysis also showed that the combination of NPs-resin
was able to form highly rough surfaces with a lot of hills and

Table 4
Average roughness (Ra) and root mean square roughness (Rq) of untreated and
treated samples.

Sample codes Average roughness
(Ra) in nm

Root mean square
roughness (Rq) in nm

C-PET 1.65 2.04
R-PET 4.2 6.0
1.0SiO2-R-PET 5 6.2
0.12SiNsol-R-PET 7.5 10.3
0.5TiNsol-R-PET 7.9 10.9
1.0P25-R-PET 8.1 11.3

Fig. 7. Surface composition and O/C ratios using XPS for untreated and treated
samples.

Fig. 8. FESEM micrographs of selected samples at two different magnifications.
SEM micrographs of the best samples i.e. 0.12SiNsol-R-PET,
0.5TiNsol-R-PET, and 1.0P25-R-PET along with Resin-PET are
shown in Fig. 8. It may be observed that when NPs were applied
with resin, it formed a NPs embedded uniform film on the surface
of PET fibers. A part of NPs appears to be embedded inside the
polymer leading to their good adhesion to the PET surface, while
227
valleys, which are likely to create a large number of nano
capillaries/channels on the surfaces of the fibers. Further, XPS
analysis confirmed that NPs-resin treated surfaces had significant-
ly higher concentration of oxygen-containing groups, which are
likely to be free hydroxyl groups on the exposed surfaces of NPs.
The IR thermography depicted that the water was easier to
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vaporate from the samples treated with NPs-resin compared to
ust the resin-treated PET. Based on these observations, a
echanism has been proposed to explain the moisture manage-
ent behavior of these treated samples. This is shown schemati-
ally in Fig. 9.
In PET fabric, shown in Fig. 9a, the absence of any hydrophilic

roup does not allow the water/sweat present near it to be
bsorbed. Also, it can wick the moisture poorly as only hydropho-
ic capillaries are present between micro-fibers. Fig. 9b depicts the
ase of hydrophilic resin-treated PET fabric, which allows moisture
o be absorbed due to the presence of hydrophilic groups on the
ET surface. Also, the fabric is able to wick better due to hydrophilic
apillaries between the micro-fibers. However, it binds well with
he absorbed water and does not allow it to be evaporated easily.
n the other hand, in the case of NP-resin treated samples (Fig. 9c),
he presence of large number of hydroxyl groups along with high
urface area are likely to be responsible for faster and higher
bsorption of sweat present in the vicinity of the fibers (inner
urface close to the skin). Also, the formation of large number of
ne capillaries covered with surface hydroxyl groups of NPs would
hen facilitate the faster and wider spreading of the absorbed
ater/sweat by transporting it from the site of absorption to the
ry areas of the fabric. This high spreading of water/sweat in turn
ould allow rapid evaporation of the water from the exposed
urfaces to the atmosphere (i.e. outer surface away from the skin).
lso, the tendency of hydroxyl group of NPs to loosely bind the
ater further helps in enhanced evaporation of the water/sweat
ompared to just the resin-treated sample.
It has been reported [61] that drying time for fabrics treated

ith other approaches with much higher add-ons (applied

samples compared to 0.12SiNsol-R-PET. Also, the formed channels
were more uniformly distributed in the titania treated samples
explaining their better absorption and wicking behavior. Interest-
ingly, the IR thermography results also depicted faster evaporation
of water in titania-resin treated samples (1.0P25-R-PET and
0.5TiNsol-R-PET) compared to silica NP-resin sample (0.12SiN-
sol-R-PET). This difference in the drying time between the titania
and silica NPs is likely to be due to the larger surface area in these
samples and lower binding energy of water with titania NPs as
discussed above [53–56]. Between 1.0P25-R-PET and 0.5TiNsol-R-
PET samples, the differences are due to the differences in their sizes
and amounts used for the application.

Using this facile and novel approach, both the physical and
chemical surface of PET fiber can be modified in a single step to
tune the moisture management behavior. It may have a tremen-
dous impact on other functionalities and performance of textiles.

Physical testing of treated fabrics

The physical properties of the treated fabrics were investigated
in order to evaluate the effect of the proposed finishes on the
aesthetics and physical behaviour of the fabrics. The air
permeability and WVP measurements were carried out as per
ASTM D737 and ASTM D1653-13 (Test method B, Condition A),
respectively. As can be observed from Table 5, there was no
significant change in transmission rate and air permeability values.
These results indicate that the fabric properties were retained even
after the application of NPs-resin combination.

Further, the breaking strengths of all the PET fabric samples
were also tested in both wales and courses directions and are

Fig. 9. Schematic representation of moisture management mechanism in (a) control PET, (b) R-PET, and (c) NPs-R-PET.

able 5
ater vapor permeability and air permeability of various untreated and treated PET samples.

Sample codes Transmission rate (g/m2.day) Air permeability (cm3/cm2/s)

C-PET 2048 � 12 76.38 � 2.7
0.12SiNsol-PET 2024 � 49 75 � 1.3
0.5TiNsol-PET 2033 � 87 76 � 2.7
1.0P25-PET 1967 � 2 75 � 1.3
R-PET 2030 � 14 73.62 � 1.3
0.12SiNsol-R-PET 1943 � 16 72.22 � 2.7
0.5TiNsol-R-PET 1952 � 18 72.61 � 2.7
1.0P25-R-PET 1962 � 26 70.8 � 1.3
oncentrations) of finish is usually > 20 min. In contrast, this
tudy has demonstrated that 80–90% of added water can be
vaporated in significantly lower time of 10 min from fabrics
reated with much lower add-ons.

Among the various NPs-resin treated samples, the O/C values
ere observed to be higher in 1.0P25-R-PET and 0.5TiNsol-R-PET
22
summarized in Table 6. The stiffness of the untreated and treated
PET fabrics was studied by measuring their bending length in wale
and course directions. All the fabrics showed bending lengths of
(0.8 and 0.3 cm) and strength of (10 and 4 MPa) in wale and course
directions, respectively. There were negligible changes in the
stiffness and breaking strength of NPs/NPs- resin treated fabrics
8
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compared to the untreated fabric. Further, no substantial change
was observed in the whiteness index of the fabrics on application
of NPs and NPs-resin combination.

The above results implies that the reported methodology does
not significantly change the aesthetics or the properties of the
treated fabrics, and therefore, could be easily used to impart
various functionalities to the textile substrates.

Conclusions

In this study, we have demonstrated a new strategy for
realizing enhanced moisture management property in PET by
applying NPs and resin combination. The influence of particle
size, concentration, and type of nanoparticles and composition of
formulation on the consequent structural properties of the
deposited layer as well as the moisture management behavior
of PET was investigated. The interaction of resin with NPs and the
PET resulted in the assembly of nanostructures on the fabric to
create unique channels for easy wicking/moisture transmission.
Such combination provides a synergistic effect on moisture
management properties and therefore could provide a drier
environment between the skin and textile substrate and
substantially better cooling sensation which is very essential
for one’s comfort. Unlike resin and NPs separately, metal oxide
NPs loaded resin PET fabric exhibited significantly increased
wicking height and % evaporation � 14.5 cm and � 90%
respectively in just 10 min even at a very low add-on of less
than 2 wt%. Enhanced properties could be attributed to an
increase in roughness and significant contribution of hydroxyl
groups from metal oxide NPs and hydrophilic resin as confirmed
by AFM and XPS. Such NPs resin-based treatment can also be used
to impart other functionalities such as antistatic and antimicro-
bial properties to the hydrophobic textile substrates.
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