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Abstract

This research presents a new procedure for the chemical modification of cotton fabric, which included a
“green” in situ synthesis of silver particles using an extract of sumac leaves as a reducing agent. To increase
the adsorption ability of silver cations, a sol-gel matrix was previously created on cotton fabric using an or-
ganic—inorganic precursor sol-gel. The presence of silver particles on the cotton fabric was confirmed by
scanning electron microscopy and energy-dispersive X-ray spectroscopy. The results showed that silver par-
ticles were created on the cotton fabric in the presence of the sumac leaf extract, which colored the fibers
in brown. The presence of the sol-gel matrix increased the adsorption of silver cations and therefore the
concentration of sliver particles, which resulted in a deeper color yield. Silver particles provided antibacte-
rial protection, with a 99-100% reduction of E. coli in S. aureus bacteria, while the sumac leaf extract provid-
ed excellent protection against ultraviolet radiation, with an ultraviolet protective factor equaling 66.54. The
coating was also highly durable in terms of its washing fastness.

Keywords: silver particles, in situ synthesis, sumac leaves, cotton, sol-gel matrix, antibacterial activity, UV-pro-
tection

Izvlecek

V raziskavi je predstavijen nov postopek kemijske modifikacije bombaZne tkanine, ki vkljucuje »zeleno« in situ sin-
tezo srebrovih delcev z uporabo ekstrakta listov octovca kot reducenta. Za povecanje stopnje adsorpcije srebrovih
kationov je bila na bombazni tkanini predhodno oblikovana sol-gel matrica z uporabo reaktivnega organskega-
anorganskega hibridnega prekurzorja. Vzorci bombazne tkanine so bili potopljeni v raztopno AgNO; pri ustreznih
pogojih, v njo pa je bil naknadno dodan ekstrakt octovca. Po obdelavi je bila tkanina veckrat prana. Prisotnost sre-
brovih delcev na bombazni tkanini je bila potrjena z vrsticno elektronsko mikroskopijo z energijsko-disperzijsko
spektroskopijo rentgenskih Zarkov. Iz rezultatov raziskave je razvidno, da so se v prisotnosti ekstrakta listov octov-
ca na bombazni tkanini oblikovali srebrovi delci, ki so viakna obarvali v rjavem barvnem tonu. Prisotnost sol-gel
matrice je povecala adsorpcijo srebrovih kationov ter s tem koncentracijo srebrovih delcev, kar se je odrazilo v te-
mnejsem barvnem tonu. Srebrovi delci so podelili tkanini protibakterijsko zasc¢ito z 99— 100-odstotno redukcijo bak-
terij E. coli in S. aureus, prisotnost ekstrakta listov octovca pa je nudila odlicno zasc¢ito pred ultravijolicnim seva-
njem z ultravijolicnim zascitnim faktorjem enakim 66,54. Apretura je bila visoko pralno obstojna.

Kljucne besede: srebrovi delci, in situ sinteza, listi octovca, bombaz, sol-gel matrica, protimikrobna aktivnost, UV zas¢ita
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1 Introduction

In textiles, silver particles (Ag Ps) have been recog-
nized as effective antimicrobial agents, with broad-
spectrum activity against bacteria, fungi and virus-
es. Besides zinc oxide and titanium dioxide, Ag Ps
are mostly used for the fabrication of medical and
hygiene textiles. However, the antimicrobial mecha-
nism of Ag Ps is not yet fully known, yet the activity
has been attributed to silver cations (Ag"), which
are released from the surface of Ag Ps, and to Ag Ps,
if their size is within a nanometer scale (Ag NPs)
[1, 2]. Both Ag* and Ag NPs can interact with the
bacterial cell wall, where their accumulation causes
membrane damage. Furthermore, Ag* and Ag NPs
lower than 10 nm can penetrate the cell, where they
hinder or deactivate its critical physiological func-
tions and consequently destroy the cell. In the pres-
ence of oxygen, Ag* and Ag NPs may also catalyti-
cally accelerate the formation of reactive oxygen
species (ROS), which are highly toxic to microor-
ganism cells [1, 2].

There are several classical and contemporary ap-
proaches for the application of Ag Ps to textile sub-
strates, which include the application of pre-synthe-
sized Ag Ps using an appropriate finishing method or
an in situ synthesis of Ag Ps in the presence of a tex-
tile substrate [3-5]. An important advantage of the
in situ generation of Ag Ps is that it enables the
growth of Ag Ps inside the textile fibers, increases the
homogeneity and uniformity of the particle distribu-
tion inside and on the fiber surface, and reduces the
agglomeration of particles. In this process, no addi-
tional methods or chemicals are needed to enhance
dispersibility of the ex situ synthesized Ag Ps and to
achieve their stability against agglomeration. Howev-
er, in both approaches, Ag Ps are formed in the
chemical reduction of silver salt, where different en-
vironmentally harmful organic or inorganic reduc-
ing and stabilizing agents are usually used. To avoid
toxic chemicals and perform the fabrication process-
es more sustainably, biological methods for the syn-
thesis of Ag Ps, in which extracts of plants and mi-
croorganisms are used as reducing and stabilizing
agents, have received increasing attention [6-8].

The in situ biosynthesis of Ag Ps represents a ‘green’
fabrication process of Ag-functionalized textile
substrates. In this process, AgNOj, as a silver pre-
cursor, and plant extracts, as reducing and stabiliz-
ing agents, have mostly been used simultaneously.

Tailoring of Antibacterial and UV-protective Cotton Fabric by an 5
in situ Synthesis of Silver Particles in the Presence of a Sol-gel

Matrix and Sumac Leaf Extract

Namely, natural biomolecules with carbonyl and
phenolic hydroxyl functional groups, including
alkaloids, tannins, flavonoids, phenols, amino ac-
ids, and polysaccharides, have been extracted
from leaves, seeds, peel, and fruits of different
plants and introduced in the reduction of silver
precursors to Ag Ps [9-17]. Among plant extracts,
extracts from sumac (Rhus spp.) could be intro-
duced as a promising reducing agent because of
the variety of biological active compounds present
in sumac’s bark, branches, roots, leaves, seeds and
fruits [18, 19]. Sumac is native to the temperate
regions of North America, but it has also been
spread worldwide and developed as a sustainable
non-traditional economic plant. While different
parts of sumac have already been used in food
and cosmetic industries, to the best of our knowl-
edge, sumac has not yet been used for the produc-
tion of the micro- and nanoparticles of metals or
metal oxides.

Therefore, the aim of this research was to develop a
novel process for the in situ synthesis of Ag Ps on
cotton fibers using sumac leaf extracts. To increase
the adsorption ability of silver cations, an organic-
inorganic hybrid sol-gel precursor was applied to
fibers to create a sol-gel matrix, prior the immer-
sion of the fibers in AgNO,. Namely, we assumed
that the presence of a sol-gel matrix on cotton fibers
will increase their concentration of Ag Ps, as well as
enhance their coating durability in comparison to
fibers with no sol-gel matrix. The chemically modi-
fied cotton fibers were characterized by scanning
electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS). Their antibacterial prop-
erties were investigated against the Gram-positive
Staphylococcus aureus and the Gram-negative Es-
cherichia coli bacteria. Their ultraviolet (UV) pro-
tection properties were determined in terms of the
ultraviolet protection factor (UPF). An important
goal of the research was also to determine the wash-
ing fastness of the coating.

2 Experimental

2.1 Materials

Alkaline-scoured, bleached, and mercerized 100%
cotton plain-weave fabric (Tekstina d.o.o., Ajdov-
§¢ina, Slovenia), with a mass per unit area of 119 g/m?,
was used for chemical modification. To create a sol-
gel matrix on the cotton fabric, iSys MTX (CHT R.

Tekstilec, 2020, 63(1),4-13



Beitlich GmbH, Tiibingen, Germany), a reactive or-
ganic-inorganic sol, which is miscible with water
at every ratio, was used in combination with Kol-
lasol CDO, an anti-foaming agent (CHT R. Be-
itlich GmbH, Tiibingen, Germany). Silver nitrate
(AgNO;; 99.98%, Sigma Aldrich) was used as a sil-
ver precursor. Fresh leaves of sumac were supplied
by the public holding company, JP VOKA SNAGA
d.o.o. All solutions were prepared in double-dis-
tilled water.

2.2 Preparation of the sumac leaf extract
solution

First, 20 g of dried sumac leaves were crushed and

poured with 1000 ml of water. The mixture was

heated to 98 °C and let to boil for 20 min at a gentle

boiling. Afterwards, the extract was filtered and

cooled at room temperature.

2.3 Chemical modification of the cotton fabric
The modification of the cotton fabric samples was
performed in a two-step procedure (Figure 1).
Firstly, 15 g/l iSys MTX in the combination with 1
g/l Kollasol CDO were prepared in double-dis-
tilled water and applied to the cotton samples by a
pad-dry-cure method, including full immersion at
room temperature, a wet-pick-up of 80%, drying
at 100 °C and curing for 3 min at 150 °C. The con-
centrations of the agents and the application con-
ditions were those recommended by the producer.
After the treatment, the samples were left for sev-
en days under standard atmospheric conditions
(65% + 2% relative humidity and 20 °C + 1 °C) to
allow for a complete sol-gel matrix formation. In
the second step, the samples without and the sam-
ples with the sol-gel matrix were immersed in a
1.0 x 10> M AgNO; solution, at a liquor ratio of
1:25, and treated for 10 min at 60 °C under con-
stant stirring in a Girowash machine (James Heal,
GB). Then, the sumac leaf extract solution was add-
ed, until the liquor ratio was 1:50, and the samples
were treated in the solution for 60 min under the
same conditions. For comparison, the fabric sam-
ples were treated with the sumac leaf extract solu-
tion, without the previous application of AgNO,.
After the treatment, the samples were rinsed in
cold distilled water, squeezed and dried at room
temperature. The procedures of the chemical mod-
ifications of the fabric samples and the correspond-
ing sample codes are summarized in Table 1.

Tailoring of Antibacterial and UV-protective Cotton Fabric by an
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1 step
— i
SysMTX P fa-tihy  AgNOs +
ity Sumac extract
co Co-M CO-M/Ag-S

Figure I: Schematic presentation of the procedure of cot-
ton fabric chemical modification (Ag represents Ag P)

Table 1: Sample codes according to the chemical mod-
ification of the cotton fabric

Sample Description of chemical
code modification

CO No modification

CO-M Application of iSys MTX in
combination with Kollasol CDO

CO/S Treatment of CO sample in sumac
leaves extract solution without prior
application of AgNO,

CO-M/S | Treatment of CO-M sample in
sumac leaves extract solution
without prior application of AgNO,

CO/Ag-S | Application of AgNO; to the CO
sample followed by the sample
treatment in sumac leaves extract
solution

CO-M/ Application of AgNO, to the CO-M

Ag-S sample followed by the sample
treatment in sumac leaves extract
solution

2.4 Analyses and measurements
2.4.1 Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS)

Untreated and chemically modified cotton fabric
samples were analyzed using a field emission scan-
ning electron microscope, FEG-SEM Thermo Scien-
tific Quattro S (ThermoFischer Scientific, USA). The
sample analysis was performed using an Oxford In-
struments Ultim Max 65 Energy-dispersive Detector
(EDS) and AZtec software. The samples were coated
with a thin layer of carbon before observation to pro-
vide conductivity and hence the quality of the images.

2.4.2 Antibacterial activity

The bacterial reduction on the functionalized sam-
ples was evaluated against the Gram-positive Staphy-
lococcus aureus (ATCC 6538) and the Gram-negative

Tekstilec, 2020, 63(1),4-13



Escherichia coli (ATCC 25922) bacteria, according to
the standard method, ASTM E 2149-01. The reduc-
tion in the number of bacteria, R, was calculated as
follows [20]:

_(B-4)

R=""3

x 100 (%) (1),
where R is the bacterial reduction, A is the number
of bacteria colony forming units per ml (CFU/ml)
in a flask containing a chemically modified sample,
after 1 hour of contact time, and B is the number of
bacteria colony forming units per ml (CFU/ml) in a
flask containing an unmodified reference sample,
after 1 hour of contact time. Two parallel assess-
ments with eight CFU counts were carried out for
each functionalized sample and the R value was re-
ported as the mean value and the standard error.

2.4.3 UV protection properties

The UV protection properties of untreated and
chemically modified cotton fabric samples, before
and after repetitive washings, were determined ac-
cording to the AATCC TM 183 standard. The meas-
urements were performed using a Varian CARY 1E
UV/Vis spectrophotometer (Varian, Australia), con-
taining a DRA-CA-301 integration sphere and Solar
Screen software. The transmission of the ultraviolet
radiation through the samples were measured with-
in the 280-400 nm spectral region, and the average
transmittance (T) at the wavelengths between 315
nm and 400 nm (UV-A), 280 nm and 315 nm
(UV-B) and 280 nm and 400 nm (UV-R) were deter-
mined from the measurements. The ultraviolet pro-
tection factor (UPF) was calculated as follows [21]:

400

L= g0 EaXSix A

UPF =" ),
=290 B X S x Ty x A4

where E, is the relative erythemal spectral effective-
ness, S, is the solar spectral irradiance, T, is the
spectral transmittance of the specimen, and AA is
the measured wavelength interval in nm. The high-
er the UPF, the higher the protection. The UPF rat-
ing and UVR protection categories were determined
from the calculated UPF values, according to the
Australian/New Zealand Standard: Sun protective
clothing - Evaluation and classification [22]. Addi-
tionally, the transmission of the samples was meas-
ured within the 280-800 nm spectral region with
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the use of the UV/Vis spectrophotometer Lambda
800 (Perkin Elmer, UK) equipped by the integrating
sphere PELA-1000.

2.4.4 Washing fastness

The fabric samples were washed once (1 W) and 5
times (5 W) in a Girowash machine (James Heal,
GB), according to the ISO 105-C06 standard method.
The washing cycles were performed in a SDC stand-
ard detergent solution, at a concentration of 4 g/l, at
40 °C for 45 min. After washing, the samples were
rinsed in distilled water at 40 °C for 1 min, subse-
quently rinsed in tap water, and then dried in air at
room temperature.

24.5 Colour measurements

The CIELAB color coordinates of the untreated and
chemically modified cotton samples, before and af-
ter repetitive washings and illumination, were de-
termined using a Datacolor Spectraflash 600 PLUS-
CT spectrophotometer. The measurements were
performed with a 30-mm aperture under D, illu-
mination and an observation angle of 10°. The aver-
age of ten measurements was provided for each
sample, and the color difference, AE*, was calculat-
ed using the following equation [23]:

AE%, =[(AL*)? + (Aa*)* + (Ab*)2 (3),
where AL*, Aa* and Ab* are differences between the
color coordinates of the two samples.

3 Results and discussion

3.1 Sample characterization

The SEM/BSE images, shown in Figure 2, revealed
numerous bright spots on the surface of the CO/
Ag-S and CO-M/Ag-S samples, confirming that the
presence of phenols, such as gallic acid, myricetin
and quercetin derivatives, myricetin 3-rhamnoside,
quercetin 3-glucoside as well as penta to decagal-
loyl-glucosides in the sumac leaf extract [18, 19, 24],
successfully converted Ag* to Ag® in the reduction
reaction. The results also show that the application
of a sol-gel matrix (CO-M sample) did not signifi-
cantly change the fiber surface morphology, but it
importantly influenced the adsorption ability of Ag*.
A comparison of CO/Ag-S and CO-M/Ag-S clearly
showed that the amount of Ag was significantly

Tekstilec, 2020, 63(1),4-13
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B0
Ag: 71.8 wt%
0: 26.7 wt%
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(R R (R MR
& 7

d)

Figure 3: EDS spectrum acquired from Ag particles (a) and element mapping images of C (b), Ag (c) and O (d)
on the CO-M/Ag-S sample
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higher on the CO-M/Ag-S sample with the incorpo-
rated sol-gel matrix than on the CO/Ag-S sample
without the sol-gel matrix.

The presence and distribution of the Ag element on
the surface of the CO-M/Ag-S sample was con-
firmed by the EDS spectrum and element mapping
images of C, Ag and O (Figure 3). The EDS spec-
trum showed a strong characteristic peak, corre-
sponding to Ag at 2.984 keV. Furthermore, the ele-
ment mapping images suggested that Ag was rather
homogeneously distributed on the fiber surface,
along with the intrinsic elements, C and O.

3.2 Functional properties of the chemically
modified samples

The photo images of the untreated and chemically
modified cotton fabric samples, shown in Figure 4,
revealed that the application of the sol-gel matrix did
not cause a visible color change in the cotton fibers,
which generally remained white. In contrast, the
treatment of cellulose fibers with sumac leaf extract
colored the CO/S and CO-M/S samples in yellow (an
increase in the positive value of the coordinate b*),
which was slightly more yellow, if the sol-gel matrix

co co-M
[* =94.46, 1*=9538,
a* =-0.16, a*=-0.32,
b* =172 b* =2.76
co/s co-M/s
L*=85091, L* = 83.09,
a* =-0.38, a* =-0.20,
b* =14.02 b* =16.27

CO/Ag-S

L*=5123,
a*=254,
b*=13.59

L*=41.48,
a* =1.87,
b* = 10.98

Figure 4: Photo images of the CO, CO-M, CO/S, CO-
M/S, CO/Ag-S and CO-M/Ag-S samples
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was present (CO-M/S sample). The in situ synthesis
of Ag Ps in the presence of the sumac leaf extract
converted the yellow color of the cotton fibers into a
brown color, caused by a decrease in the values of the
L* and b* coordinates, as well as a change of the a*
coordinate sign from negative to positive. The color
change was more intense for the CO-M/Ag-S sample
than for CO/Ag-S sample. These results clearly indi-
cated that the presence of the sol-gel matrix increased
the adsorption ability of the cotton fibers, for both
the sumac leaf extract and AgNO,, and that the re-
duction of Ag* to Ag® was accompanied by an in-
tense color change. The latter was in accordance with
the reports in the literature, in which the color change
of the solution or of the textile substrates was chosen
as the criteria for the formation of Ag Ps [25].

The antibacterial properties, presented in Figure 5,
showed that not only Ag Ps (the CO-M/Ag-S sam-
ple), but also the sumac leaf extract (the CO-M/S
sample) exhibited antibacterial activity. While the
concentration of Ag on the cotton fibers was high
enough to cause a 99-100% reduction of both E. coli
and S. aureus bacteria, the phenolic compounds
present in the water extract of the sumac leaves
caused an excellent 99% growth reduction of S. au-
reus. On the other hand, the sumac leaf extract did
not inhibit the growth of E. coli, but in contrast, it
even promoted the bacterial growth which resulted
in negative values of R. These findings were reasona-
ble, since the substances in the sumac water and alco-
hol extracts are, in general, recognized as strong anti-
bacterial agents against Gram-positive bacteria. The
results also showed that the antibacterial activity of
the CO-M/Ag-S sample was highly wash resistant,
since a 100% bacterial reduction was obtained after
five washings. This phenomenon was not observed
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Figure 5: Reduction, R, of E. coli and S. aureus bacte-
ria for the CO-M/S and CO-M/Ag-S samples, before
(0 W) and after one (1 W) and five (5 W) consecu-
tive washings
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for the CO-M/S sample, where the antibacterial sub-
stances were partially desorbed from the cotton fibers
during the washing of the sample. A desorption of
the sumac extract during repetitive washing resulted
in a lightening of the color, which is expressed by the
values of AEY, in Figure 6. The lowest color change
was determined for the CO-M/Ag-S sample, suggest-
ing the durability of the chemical modification.

10.0
BE1W O5W
8.0
2 6.0
L
4 a0 H
A I
0o [l |l
co/s CO-M/S CO/Ag-S CO-M/Ag-S
Sample

Figure 6: Color difference, AEY, of the CO/S, CO-
M/S, CO/Ag-S and CO-M/Ag-S samples, unwashed
and washed once (1W) and five (5 W) times

The results in Figure 7 revealed that the presence of
the sumac leaf extract (CO/S and CO-M/S sam-
ples) significantly decreased the transmission in
the 280-400 nm spectral region in comparison to
the CO and CO-M samples. This was attributed to
the UV absorbing action of the aromatic phenolic
compounds included in the sumac leaf extract. In
the visible light spectrum (400-800 nm), the trans-
mission of CO/S and CO-M/S samples gradually
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increased with increasing wavelength and almost
reached the values of 37-40 % in the 700-800 nm
spectral region, which were characteristic for the
CO and CO-M samples, respectively, in the whole
visible spectrum. These results confirmed that low-
er wavelengths of visible light were absorbed by the
yellow pigments of the sumac leaf extract. In con-
trast, the transmission of the CO/Ag-S and CO-M/
Ag-S samples was very low in both UV and visible
spectral region and it did not exceed 6 % even at
800 nm. This phenomenon implies that the brown
colored Ag Ps successfully prevented the transmis-
sion in the whole measured spectral region.

The calculated UPF values summarized in Table 2
are in accordance with the results presented in Fig-
ure 7. Accordingly, the presence of the sumac leaf
extract drastically increased the UPF, from 3.9 to
44.44, and this value was increased if the sol-gel ma-
trix (the CO-M/S sample) and Ag Ps (the CO/Ag-S
and CO-M/Ag-S samples) were present on the cot-
ton fibers. These results clearly indicate the excel-
lent UV-protection properties of the sumac leaf ex-
tract. While the UPF of the CO/S, CO-M/S, CO/
Ag-S samples gradually decreased after subsequent
washings (Figure 8) due to the sumac leaf extract
desorption, the UPF of CO-M/Ag-S sample re-
mained unchanged even after 5 washings, with a
value of 66.5. This suggests that the interactions be-
tween the substances of the sumac leaf extract and
Ag Ps, embedded in the sol-gel matrix, were strong
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Figure 7: Transmission, T, versus wavelength, A, for the CO, CO-M, CO/Ag-S and CO-M/Ag-S samples
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Table 2: Mean ultraviolet protection factor, UPF, UPF rating and UVR protection categories for the untreated

and differently coated samples

Sample Mean | T(UVA) | T(UVB) | T(UVR) UV{X UVB UPF UVB

code UPE (%) (%) (%) blocking | blocking Tithiigg protection
(%) (%) categorya)

CO 3.90 29.06 24.78 27.75 70.62 75.12 4 N

CO-M 4.63 26.61 20.14 24.40 73.39 79.65 5 N

CO/S 44.44 5.10 1.79 4.12 94.89 98.18 40 E

CO-M/S 50.91 4.24 1.66 3.63 95.82 98.35 50 E

CO/Ag-S 66.1 2.06 1.35 1.73 97.96 98.69 70 E

CO-M/Ag-S| 66.46 1.63 1.30 1.48 98.42 98.76 70 E

3) N - non-rateable; E — excellent

enough to provide a durable coating. However, to
be able to discuss this phenomenon in more detail,
some additional investigations of the chemical com-
positions of the coating should be carried out.
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Figure 8: Ultraviolet protection factor, UPE, of the
CO, CO-M, CO/S, CO-M/S, CO/Ag-S and CO-M/
Ag-S samples before (0 W) and after one (1W) and
five (5 W) repetitive washings

4 Conclusion

In this research, we successfully created a highly du-

rable antimicrobial and UV-protective coating on

cellulose fibers by an in situ synthesis of Ag Ps in the
presence of an extract of sumac leaves, which was
used as a reducing agent. The results showed that:

- the sumac leaf extract colored the cellulose fibers
in yellow, and the conversion of Ag cations to Ag
Ps in the presence of the sumac leaf extract
caused the fiber to be colored in brown;

- the concentration of Ag on the cotton fibers was
high enough to cause a 99-100% reduction of
both E. coli and S. aureus bacteria;

- the sumac leaf extract exhibited excellent anti-
bacterial activity against S. aureus but did not in-
hibit the growth of E. coli;

— the sumac leaf extract provided high UV-protec-
tion, with a UPF value equal to 44.44, which was
increased to 66.7, if Ag Ps were present on the
cellulose fibers;

— the presence of the sol-gel matrix increased the
adhesion ability of the cellulose fibers for the su-
mac leaf extract and Ag cations, resulting in an
increased antibacterial activity and UV-protec-
tion properties of the chemically modified fibers,
as well as their washing fastness.
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Abstract

This work deals with the study of the oil sorption behaviour of needlepunched nonwoven fabrics produced
from natural fibres such as cotton, cotton flat waste, cotton/kapok blend, and nettle fibres. Polypropylene
nonwoven fabric, which is used as a commercial oil sorbent, was also prepared using the same needling
parameters for comparison purposes. The effect of the type of fibre, oil, and fabric parameters on oil sorp-
tion and retention capacities was investigated. All of the fabrics displayed higher oil sorption capacities for
engine oil (high viscosity) than diesel oil (low viscosity). Among natural fibre nonwovens, cotton and cot-
ton/kapok nonwovens displayed higher oil sorption capacities than that of polypropylene nonwovens, while
nettle fibre nonwoven fabric displayed poor oil sorption capacity. An increase in kapok content in cotton/
kapok nonwovens led to an increase in oil sorption behaviour. More than 95% of the diesel oils adsorbed
by the nonwoven fabrics could be recovered by simple compression. Oil sorption capacity of the nonwo-
vens were reduced significantly during repetitive cycles of use due to higher thickness loss. This study indi-
cated that cotton and cotton/kapok nonwovens displayed better oil sorption behaviour than polypropyl-
ene, and may be used as an alternative natural oil sorbent material.

Keywords: biodegradable oil sorbent, recovery of sea-water oil, sustainable textile, oleophilicity, oil spill

Izvlecek

V ¢lanku je predstavijena studija ucinkovitosti iglanih viaknovin za sorpcijo olj, izdelanih iz naravnih viaken, tji. bom-
baza, bombaznih odpadkov iz predilnic, meSanice bombaZ/kapok in iz viaken koprive. Pri enakih pogojih je bila
za primerjavo izdelana tudi polipropilenska vlaknovina, saj so polipropilenske viaknovine komercialni oljni sorben-
ti. Preucevan je bil vpliv vrste viaken in olj ter parametri viaknovin na sorpcijo in sposobnost zadrzevanja olja. Vse
vlaknovine so absorbirale vecje kolicine motornega (visoka viskoznost) kot dizelskega olja (nizka viskoznost). Med
vlaknovinami iz naravnih viaken so vecjo sorpcijo olja dosegle bombazne viaknovine in viaknovine iz mesanice
bombaz/kapok kot polipropilenska viaknovina. Pri tem pa je viaknovina iz viaken koprive dosegla najnizjo sorpci-
Jjo olja. Povecanje vsebnosti kapoka v viaknovinah iz mesanice bombaZ/kapok je vplivalo na povecanje sorpcije
olja. Vec kot 95 % dizelskih olj, ki so jih absorbirale viaknovine, je bilo ponovno pridobljeno s preprostim stiskanjem.
Pri ponovni uporabi viaknovin so se zaradi zmanjsanja debeline njihove sorpcijske zmogljivosti zelo poslabsale.
Raziskava dokazuje, da imajo viaknovine iz bombaZa in mesanice bombaZ/kapok boljse sposobnosti sorpcije olja
kot vlaknovina iz polipropilena in bi se zato lahko uporabljale kot alternativni naravni sorbenti.

Kliucne besede: biorazgradijivi oljni sorbenti, zbiranje olja iz morske vode, hitrost sorpcije olja, trajnostni tekstil, ole-
ofilnost, razlitje olja
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1 Introduction

Oil spills generally occur on the ocean’s surface and
also in nearby land areas due to tanker disasters,
wars, operational failure, equipment failure, acci-
dents and natural disasters during the production,
transportation, storage and use of oil [1-3]. It is a
serious problem that causes environmental and eco-
logical imbalance, as well as financial loss. The im-
mediate and effective decontamination and clean-
up of spilled oils are necessary in order to protect
the environment and human health [4]. Various
methods are available for oil spill clean-up, such as
mechanical recovery, dispersants, burning, etc.
However, not a single system has been found to be
completely effective. Oil spill clean-up through oil
sorption using sorbents is one of the most efficient
and economical methods [5-6].

Commercially, polypropylene is most widely used
as oil sorbents due to its oleophilic and hydrophobic
characteristics, but it is non-biodegradable [7-8].
This presents a great challenge in the disposal of the
sorbent after usage [9]. The use of natural fibres
such as milkweed, kapok, cotton, wool, flax, ramie,
etc., as oil sorbents has been reported [10-16]. Cot-
ton fibre was studied for oil sorption behaviour and
reported to have higher oil sorption capacity than
polypropylene fibre [17]. The crude oil sorption ca-
pacity of low-micronaire cotton is also significantly
higher than that of high-micronaire cotton because
it contains a higher number immature fibres [4, 18].
Milkweed and kapok fibres were reported to exhibit
better oil sorption behaviour than the rest of the
above-mentioned fibres. Higher surface waxes and
non-collapsing lumens are believed to be the reason
[9, 17]. Kapok/polypropylene blend needlepunched
nonwovens were investigated as oil sorbents. It was
reported that a 50/50 blend ratio of kapok and poly-
propylene demonstrated higher oil sorption [19].
Choi, Kwon, and Moreau investigated cotton/poly-
propylene blend needlepunched nonwovens as oil
sorbents, and reported that an increase in cotton
content increases oil sorption capacity [17]. Nettle
fibre was also tested as another alternative material
due to its hollow structure and the presence of sur-
face waxes [20].

Loose fibres demonstrated a higher oil sorption ca-
pacity than structured fibrous assemblies due to a
less effective or accessible fibre surface area [21].
The collection of fibres in loose form from a spill
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area after use has been found to be a challenge.
Hence, the nonwoven form is the best choice where
the accessible fibre surface area is closer to loose fi-
bres due to structural openness and the easy collec-
tion of nonwovens after use [9]. The oil sorbent
characteristics of stitch-bonded, needlepunched and
spunlaced nonwovens based on polypropylene were
investigated. It was determined that porosity, pore
size, and fibre fineness are important parameters for
oil sorption [6]. However, the oil sorption behav-
iour of nonwovens does not depend on web form-
ing technologies such as carding and air-laid tech-
niques [9].

Based on literature review it is understood that as
natural resources, immature cotton, kapok and net-
tle fibres may have great potential of oil sorption
from seawater. Cotton flat waste has immature fi-
bres in majority and may be a potential candidate
for oil sorption. But it is not explored for this appli-
cation. There is lack of information in literature on
oil sorption capacity of needlepunched nonwovens
made of cotton flat waste, cotton/kapok blend and
nettle fibres.

Therefore, in this work, needlepunched nonwo-
vens were produced from cotton, cotton flat waste,
cotton/kapok blend of three different proportions,
nettle and polypropylene fibres using the same
needling parameters. Oil sorption behaviour, me-
chanical properties, and the re-usability of all these
nonwoven specimens were tested and compared
with polypropylene nonwoven to find a sustainable
alternative of the same.

2 Experimental

2.1 Materials

The raw materials used for this work were cotton,
cotton flat waste (collected from carding machine
during spinning of the cotton fibre), kapok, nettle
(Girardinia diversifolia) and polypropylene fibres.
The African variety of cotton, its flat waste and vir-
gin polypropylene fibres (3.33 dtex, 50 mm cut
length) were collected from local industrial produc-
ers in Punjab, India. Properties of cotton, cotton flat
waste and kapok were measured using a high vol-
ume instrument (HVI) and advanced fibre informa-
tion system (AFIS) (Table 1). The nettle fibre (fine-
ness 1.4 dtex and 50 mm cut length) was purchased
from the Uttaranchal Bamboo and Fibre Develop-
ment Board, India. The kapok was collected from
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Table 1: Fibre properties measured by AFIS/HVI

Performance of Natural Fibre Nonwoven for Oil Sorption from
Sea Water

Fibre properties (Measured by AFIS/HVI)
Fibre type 5% L(N)® | SEC (N)® | SFC (W)Y Fineness Maturity IFCY (%)
(mm) (%) (%) (mtex) (%)
Cotton 33.6 20.8 7.1 165 91 6.5
Cotton flat waste 27.7 67.8 37.0 144 74 16.4
Kapok 19.7 67.1 45.8 125 78 12.6

2 5% AFIS fibre length, ) short fibre content by number, 9 short fibre content by weight, ¥ immature fibre content

industrial producers in Coimbatore, India. Engine
oil (high viscosity) and diesel (low viscosity) were
used to conduct oil sorption testing. The specifica-
tions of the oils are given in Table 2.

Table 2: Specification of oils

. Viscosity at Density at
Oltype | 400C (mm2s) | 15°C (kg/dm?)
Engine oil 121 0.95
Diesel 2.5 0.82

2.2 Sample preparation

All needlepunched nonwoven samples were pre-
pared using a DILO (Germany) needlepunching
machine using a punch density of 50 punches/cm?,
a needle depth penetration of 8 mm, and a mass per
unit area of 200 g/m?. Parallel- and cross-laid non-
wovens were prepared for 100% cotton fibre only. A
cross lapper was used for the preparation of cross-
laid nonwovens. The compositions of all prepared
nonwoven samples are shown in Table 3.

2.3 Methods

2.3.1 Measurement of nonwoven properties

The mass per unit area of the nonwoven samples was
determined according to the ASTM D6242-98 stand-
ard. The nonwoven fabric thickness was determined
according to the ASTM D5729-97 standard at a pres-
sure of 4.14 kPa. The bulk density (kg/m?) of nonwo-
ven samples was calculated using equation 1.

3
Wx 10 (1),

Bulk density = ;

where W is the mass per unit area of the sample (g/m?)
and ¢ is the thickness of the sample (m).

The porosity and pore size distribution of the non-
woven fabrics were measured using a capillary flow
porometer (CFP-1100-AEHXL, PMI Inc.). The
measurements were carried out in a dry-up/wet-up
test mode using a Galwick solution (surface tension
15.9 mN/m) to saturate the samples after the dry
test. The minimum, maximum, average pore diame-
ters and pore size distribution of all samples were
measured.

Table 3: Composition of needlepunched nonwoven fabrics

No. Sample code Sample description
1 S1CP Nonwoven made of 100% cotton, parallel-laid
2 S2CC Nonwoven made of 100% cotton, cross-laid
3 S3FW Nonwoven made of 100% cotton flat waste
4 S4C/K Nonwoven made of 30% cotton and 70 % kapok fibre
5 S5C/K Nonwoven made of 50% cotton and 50 % kapok fibre
6 S6C/K Nonwoven made of 70% cotton and 30 % kapok fibre
7 S7PP Nonwoven made of 100% polypropylene fibre
8 S8NF Nonwoven made of 100% nettle fibre
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The tensile strength and breaking elongation in ma-
chine direction and in a cross direction of nonwo-
ven fabrics was measured using a universal testing
machine (Zwick) according to the ASTM D 5035-
09 standard and the CRE principle, with a sample
size of 20 cm X 10 cm, gauge length of 75 mm and
testing speed of 300 mm/min.

2.3.2 Measurement of oil sorption capacity

The ASTM F716-82 (sorbent performance of absorb-
ents) and ASTM 726-81 (sorbent performance of ad-
sorbents) standards were followed for measurement
of oil sorption capacity of the prepared nonwoven
samples. The testing procedure of oil sorption capaci-
ty was classified in two ways: (a) oil sorption from oil
in an artificial seawater bath; and (b) oil sorption
from an oil bath. The artificial seawater bath was pre-
pared according to the AATCC 106-8 standard.

a) Measurement of oil sorption from oil bath

To study the oil sorption capacity of oil sorbents with-
out a water medium, a simple procedure was used. 60 g
of sample oil was placed in a 1000 ml size glass beaker,
and the dry nonwoven specimen was immersed in the
oil for 10 minutes. As a result, the nonwoven speci-
men was soaked with the oil and the excess oil was al-
lowed to drain by free hanging the soaked specimen
vertically for 5 minutes. The specimen was then
weighed. The oil sorption capacity of sorbents nonwo-
ven was determined using equation 2.

Wso‘Wszmo

s O

Oil sorption capacity =
where Wyis the mass (g) of a dry and fresh nonwo-
ven, W, is the mass (g) of the nonwoven saturated
with oil and W, is the mass (g) of oil soaked by the
nonwoven.

b) Measurement of oil sorption from artificial sea
water bath in static and dynamic conditions

One litre of artificial seawater was prepared by dis-
solving 30 g of sodium chloride and 5 g of magnesi-
um chloride anhydride in 1000 ml of distilled water.
500 ml of this artificial seawater was poured in a
1000 ml size beaker and 50 g of sample oil was add-
ed to it and stirred with a digital magnetic stirrer
(Cole Parmer) at 200 rpm, for 5 minutes to prepare
an oil in a water emulsion.

A dry nonwoven specimen of known weight (1,)
was immersed in the emulsion beaker for 10 min for
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soaking in static condition. In case of dynamic condi-
tion of test, after immersing the dry sample into the
emulsion beaker stirring was conducted using the
same stirrer for 10 minutes at a frequency of 50 cy-
cles/minute to simulate the actual ocean waves. After
soaking, the specimen was taken out of the beaker
and hanged vertically for 5 min so that excess solution
can be drained out of the specimen. After that weight
of the soaked specimen (mf) was taken for analysis.
The amount of sorbed solution was extracted from
the soaked specimen by squeezing with a roller
squeezer at a roller pressure of 1.5 kg/cm2 and col-
lected. The solution contained both oil and water,
from which the water (mw) was separated using a
separation funnel. Hence, the oil sorption capacity of
sorbent material was determined using equation 3.

Oil sorption capacity = my= (m, + m,) (3),

mG

where m;is the mass (g) of the soaked specimen af-
ter draining, m, is the initial dry mass (g) of the
specimen and m,, is the water content (g) extracted
from the specimen.

2.3.3 Theoretically defined oil sorption capacity

The oil sorption capacity of all nonwoven samples
was also calculated theoretically and compared with
experimental value. The theoretical oil sorption ca-
pacity of nonwovens indicates the maximum oil
that a nonwoven fabric can adsorb. It is assumed
that when all the pores in the nonwovens are filled
with oils, the theoretical oil sorption capacity can be
calculated using equation 4 [22].

Theoretical oil sorption capacity = Yp X Pi (4),
Ve X Py

where V, and Vindicate the volume of pores (equa-
tion 6) and fibres (equation 7) in the nonwovens,
and p; and p;represent the density of oil and fibre
respectively.

The volume of pores (V,) in a given fabric volume
(V) can be calculated from the porosity of the fab-
ric (equation 5).

_1_ PF
pP= Py (5),

where p and p, represent the bulk density of fabric
and density of fibre respectively.

V,=PxVp (6)
Vi= (V- V,) &)
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2.3.4 Calculation of normalised oil sorption capacity

All nonwovens produced for this study had differ-
ent levels of porosity with fibres of varying density.
It was thus necessary to normalise the oil sorption
capacity for comparison purposes. Normalised oil
sorption capacities provide information about the
effect of fibre characteristics (oleophilicity, contact
angle and surface tension). The normalised oil sorp-
tion capacity can be expressed using equation 8 [9].

Normalised oil sorption capacity =

_ Expermental oil sorption capacity (1 - ¢) ps
- ¢ p;

where ¢ denotes the porosity, p; and p;represent the
density of oil and fibre respectively.

(8),

2.3.5 Measurement of rate of oil release from sorbed
nonwovens

Drainage/release of excess oil after soaking from oil
bath by nonwoven specimens was measured by
hanging the specimens freely in vertical manner so
that loose oil can be drained automatically with
time. The amount of oil releases from the specimens
was calculated by measuring gradual weight loss of
the soaked samples after various interval viz. 0, 1, 3,
5, 7, 10, 20 and 30 minutes. The amount of oil re-
tained was determined by taking the difference be-
tween the initial weight of the soaked nonwoven
specimen and the weight of the specimen after
drainage for predetermined time.

2.3.6 Measurement of oil sorption rate

The sorption rate is defined as the amount of oil
adsorbed by the nonwovens from oil bath over a
period of time. An experimental setup was fabri-
cated to measure the sorption rate of the nonwo-
ven specimens. The experimental setup is shown
in Figure 1. A reservoir with oil was placed over
an electronic scale that was connected to a compu-
ter. The known weight of the specimen was placed
over a mesh. The mesh was connected with a ver-
tical rod that hung vertically from the wicking ap-
paratus. The bottom surface of the specimen was
then placed in contact with oil in the reservoir, as
shown in Figure 1. The oil from the reservoir pen-
etrated into the specimen due to wicking/capillary
pressure. The change in weight of the reservoir was
recorded over time and thus the sorption rate over
time was calculated.

Performance of Natural Fibre Nonwoven for Oil Sorption from
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Vertical rod

Wicking
apparatus

QOil reservoir | |- Sample

“Electronic
balance

Figure 1: Instrumental setup for measurement of
sorption rate

2.3.7 Measurement of recovery of absorbed oil

Oil recovery is defined as the ratio of the amount
of oil recovered from a soaked specimen by me-
chanical squeezing to the total amount of oil
soaked by the specimen. Squeezing of soaked spec-
imens was conducted with the help of a squeezing
roller keeping a roller pressure of 1.5 kg/cm?. This
extracted amount of oil is recovered oil (W,). The
amount of oil soaked by the specimen (W) was
measured by the method discussed in section 2.3.2 a).
Then percentage recovery of oil was calculated by
equation 9.

w,
Oil recovery = Wr x 100 9)

[

3 Results and discussion

3.1 Nonwovens properties

An engineered fibre structure needlepunched non-
wovens are flexible thick sheets which are porous,
thick, bulky, and strong. They are developed in such
a way that they resemble a spongy low density fab-
rics, wherein textile fibres are loosely interlocked
via fibre entanglement without disturbing the active
surface area of fibres and capillary network between
the fibres much. No external adhesive was employed
for fibre bonding so that surface characteristics of
fibres, pore structure and capillary network are not
affected and the capillary network is responsible for
absorbing oil from seawater. Performance of non-
woven structure for any application depend on its
mass per unit area, thickness, tensile properties etc.
Average values of mass per unit area, thickness, ten-
sile strength and breaking elongation in machine
and cross directions of prepared nonwoven samples
are reported in Table 4.
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Table 4: Structural properties of nonwovens
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Machine L.
. Cross direction
Sample | Sample Sample GSM®) t) direction
No. code description (g/m?) | (mm) F,.© &, F,.© &,
(N/m) (%) (N/m) (%)
1 SI1CP Cotton parallel-laid 181.63 4.33 255.00 71.98 121.96 | 118.58
2 S2CC Cotton cross-laid 187.35 3.86 117.52 | 127.74 265.20 69.68
3 S3FW Cotton flat waste 187.18 3.65 119.48 64.12 55.92 96.06
4 S4C/K | Cotton/kapok (30/70) | 181.78 5.33 66.24 50.42 54.28 92.16
5 S5C/K | Cotton/kapok (50/50) | 181.60 4.72 141.56 59.46 80.16 95.94
6 S6C/K | Cotton/kapok (70/30) | 182.62 4.22 179.32 75.74 98.36 | 102.14
7 S7PP Polypropylene 289.49 7.30 9496.00 | 118.76 | 4348.00 | 130.80
8 S8NF Nettle 287.20 2.43 1206.00 32.48 585.20 75.54
4 mass per unit area, ® thickness, © tensile strength, 9 breaking elongation
60 s
The results depict that all nonwoven specimens are o 3 N ] =EnginerDiesel
sufficient thick and strong for the application of 0il = 50 5 g n 5 § § o
spill clean-up from seawater. g S 3 S
‘S 40 o N
; ; . g < N ~ 2
3.2 Oil sorption capacity of nonwovens from 8 o M s s IR
X 30{ [2 N I
oil bath 5 S S = T
The oil sorption capacities of all nonwovens were & 5 ! - | ; -
determined for engine oil and diesel from oil baths. g | L 3 3
! g
The results are graphically represented in Figure 2. 10 | ©
i il
All the nonwovens displayed higher oil sorption ca- i ] | j | _ gl
0°S1CP 52CC S3FW SAC/K S5C/K S6C/K S7PP SBNF

pacity for high viscosity oil (engine oil) than that of
low viscosity oil (diesel).

It can be observed from Figure 2 that, among all
types of nonwovens, the cotton/kapok blended
nonwovens exhibited the highest oil sorption ca-
pacity. The oil sorption capacity increased with an
increase in kapok content (samples S6—54). This is
due to the lower bulk density of kapok enriched
nonwovens and oleophilic nature of the kapok fi-
bres. Porosity and bulk density of all nonwovens
are shown in Figure 3 and Figure 4 respectively.
Good correlation has been observed between oil
sorption capacity of the nonwovens and their po-
rosity. Coeflicients of correlation (r) between sorp-
tion capacity and porosity are found to be 0.92 and
0.97 for engine oil and diesel oil respectively. Ka-
pok fibres are oleophilic in nature and have good
affinity to oil. The oleophilicity is related to the
surface waxes of fibres and kapok has higher sur-
face waxes than cotton, that makes the kapok more
oleophilic [25].

Nonwoven samples

Figure 2: Oil sorption of different nonwovens from
the oil bath

1.00 7
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0.95§; 0.936
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0.94 1
0.93 1
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Figure 3: Porosity of nonwoven samples
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All of the cotton nonwovens displayed an oil sorp-
tion capacity just below kapok blended nonwo-
vens. The cotton flat waste nonwoven (S3FW) dis-
played significantly lower oil sorption than other
cotton nonwovens for both engine and diesel oil
because of the lower porosity and higher bulk den-
sity of the nonwovens, as shown in Figure 4. Good
negative correlation has been observed between
oil sorption capacity of the nonwovens and their
bulk density. Coeflicients of correlation (r) be-
tween sorption capacity and bulk density are
found to be -0.87 and -0.79 for engine oil and die-
sel oil respectively. The higher bulk density is at-
tributed to the higher number of short fibres in
cotton flat waste. The cotton cross-laid nonwovens
(S2CC) displayed significantly higher oil sorption
capacity than cotton parallel-laid (SICP) nonwo-
ven for high viscosity oil (engine oil). This might
be due to difference in fibre orientation. For lower
viscosity oil (diesel), both nonwovens displayed
similar oil sorption capacity.

The polypropylene nonwoven (S7PP) displayed sig-
nificantly lower oil sorption capacity than cotton
and cotton/kapok blend nonwovens. This can be ex-
plained as follows. The oil sorption capacity of a
nonwoven is generally influenced by the oleophilic
nature of the fibre, fibre fineness and the structure
of the nonwoven fabric prepared thereof. The ole-
ophilic nature of the fibre was one of the important
factors that favourably influenced oil sorption be-
haviour. A structure that facilitates capillary flow
should be able to adsorb more liquids. The capillary
flow through a structure depends on the number of
pores and their size in the structure. A structure
made of finer fibre should yield more pores but with
a smaller size. Thus, a structure made of finer fibre
is expected to have more oil retention capacity due
to higher capillary pressure. If the pore size is high-
er, then capillary pressure will be lower. In the
present experiment, the fineness of polypropylene
was 3.33 dtex, which was coarser than all other fi-
bres. Therefore, the nonwoven prepared by the poly-
propylene fibres had larger pores, which was experi-
mentally verified by the measurement of mean pore
diameters, as shown in Figure 5. Hence, oils drained
more easily due to a higher gravitational force than
capillary pressure on account of a larger pore size.
As a result, polypropylene nonwoven fabric dis-
played a lower oil sorption capacity than that of the
cotton and cotton/kapok nonwovens.

Performance of Natural Fibre Nonwoven for Oil Sorption from
Sea Water
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Figure 4: Bulk density of nonwovens
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Figure 5: Mean pore diameter of nonwovens

3.3 QOil sorption of nonwovens from artificial
sea water bath

Oil spills generally occur on the ocean’s surface and
in nearby land areas [1]. It was thus necessary to test
the oil sorption capacities from oil in a water bath.
The dynamic test conditions simulated the actual
condition of ocean waves. The oil sorption capaci-
ties of all nonwovens from the artificial seawater
bath for dynamic condition are shown in Figure 6
and on the Figure 7 the difference between oil sorp-
tion capacity from artificial seawater bath in static
and dynamic condition is given.

For high viscosity oil (engine oil), all nonwovens dis-
played higher oil sorption under static conditions than
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Figure 6: Oil sorption of nonwovens from artificial
seawater bath under dynamic conditions
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Figure 7: Difference between oil sorption of nonwo-
vens from the static oil bath and dynamic oil in an
artificial seawater bath

under dynamic conditions except polypropylene.
In dynamic condition the agitation hampered the
oil sorption mechanism. Polypropylene showed ex-
ceptional behaviour may be due to its hydropho-
bicity. For low viscosity oil (diesel), the cotton/ka-
pok nonwovens (S4-S6) displayed higher oil
sorption under static condition than that of dy-
namic condition due to the same reason as men-
tioned above. Exceptional behaviour observed in
case of cotton nonwovens because agitation helps
better penetration of oil inside these nonwoven
structures which are relatively compact due to bulk
density in higher side.

3.4 Difference between theoretical and
measured oil sorption capacity of
nonwovens

The oil sorption capacity of all nonwoven samples

was calculated theoretically from equation 4 and

then experimentally measured. The results of both
theoretical and experimental sorption capacities for
both high and low viscosity oil are represented in

Figures 8 and 9.

It is evident from these figures that for engine oil, actu-

al oil sorption capacity was higher than theoretical oil
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Figure 8: Theoretical and experimental oil sorption
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Figure 9: Theoretical and experimental oil sorption
capacity of low viscosity liquid (diesel)

sorption capacity for all kinds of nonwovens whereas
in case of diesel oil actual oil sorption was lower than
that of theoretical. When oil is sorbed by a nonwoven
structure the oil molecules are entered and occupied
all pores in fibre interstices as well as attached over the
surface of the nonwoven structure. As a result actual
oil sorption should be higher than the theoretical val-
ue that actually happened in case of high viscosity en-
gine oil. In case of low viscosity diesel oil due to poor
surface tension there was weak bonding between die-
sel oil molecules and fibre surface and therefore diesel
oil drain out easily from the nonwoven structure dur-
ing vertical hanging and as a result actual sorption ca-
pacity become lower than that of theoretical value.

3.5 Normalised oil sorption capacity

All nonwovens produced for this study had different
levels of porosity with fibres of varying density. Sorp-
tion capacity also depends on density of oil. For com-
parison purposes, it was thus necessary to normalise
the oil sorption capacity of nonwovens to nullify the
effect of density of sorbent fibres, sorbing oil and po-
rosity of the nonwoven structure. The normalised
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sorption capacities of all nonwovens are calculated as
per equation (8) and shown in Figure 10.
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Figure 10: Normalised oil sorption capacity of non-
wovens

Among cotton-based nonwovens (S1-S3), cotton
flat waste nonwoven fabric (S3FW) showed the
highest normalised oil sorption capacity. Though
the nonwoven fabric made of cotton flat waste had
more immature and shorter fibres resulting in low-
er porosity, a higher normalised oil sorption ca-
pacity was observed due to improved oleophilicity.
An immature fibre generally contains higher sur-
face waxes that improve its oleophilicity [23]. The
sorption capacity of fibres is influenced by their
oleophilic nature. In the case of cotton/kapok non-
wovens (S4-S6), the normalised oil sorption ca-
pacities were found to be close to that of cotton-
based nonwovens (S1-S3). This was due to both
the oleophilic nature of kapok fibres and higher
fabric porosity. Cotton/kapok nonwovens had a
higher porosity because of poor compaction dur-
ing needling on account of poor cohesiveness be-
tween kapok fibres [9, 18].

3.6 Oil sorption rate and rate of release of
engine oil from the nonwovens

The oil sorption rate of the nonwovens was meas-
ured for engine oil, and the results are shown in Fig-
ure 11.

It is evident that all nonwovens adsorb engine oil
more rapidly until 1 minute, followed by a slow-
down in next two minutes till the nonwovens fi-
nally becomes saturated within 5 minutes. The ini-
tial steep rise in oil sorption was due to the porous
structure of nonwovens that had small pores that
exerted high capillary pressure. The next gradual
rise in oil sorption might be attributed to larger
pores. This can be explained in light of the Young-
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Figure 11: Engine oil sorption of nonwovens with
time

Laplace equation of the relationship between cap-
illary pressure and pore radius, as shown in equa-
tion 10 [1-2].

_2ycost

rL'

(10),

where p indicates capillary pressure, r. represents
pore radius, ¢ denotes the oil contact angle and 7 in-
dicates surface tension of oil.

Hence, the oil sorption rate depends on the capillary
pressure, surface tension and contact angle of liquid,
while capillary pressure depends on the size of the
capillary. Therefore, the differences in the oil sorp-
tion rate among the nonwovens were due to the fi-
bre-oil contact angle and mean pore diameter of the
nonwovens. In the case of high viscosity oil, all cot-
ton nonwovens displayed a similar oil sorption rate
that was significantly lower than polypropylene non-
wovens (S7PP). The cotton parallel-laid (S1CP) and
cross-laid (S2CC) fabrics followed an almost similar
pattern of oil sorption. It is clear that the difference
in fibre orientation did not cause any significant dif-
ference in the oil sorption rate in the fabrics.

The release or draining-out of adsorbed oils from
the nonwovens due to free vertical hanging is ap-
proximately an inverse phenomena of oil sorption.
The oil release rate of all nonwovens for high viscos-
ity engine oil is shown in Figures 12. Each oil re-
lease curve consists of three distinct phases. First
phase is the initial stage of release that occurs with-
in 1 minute. The rate of release is highest during this
period. The second or transition phase occurs from
1 to 10 minutes. During this period, the rate of re-
lease decreased substantially. The third phase repre-
sents the steady-state period. In this period, the
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nonwoven sorbent tended to begin a descent to-
wards a steady state. High viscosity engine oil
drained very slowly from nonwovens, and thus
reached a steady-state after 10 minutes.

il retention capacity (g/g)

Time (min)

Figure 12: Release of engine oil from nonwovens with
time

3.7 Oil sorption rate and retention capacity
for diesel oil
The oil sorption rate of the nonwovens was meas-
ured for engine oil, and the results are shown in Fig-
ure 13. It is evident that nonwovens adsorb diesel
oil very fast and reach saturation within 10 seconds.
Low viscosity oil (diesel) would enter pores more
quickly than high viscosity oil (engine oil), which
leads to the quicker absorption of diesel oil. All non-
wovens displayed a slightly higher oil sorption rate
for lower viscosity oil (diesel) than high viscosity oil
(engine oil). High viscosity oils were not able to ad-
sorb upward through larger pores due to insufficient
capillary pressure. The heavier oil (engine oil) would
require a higher capillary pressure than lighter oil
(diesel) to raise the oil to a particular height. The
polypropylene nonwoven fabric (S7PP) displayed
similar oil sorption rates for both engine and diesel
oil, but the time taken to reach the saturation point
is higher for high viscosity oil (engine oil). It was
thus determined that the fibre type is a critical fac-
tor in determining the oil sorption rate.
The rate of release of diesel oil for all nonwovens is
shown in a Figure 14. Each of these curves consists
of two distinct phases. The first phase is the initial
stage of release, which occurs within 1 minute. The
rate of release is much high during this period. The
second or transition zone lasts from 1 to 10 min-
utes. During this period, the rate of release was
achieved a steady-state. Low viscosity oil (diesel)
drained from nonwovens more rapidly and reached
a steady-state quickly, i.e. within 1 minute.
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The sorption of low viscosity oil (Figure 11) by all
the nonwovens from the oil bath was quicker than
that of the high viscosity oil (Figure 13). Also, low
viscosity oil was found to drain away more rapidly
during the draining period (1 minute) (Figure 12),
while the draining of high viscosity oil was found to
be slow (Figure 14). This is the reason for the ulti-
mately higher oil sorption capacity for high viscosi-
ty oil exhibited by all kinds of nonwoven specimens.

3.8 Recovery of oil and reusability

The sorbed oil from nonwovens was recovered by
compressing the nonwovens using a roller squeezer
with a roller pressure of 1.5 kg/cm?. The percentage
of recovered diesel oil from different nonwovens for
consecutive four sorption cycles is shown in Figure
15. The recovery of diesel for PP nonwoven in the
first cycle was observed to be around 94% which was
found to be lowest among all nonwovens. The oil re-
covery showed a higher value in second cycle is at-
tributed to the presence of residual oil inside nonwo-
ven structure even after the squeezing in first cycle.
This is the same reason due to which 100% recovery
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cannot be achieved. It can be seen from Figure 15
that oil recovery did not deteriorate much after 4t
cycle of test.
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Figure 15: Percentage of diesel oil recovered from non-
wovens after different cycles

An oil sorbent can be considered reusable if it can
be easily compressed or squeezed to retain its origi-
nal size and shape [12, 24]. Figure 16 shows the re-
usability of nonwovens for diesel oil. All nonwovens
displayed a significant reduction in oil sorption ca-
pacities of around 50% (10 to 20 g/g) during the
second cycle. The oil sorption depends on the po-
rosity of the fabric, while the fabric porosity is in di-
rect correlation with fabric thickness. Fabric thick-
ness reduced after every cycle of padding, leading to
a change in porosity and pore size. The flattening of
pores was expected, which might result in the ina-
bility to hold much liquid. The thickness of the fab-
ric was reduced due to padding after every cycle,
which led to a reduction in oil sorption capacity.
The percentage of thickness retained by nonwovens

Performance of Natural Fibre Nonwoven for Oil Sorption from
Sea Water
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Figure 16: Reusability of nonwovens for diesel oil

after every cycle is given in Figure 17. The reduction
in oil sorption capacities was much higher during
the second cycle, while the reduction was not very
significant during further successive cycles. During
reuse, the reduction in oil sorption for polypropyl-
ene nonwoven fabric (S7PP) was found to be lower
than in other nonwovens. The oil sorption capacity
of polypropylene nonwoven fabric (S7PP), even af-
ter four cycles, was found to be lower than the non-
wovens from natural fibres.

All nonwovens prepared from natural fibres dis-
played poor oil sorption capacity during reuse. Sorp-
tion is dependent on the availability of pores. Bulki-
er fabrics with similar mass per unit area should
offer more oil retention sites. Nonwovens from nat-
ural fibres suffered more loss in thickness. This led
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Figure 17: Percentage of thickness retained by nonwovens after every cycle of sorption
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to a reduction in both porosity and the number of
pores. Hence, the oil sorption capacity of nonwo-
vens from natural fibres was lower during reuse. All
nonwovens from natural fibres displayed poor com-
pressional recovery, which needed to be improved.

4 Conclusion

All the studied nonwovens displayed significantly
higher oil sorption capacity for high viscosity oil (en-
gine oil) than that of the low viscosity oil (diesel). Net-
tle fibre nonwoven exhibited lowest oil sorption ca-
pacity and poor compressional recovery and therefore
considered poor material for this application. Except
nettle fibre nonwoven fabric (S8), all other natural fi-
bre nonwovens (S1-S6) displayed higher oil sorption
capacity than polypropylene nonwoven fabric (S7).
Cotton/kapok blended nonwovens (54-S6) were the
best performer in terms of higher oil sorption and re-
tention capacity, and oil sorption rate. An increase in
kapok content in the cotton/kapok nonwoven led to a
better oil sorption capacity. Even nonwovens pre-
pared from cotton flat waste fibres exhibited very
good normalised oil sorption capacity, which could
open up a new door for sustainable usage of cotton
waste. All these natural fibre nonwovens achieved a
steady-state of sorption quickly, within 1 minute for
low viscosity oil (diesel) and within 10 minutes for
high viscosity oil (engine oil). In addition, more than
95% of the oils adsorbed by the nonwoven fabrics can
be recovered through simple compression. During re-
use, the oil sorption capacity of nonwovens gradually
fell down due to thickness loss during compression.
Thus, cotton/kapok fibres and cotton flat waste may
be a sound choice as alternative materials to polypro-
pylene as sea-water oil sorber in terms of low-cost, bi-
odegradable and sustainable material.

References

1. RENGASAMY, R.S., DAS, D.,, KARAN, CP.
Study of oil sorption behavior of filled and
structured fiber assemblies made from polypro-
pylene, kapok and milkweed fibers. Journal of
Hazardous Materials, 2011, 186(1), 526-532,
doi: 10.1016/j.jhazmat.2010.11.031.

2. RENGASAMY, R.S., DAS, D., RENUKA S.
Nonwoven oil sorbing pads from sustainable

Performance of Natural Fibre Nonwoven for Oil Sorption from 05
Sea Water

fibrous materials for marine oil spill removal. In
Proceedings of the 37th AMOP Technical Semi-
nar on Environmental Contamination and Re-
sponse. Ottawa : Environment Canada, 2014.

3. SEDDIGHI, M., HEJAZI, S.M. Water-oil sepa-
ration performance of technical textiles used for
marine pollution disasters. Marine Pollution
Bulletin, 2015, 96(1-2), 286-293, doi: 10.1016/j.
marpolbul.2015.05.011.

4. SINGH, V., JINKA, S., HAKE, K., PARA-
MESWARAN, S., KENDALL, R.J., RAMKU-
MAR, S. Novel natural sorbent for oil spill
cleanup. Industrial & Engineering Chemistry Re-
search, 2014, 53(30), 11954-11961, doi: 10.1021/
ie5019436.

5. CHOI, H.M., CLOUD, R.M. Natural sorbents
in oil spill cleanup. Environmental Science &
Technology, 1992, 26(4), 772-776, doi: 10.1021/
€s00028a016.

6. CHOI, H.M., MOREAU, J.P. Oil sorption be-
havior of various sorbents studied by sorption
capacity measurement and environmental scan-
ning electron microscopy. Microscopy Research
and Technique, 1993, 25(5-6), 447-455, doi:
10.1002/jemt.1070250516.

7. WEIL, Q.E, MATHER, R.R.,, FOTHERINGHAM,
AF, YANG, R.D. Evaluation of nonwoven poly-
propylene oil sorbents in marine oil-spill recov-
ery. Marine Pollution Bulletin, 2003, 46(6), 780-
783, doi: 10.1016/50025-326X(03)00042-0.

8. CHU, Z., FENG, Y., SEEGER, S. Oil/water sepa-
ration with selective superantiwetting/super-
wetting surface materials. Angewandte Chemie
International Edition, 2015, 54(8), 2328-2338,
doi: 10.1002/anie.201405785.

9. RENUKA, S., RENGASAMY, R.S., DAS, D.
Studies on needlepunched natural and polypro-
pylene fiber nonwovens as oil sorbents. Journal
of Industrial Textiles, 2016, 46(4), 1121-1143,
doi: 10.1177/1528083715613630.

10. RADETIC, M.M,, JOCIC, D.M., JOVANCIC,
PM., PETROVIC, Z.L., THOMAS, H.E. Recy-
cled wool-based nonwoven material as an oil
sorbent. Environmental Science & Technology,
2003, 37(5), 1008-1012, doi: 10.1021/es0201303.

11. GE, ], YE, Y.D,, YAO, H.B,, ZHU, X., WANG,
X., WU, L., WANG, ].L., DING, H., YONG, N,,
HE, L.H., YU, S.H. Pumping through porous
hydrophobic/oleophilic materials: an alternative
technology for oil spill remediation. Angewandte

Tekstilec, 2020, 63(1), 14-26



26

12.

13.

14.

15.

16.

17.

18.

Chemie International Edition, 2014, 53(14),
3612-3616, doi: 10.1002/anie.201310151.

LI, D, ZHU, EZ, LI, ].Y,, NA, P, WANG, N.
Preparation and characterization of cellulose
fibers from corn straw as natural oil sorbents.
Industrial & Engineering Chemistry Research,
2012, 52(1), 516-524, doi: 10.1021/ie302288k.
HYUNG, Min Choi, RINN M. Cloud. Natural
sorbents in oil spill cleanup. Environmental Sci-
ence & Technology, 1992, 26(4), 772-776, doi:
10.1021/es00028a016.

HYUNG, Min Choi, JERRY, P. Moreau. Oil
sorption behavior of various sorbents studied
by sorption capacity measurement and environ-
mental scanning electron microscopy. Microsco-
py Research and Technique, 1993, 25(5-6), 447-
455, doi: 10.1002/jemt.1070250516.

HYUNG, Min Choi. Needlepunched cotton
nonwovens and other natural fibers as oil clean-
up sorbents. Journal of Environmental Science ¢
Health Part A, 1996, 31(6), 1441-1457, doi: 10.
1080/10934529609376434.

GE, ], ZHAO, H.Y,, ZHU, H.W,, HUANG, J,,
SHI, L.A., YU, S.H. Advanced sorbents for oil-
spill cleanup: recent advances and future per-
spectives. Advanced Materials, 2016, 28(47),
10459-10490, doi: 10.1002/adma.201601812.
CHOI, H.M., KWON, H.]J.,, MOREAU, ].P. Cot-
ton nonwovens as oil spill cleanup sorbents.
Textile Research Journal, 1993, 63(4), 211-218,
doi: 10.1177/004051759306300404.

SINGH, V., KENDALL, R.J, HAKE, K. and
RAMKUMAR, S. Crude oil sorption by raw cot-
ton. Industrial & Engineering Chemistry Research,
2013, 52(18), 6277-6281, doi: 10.1021/ie4005942.

Performance of Natural Fibre Nonwoven for Oil Sorption from
Sea Water

19.

20.

21.

22.

23.

24.

25.

LEE, Y.H., KIM, J.S., KIM, D.H., SHIN, M.S,,
JUNG, Y.J,, LEE, D.J., KIM, H.D. Effect of blend
ratio of PP/kapok blend nonwoven fabrics on
oil sorption capacity. Environmental Technology,
2013,34(24),3169-3175,doi: 10.1080/09593330.
2013.808242.

HYUNG Min Choi, HYO-JUNG Kwon, JERRY
P. Moreau. Cotton nonwovens as oil spill cleanup
sorbents. Textile Research Journal, 1993, 63(4),
211-218, doi: 10.1177/004051759306300404.
ANSARI, Imtiyaz Ahmad, EAST, George C,,
JOHNSON, D. J. Structure-property relation-
ships in natural cellulosic fibers: part III: flax-an
oil sorbent. Journal of the Textile Institute, 2003,
94(1-2), 1-15, doi: 10.1080/00405000308630590.
HSIEH, Y.L. Liquid transport in fabric struc-
tures. Textile Research Journal, 1995, 65(5), 299-
307, doi: 10.1177/004051759506500508.

PRICE, J. B., CUI, X., CALAMARI, T. A., ME-
REDITH Jr, W. R. Cotton wax and its relation-
ship with fiber and yarn properties: part II: wax
content and yarn properties. Textile Research
Journal, 2002, 72(7), 631-637, doi: 10.1177/
004051750207200711.

CHOI, H.M. Needlepunched cotton nonwovens
and other natural fibers as oil cleanup sorbents.
Journal of Environmental Science and Health .
Part A: Environmental Science and Engineering
and Toxicology, 1996, 31(6), 1441-1457, doi:
10.1080/10934529609376434.

LIM, T.T, HUANG, X. Evaluation of kapok
(Ceiba pentandra (L.) Gaertn.) as a natural hol-
low hydrophobic-oleophilic fibrous sorbent for
oil spill cleanup. Chemosphere, 2007, 66(5), 955-
963, doi: 10.1016/j.chemosphere.2006.05.062.

Tekstilec, 2020, 63(1), 14-26



27

Wu Hanbing?, Hajo Haase?, Boris Mahltig!

T University of Applied Sciences Niederrhein, Faculty of Textile and Clothing Technology, Webschulstr. 31,
41065 Ménchengladbach, Germany

2 Technische Universitat Berlin, Institut fur Lebensmitteltechnologie und Lebensmittelchemie, Gustav-Meyer
Allee 25, 13355 Berlin, Germany

Cationic Pretreatment for Reactive Dyeing of Cotton and
its Simultaneous Antibacterial Functionalisation
Kationska predobdelava za reaktivno barvanje bombaza in
socasna protibakterijska funkcionalizacija

Original scientific article/Izvirni znanstveni ¢lanek
Received/Prispelo 12-2019 « Accepted/Sprejeto 2-2020

Abstract

Reactive dyes are chemically bonded to a cotton fibre surface. The anchor groups of dye molecules initiate this
covalent bonding. In addition to this anchor group, reactive dyes also contain charged functional groups that are
often negatively charged sulphonate groups -SO5~. These negative groups are part of the dye to enable its sol-
ubility in water. In industrial applications, dyes are applied as part of a water-based dye bath. The aim of the pre-
sented study was to improve the dyeing of cotton through the cationic modification of the textile, supporting
an attraction to negatively charged dye molecules. In this way, the dye up-take and achieved colour depth should
be improved. The current study was performed with a vinyl sulfone reactive dye. Three different nitrogen con-
taining cationic organic substances were used for cotton pretreatment. In addition to colour properties, the an-
tibacterial properties of prepared textile samples were also studied because antibacterial properties are often re-
lated to compounds containing amino and ammonium groups. Finally, it was shown that the cationic pretreatment
with two of the three studied agents increased the dye up-take of cotton fabric from the dye bath. At the same
time, one cationic agent can introduce antibacterial properties to treat cotton fabrics against two different types
of bacteria: E. coli and S. warneri. The simultaneous application of a functional property during an optimised dye-
ing process was demonstrated in this case and can serve as an example for further applications.

Keywords: Coloration, dyeing, antibacterial, cationic compounds

Izvlecek

Reaktivna barvila so kemicno vezana na povrsino bombaznih viaken. Reaktivne skupine molekul barvila sproZijo
kovalentno vezanje. Poleg te reaktivne skupine vsebujejo reaktivna barvila tudi funkcionalne skupine z nabojem,
in sicer so to pogosto negativno nabite sulfonske skupine —SO3-, ki omogocajo topnost barvila v vodi. V industrij-
ski rabi se barvila nanesejo kot del barvalne kopeli na vodni osnovi. Cilj predstavijene Studije je izboljSati barvanje
bombaZa s kationsko modifikacijo tekstilije, ki temelji na priviacnosti negativno nabitih molekul barvila. Na ta na-
¢in se izboljsata navzemanje barvila in globina barvnega tona. V raziskavi je bilo uporablieno vinilsulfonsko reak-
tivno barvilo. Za predobdelavo bombaza so bila uporabljena tri razlicna sredstva kationskega znacaja na osnovi
dusika. Poleg barve so bile raziskane tudi protibakterijske lastnosti pripravljenih tekstilnih vzorcev, ki so pogosto ve-
zane na spojine, ki vsebujejo amino in amonijeve skupine. Koncne ugotovitve kaZejo, da je kationska predobdela-
va z dvema od treh uporabljenih sredstev povecala vezanje barvila iz barvalne kopeli na bombazno tkanino. Hkra-
ti lahko kationsko sredstvo podeli obdelani bombazni tkanini protibakterijsko zascito pred dvema razli¢nima
vrstama bakterij, tj. E.coliin S. warneri. Raziskava prikazuje moZnost funkcionalizacije tekstilij med optimizacijo po-
stopka barvanja in lahko sluzi kot primer za nadaljnjo prakti¢no uporabo.

Kliu¢ne besede: obarvanje, barvanje, protitibakterijski, kationske spojine
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1 Introduction

The dyeing of cotton can be performed using vari-
ous dyes from different dyestuft categories, i.e. as vat
dyes, direct dyes or reactive dyes. Among all dye-
stuffs, reactive dyes are supposed to lead to the best
wash fastness of coloration on cotton fabrics. How-
ever, it should be kept in mind that one problem of
dyeing of cotton with reactive dyes is the hydrolysis
of the reactive dye in the dye bath. In simple terms,
a reactive dye can be understood as a dye molecule
containing three parts with different functions.
These are the chromophore, the reactive anchor and
charged ionic groups. While the chromophore is re-
sponsible for coloration, the reactive anchor sup-
ports covalent bonding between dye molecules and
the cotton fibre surface. The ionic groups result in
solubility in a water-based dye bath. In acid dyes,
anionic charged groups are also responsible for the
attractive interaction between the acid dye and cati-
onic wool or polyamide fibres. Wool and polyamide
fibres contain a positive net charge due to the proto-
nation of containing amino groups. Acid dyes con-
tain a negative charge. For this reason, wool and
polyamide fibres support a certain electrostatic at-
traction to the acid dye, thus supporting the dyeing
process and dye fixation. The ionic attraction of ani-
onic groups in reactive dyes to positively charged
groups can be analogously used to improve the dye-
ing performance of reactive dyes [1]. For this pur-
pose, cationic functional groups must be introduced
to the cellulosic structure of the cotton fibre. A cot-
ton fabric treated with cationic agents obtains posi-
tive charges on the cotton fibre surface. If a reactive
dye containing anionic groups is then applied to
this cationised cotton, the dyeing process can be
supported analogously to the dyeing process of wool
using an acid dye. In literature, many different pro-
cedures are described for the introduction of cati-
onic groups to the cotton fibre surface.

Quaternary ammonium compounds are fixed to
cotton using an epoxy anchor. For subsequent dye-
ing with acid dyes and reactive dyes, improved
dyeing properties were observed [2]. In these ex-
periments, the increased dye up-take was directly
correlated to the amount of previously applied
quaternary ammonium groups [3]. Instead of an
epoxy anchor, the quaternary ammonium com-
pound can also be anchored to cotton using a
chlorine hydroxyl propyl group [4]. In this way, an
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ionic attraction between dye molecules and cati-
onised cotton was introduced. Improved colour-
depth can be achieved for the application of differ-
ent reactive dyes [4]. In addition, polymers with
quaternary ammonium groups can be used for
cotton pretreatment [5]. In an example by Black-
burn et al,, quaternary ammonium groups were
part of an aliphatic ring system attached to the
backbone of the polymer. Here, an increase in col-
our depth after dyeing with reactive dyes was also
observed [5]. As a special cationic polymer, com-
mercially available cationic starch can also be used
for the modification of cotton [6, 7]. The applica-
tion of this cationic polyelectrolyte improves the
dye-fibre interaction. The improved dye up-take in
this case is caused by the presence of cationic
groups and the increased fibre roughness as the re-
sult of the applied starch [6]. In addition to these
polymers with quaternary groups, polymers with
amino groups can also be used for the modifica-
tion of cotton. For this purpose, the chloride salt
of polyvinylamine is used to improve the dyeing
process of cotton with reactive dyes [8]. A cationic
pretreatment is also used to improve the dyeability
of cotton with natural dyes [9, 10]. If natural dyes
contain negatively charged functional groups or
groups that can gain a negative charge easily
through deprotonation under moderate alkaline
conditions, they probably show an electrostatic at-
traction to positively charged cationised cotton fi-
bres, as well. For this reason, the dyeing process is
improved. This phenomenon is probably the same
for the application of a negatively charged reactive
dye on cationised cotton textiles.

In addition to the influence of dyeing properties,
quaternary ammonium containing cationic com-
pounds are often mentioned for their antibacterial
effects on textile substrates [11-15]. A special type of
antibacterial active quaternary ammonium com-
pounds is based on the cationically modified nitro-
gen component DABCO (1,4-Diazabicyclo(2.2.2)oc-
tan), which is a cyclic nitrogen compound [16]. For
the achievement of antibacterial effects, not only the
antibacterial effects of quaternary compounds have
been reported; other nitrogen containing com-
pounds such as PHMB (polyhexanid) have also been
reported [11]. The antibacterial effect of PHMB is re-
lated to the presence of an amino group attached to
the polymer structure. Another prominent antibac-
terial polymer containing amino groups is bio-based
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chitosan [17-19]. The antibacterial activity in such
cases is often related to the acidic conditions of the
surrounding medium due to the necessary protona-
tion of the containing amino group [20]. In addition
to bio-based chitosan, synthetic polymers containing
an amino group are also known for their antibacteri-
al activity. A prominent example in this area are den-
drimers with terminated amino groups [21].
Reactive dyes equipped with cationic groups can be
used to introduce antibacterial properties to cellu-
losic fibres. In this reported application, coloration
and antibacterial functions are achieved at once
through the application of a single compound [22].
As an alternative to cationic nitrogen compounds,
simple amino compounds can also be used to intro-
duce antibacterial properties to textiles. An example
is the application of polyvinylamine for the func-
tionalisation of fabrics made from high-perform-
ance polyethylene [23].

With this background, the purpose of the presented
study was to evaluate different cationic pretreat-
ments for cotton with the aim of simultaneously im-
proving dyeability with reactive dyes and achieving
antibacterial properties. For the actual evaluation,
three different commercially available cationic sub-
stances were chosen and applied in increasing con-
centrations onto cotton substrates. The dyeability of
modified cotton was tested through the application
of a vinyl sulfone reactive dye that contained two
anionic groups. The antibacterial properties were
tested against two different bacteria before and after
the dyeing process. The achieved results were prom-
ising and showed that a cationic pretreatment can
be used for simultaneous and different modifica-
tions of cotton fabrics.

2 Experimental section

2.1 Materials and sample preparation

For all sample preparations, a plain weaved cotton
fabric with a weight of 150 g/m? was used. This cot-
ton fabric was treated with three different cationic
agents applied in three different concentrations to
determine their influence on the subsequent appli-
cation of a reactive dye. These cationic agents were
RUCO-PUR SEC, supplied by Rudolf GmbH
(Geretsried, Germany), RUCO BAC HSA, also sup-
plied by Rudolf GmbH (Geretsried, Germany), and
PERFIXAN F 5000, supplied by Textilchemie Dr
Petry GmbH (Reutlingen, Germany). All these

Cationic Pretreatment for Reactive Dyeing of Cotton 29
and its Simultaneous Antibacterial Functionalisation

chemicals were supplied as water-based solutions
and further diluted with water as recommend by the
suppliers. The aqueous cationic agent RUCO-PUR
SEC was named the hydrophilic agent. It is cationi-
cally active and based on polyurethane and silicone
compounds. This agent was further diluted with wa-
ter to a concentration of 30, 45 or 60 g/L. The pH
value was adjusted to 4.5 by adding acetic acid. The
agent RUCO BAC HSA is an aqueous solution of
the quaternary ammonium compound - dimethyl-
tetradecyl (3-(trimethoxysilyl)propyl) ammonium
chloride - and was distributed as the cationic anti-
bacterial agent. This agent was further diluted with
water to concentrations of 2, 11 or 20 g/L. The pH
value was adjusted in the range of 4.5 to 5.0 by add-
ing acetic acid. The agent PERFIXAN F 5000 is de-
scribed as precationising agent recommended for
denim articles and for dyeing procedures with ani-
onic dyes. It is an aqueous solution of a polyamine
component containing a pH 2.5 to 3.5. For applica-
tion, this agent was further diluted with water to a
concentration of 20, 40 or 60 g/L. Of course, cotton
fibres can be damaged under strong acidic condi-
tions, but the agent used, PERFIXAN F 5000, was
not applied as a pure substance. It was applied in
concentrations of between 20 to 60 g/L after dilu-
tion with water. The acidity of the applied agent was
decreased by this dilution, so potential damage to
cotton fibres was minimised. The used concentra-
tions for these studied cationic agents were based
on the recommendation of the suppliers of these
chemicals. All cationic agents were applied in an
HFR 46292 padding machine supplied by Werner
Mathis AG (Oberhasli, Switzerland). After applica-
tion, drying was performed at 140 °C for 60 seconds
using an OHE 4408787 lab dryer supplied by Wern-
er Mathis AG. For the production of a reference
sample, analogous treatment by padding the cotton
fabric with pure water was carried out.

Dyeing was performed using the Reactive Black 5
(RemazolBlack B; CAS 17095-24-8) dye with the sum
formula of C,H,N.Na,O,S, and a molecular
weight of Mw 991.8 g/mol. The company Clariant
(Frankfurt am Main, Germany) supplied this dye.
The chemical structure of the dye is presented in Fig-
ure 1 and its full name is Tetrasodium 4-amino-5-hy-
droxy-3,6-bis[[4-[[2-(sulphonatooxy)ethyl]sulpho-
nyl]phenyl]azo]naphthalene-2,7-disulphonate.

For dyeing purposes, an aqueous dye bath containing
the following components was used: Reactive Black
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Figure 1: Chemical structure of the used Reactive Black 5 (Remazol BlackB) dye; C,;H,;NsNa,0,4S,

dye (5.3 g/L), NaOH (0.68 g/L), Na,SO, (65 g/L) and
Na,CO; (25 g/L). To prepare the dye bath, 3 g of
Reactive Black dye was first dissolved in 70 mL of hot
water. After that, 65 g of Na,SO, was added and dis-
solved. Then 25 g of Na,CO, was added and dis-
solved. Finally, 0.68 g of NaOH was added and dis-
solved, and the vessel was filled with water until 1 L
was reached. The bath ratio was set to 1:10 (1g fabric
to 10 g dye bath). The concentration of the used reac-
tive dye was 5.3 g/L or 0.53 weight-% in relation to
the volume of the dye bath. In relation to the amount
of treated cotton textile, the amount of dye was 5.3
weight-%. The dyeing process was performed in an
Ahiba Polymat (model PM10) dyeing machine. The
process temperature for dyeing was 60 °C, which was
applied for 100 minutes, followed by heating for 10
minutes. After the dyeing procedure, the fabrics were
rinsed with cold water, followed by a washing cycle at
95 °C for 5 minutes. That washing was performed in
an S014.95 washing machine supplied by Werner
Mathis AG. At the end, the fabrics were line-dried at
room temperature.

2.2 Analytics

The remaining dye concentration in the dye bath af-
ter the dyeing process was determined. For this pur-
pose, samples were taken from the dye bath after the
dyeing process was completed. A total of 1.5 g of the
remaining dye solution was taken and diluted with
8.5 g water. The absorption spectra of this solution
were determined using a UV-2600 photo spectrom-
eter from Shimadzu (Japan) in an arrangement of
direct transmission. The coloration of prepared dyed
textiles was studied using the same photo spectrom-
eter with an integrated sphere and by measuring dif-
fusive reflection. The colour properties were record-
ed as K/S-spectra. In order to determine K/S-spectra,
the reflection spectrum was first measured in an ar-
rangement of diffusive reflection. This reflection
spectrum was transferred using the Kubelka-Munk
function into a K/S-spectrum, which demonstrated
the absorption of light for the studied textile sample
as a function of the wavelength of light. A barium

sulphate plate was used as white reference material
for these reflective measurements. In addition, the
difference in the colour strength of the dyed fab-
rics with cationic pretreatment was determined
using a Datacolor 400 colorimeter with a D65 light
source (Datacolor, Luzern). For these measure-
ments, the fabrics were folded into four layers. As
a reference sample, the dyed cotton fabric without
cationic pretreatment was used and set to a value
of 100%. The FT-IR spectra of cotton samples were
recorded using an Excalibur 3100 IR-spectrometer
(Varian Inc.).

Bacterial viability was determined by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) as previously reported [24]. In
brief, E. coli (strain BL21(D3)) and S. warneri
(strain dsm-20316) were cultured in a Luria-Ber-
tani (LB) medium or in a Trypticase Soy Yeast Ex-
tract (TYSE) medium, respectively. For the experi-
ments, 200 pl bacterial suspensions (1:250 dilution
of an overnight culture) per cavity were seeded in
sterile 96-multiwell cell culture plates (Techno
Plastic Products AG, Trasadingen, Switzerland).
Cells were grown in the presence of textile sam-
ples (circles with 5 mm diameter prepared using a
conventional hole puncher) for 3 hours at 37 °C
and rotated at 250 rpm in a PST-60-HL-4 orbital
shaker (BioSan, Riga, Latvia). The cells were then
incubated with MTT (final concentration 0.1 mg/1)
in their respective culture media for 5 minutes,
lysed in isopropanol for an additional 30 minutes,
and their viability determined by measuring ab-
sorption at 570 nm with a reference wavelength of
700 nm on a Tecan M200 multiwell-plate reader
(Tecan, Crailsheim, Germany). Control viability
was measured in a test arrangement in the absence
of any textile fabric, but otherwise identical to the
other samples and set to 100%. The absorption de-
termined with the same setup in the absence of
bacteria was set to 0%. The antibacterial tests were
repeated four times for each sample. The average
of the repeated measurements was given as the re-
maining bacterial viability.
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3 Results and discussion

3.1 Preliminary investigations before dyeing
As preliminary experiments before dyeing, FT-IR
spectroscopy and UV/Vis spectroscopy were per-
formed on untreated cotton fabrics and on fabrics
after application of the cationic agent. FT-IR spec-
troscopy was performed to determined whether the
applied cationic agent can be detected on cotton fab-
rics. The measured FT-IR spectra are shown togeth-
er in Figure 2. The determined spectrum from the un-
treated cotton fabric exhibited a similar shape
compared to cotton spectra reported in literature [25].
The prominent peaks were from the strength vibra-
tions of the C-O bond, C-H bond and the O-H, with
maxima at the wavenumbers 1053 cm!, 2897 cm™!
and 3329 cm™!. The FT-IR spectra of samples after
application of cationic agents were prepared for
preparation with the highest applied concentration
of these agents. For the RUCO BAC HSA agent, a
nearly similar FT-IR spectrum compared to cotton
was recorded. It is thus not possible to detect this
agent on cotton using this spectroscopic method.
The RUCO BAC HSA agent contained a quaternary
ammonium group. This group was related to C-N
bonds with stretch vibrations in the range of 1020 to
1220 cm! [26]. However, an especially strong signal
from the cotton substrate with the C-O vibration
also appeared in this region. It is thus probable that
the signal from the cotton substrate covered the sig-
nal of the added RUCO BAC HSA agent. For the
RUCO-PUR SEC agent, a nearly similar FT-IR spec-
trum compared to cotton was recorded. Only one
weak peak in the fingerprint area at 779 cm~! was
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Figure 2: FT-IR spectra of cotton fabric before and af-

ter the application of cationic agents. Most prominent

peaks are marked with related wavenumbers.
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identified and not detected in the pure cotton fabric.
According to literature, this peak can be caused by a
Si-C vibration in an OSi-CH, group [26]. This result
is in line with supplier information that this agent
also contains silicone compounds.

For the PERFIXAN F 5000 agent, the peak at a wav-
enumber of 1639 cm™! exhibited an increased inten-
sity, while a new peak with a weak intensity ap-
peared at 1543 cm-!. This agent was based on
polyvinylamine and contained amine groups that
were related to C-N bonds with stretch vibrations in
the range of 1020 to 1220 cm~! and N-H bonds with
stretch vibrations close to 3335 cm™! [26]. However,
both areas were covered by several strong vibration
signals of the cotton substrates itself. The stronger
signal at 1639 cm! and the new signal at 1543 cm™!
can be explained by the presence of amide groups in
this agent. Polyvinylamine was prepared through
the degradation of polyacrylamide [27, 28]. If this
degradation is not complete, there would be re-
maining amide groups in this polymer that could be
detected using IR-spectroscopy.

To evaluate the colour properties of textiles after the
dyeing process, the K/S-UV/Vis spectra of undyed
cotton fabrics with and without cationic treatment
were determined (Figure 3). This measurement was
done to determine whether the applied cationic
agents can affect the colour properties of the treated
cotton fabrics by themselves. All these undyed cot-
ton fabrics exhibited low K/S-values in the range of
visible light (400 nm to 750 nm) of only 0.1. These
textiles were mainly uncoloured and the cationic
treatment did not affect coloration. In the range of
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Figure 3: K/S-spectra of cotton fabrics before and af-
ter treatment with different cationic agents
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UV-light, the cotton treated with PERFIXAN F 5000
exhibited a significant maximum at around 320 nm.
This maximum was probable related to aromatic
structures in the applied cationic component.

3.2 Dyeing properties and coloration results
Before determining the colour properties of dyed
fabrics, the absorption spectra of the dye bath after
the dyeing processes were measured (Figure 4). This
measurement was taken to determine the remain-
ing dye in the dye bath and for the dye not taken up
by the dyed cotton fabric. The determined absorp-
tion spectra were compared with a reference spec-
trum achieved for an analogous dyeing procedure
performed with the same cotton fabric, but without
any cationic treatment. Absorption spectra with
lower absorption values compared to this reference
spectrum indicated an increased dye up-take from
the dye bath by the cationised cotton. Different
results were obtained for the three different types
of cationic pretreatment (Figure 4). Treatment
with the RUCO-PUR SEC agent led to a lower ap-
plied concentration of cationic agent and to high-
er absorption values in the remaining dye bath.
Only in the case of the highest applied concentra-
tion of 60 g/L RUCO-PUR SEC was nearly the same
absorption as the reference observed. For this rea-
son, no improvement of dye up-take could be
achieved in the applied dyeing procedure with RU-
CO-PUR SEC. In contrast, a significant decrease in
dye concentration in the remaining dye bath was
achieved with cotton pretreatment using RUCO
BAC HSA (intermediate or high concentration) or
using the PERFIXAN F 5000 (with all concentra-
tions) agent. Here, it is probable that the up-take of
dye by the cationic cotton increased. The up-take of
the reactive dye was significantly affected by the
type of cationic treatment performed on the cotton
fabric in advance.

The colour properties of dyed cotton fabrics were
determined as colour intensity (Figure 5) and K/S-
spectra (Figure 6). The colour intensity was given as
a percentage in relation to the coloration of cotton
dyed without previous cationic treatment. This ref-
erence value was set to 100% (Figure 5). The deter-
mined colour intensity was seen as a function of the
concentration of applied cationic agents. Treatment
with the RUCO-PUR SEC agent led to the lower
coloration of cotton fabric compared with the dye-
ing procedure using untreated cotton. Increasing

Cationic Pretreatment for Reactive Dyeing of Cotton
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the concentration of RUCO-PUR SEC also led to an
increase in colour intensity. However, even with the
highest concentration for pretreatment with RU-
CO-PUR SEC, the same colour intensity as the ref-
erence untreated cotton sample could not be
achieved. These results are in line with the remain-
ing high dye concentration in the remaining dye
bath. It can thus be said that this cationic agent can-
not be used to improve the dyeing procedure for the
studied reactive dye on cotton. In fact, this result is
in some way surprising because the cationic active
RUCO-PUR SEC agent should have improved the
up-take of the applied reactive dye. A possible ex-
planation could be that the number of cationic sides
in this agent was not as high as the other studied ad-
ditives. Thus, the effect on dyeing behaviour with
the studied reactive dye is not strong.

In contrast, the coloration result of subsequent dye-
ing improved with pretreatment using the other two
cationic agents. For both products, the colour inten-
sity increased as a function of the concentration of
the cationic component used for pretreatment.
However, the type of increase was different (Figure
5). For the RUCO BAC HSA agent with the lowest
concentration, an initial decrease in colour intensity
was identified. The colour intensity was then con-
tinuously increased by increasing the concentration
of this agent. For the PERFIXAN F 5000 agent, pre-
treatment with a medium to high concentration led
to only a minor subsequent increase. A kind of pla-
teau value could thus be estimated.

The evaluation of the K/S-spectra of the dyed sam-
ples completed this picture (Figure 6). The K/S-spec-
tra for dyed samples after RUCO-PUR SEC pretreat-
ment were very similar to the reference spectrum of
a sample without any pretreatment. Here, almost no
change in coloration was caused by the cationisation
of cotton with this type of cationic compound. Us-
ing a pretreatment of RUCO BAC HSA, a significant
increase in the K/S-values using the cationic treat-
ment was observed. The reference sample exhibited
a maximum K/S-value of 17.0 at 606 nm. The sam-
ples with RUCO BAC HSA pretreatment achieved a
maximum K/S-value of 19.4 at 597 nm. Treatment
with PERFIXAN F 5000 also resulted in a high K/S-
value of 19.7. However, there was also a stronger sig-
nificant shift in the position of the maximum to a
wavelength of 590 nm. This shift indicated that not
only colour intensity but also colour shade changed
as the result of the applied cationic treatment.
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Figure 4: Absorption spectra of dye baths after the dye-
ing process. Compared are the spectra of dye baths af-
ter the dyeing of an untreated cotton reference and cat-
ionised cotton fabrics. The amount of applied cationic
agent for the pretreatment of cotton is directly observ-
able in the graphs. In order to record the spectra, the
dye bath was diluted with water in a ratio of 15:85.
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3.3 Antibacterial properties

Antibacterial properties were studied against two
types of bacteria: E. coli and S. warneri (Figure 6).
The remaining bacterial viability was shown as a
function of an increase in the concentration of the
applied cationic agent. For all samples, bacterial via-
bility was compared before and after the dyeing
process (Figure 7). A value of 100% for bacterial vi-
ability represented the reference testing procedure
without the addition of any textile sample.

In the presence of the pure cotton sample without
any further treatment or dyeing, a remaining bacte-
rial viability for E. coli of 79% and for S. warneri of
80% was determined. In the case of dyeing cotton
without a cationic agent, values for the bacterial via-
bility for E. coli of 75% and for S. warneri of 74%
were observed. This small decrease in viability after
dyeing was in the range of the standard deviation of
this test arrangement. The applied dye thus had no
probable antibacterial effect.

Compared with these reference measurements
without a cationic agent, the effect achieved with
cationic treatment was different, depending on the
type of cationic agent applied (Figure 7). With the
application of even the highest concentration of
the PERFIXAN F 5000 agent, no decrease in bac-
terial viability was identified. This agent exhibited
no clear antibacterial properties. According to
supplier information, the Perfixan agent is related
to the chemical structure of polyvinylamine. As a
result, this agent is supposed to contain a large
number of amino groups. Such amino group con-
taining compounds often contain antibacterial
properties. These antibacterial properties are relat-
ed to an acidic medium leading to the protonation
of the amino groups. However, the antibacterial
tests were performed under neutral conditions. It
should also be clear that amino containing com-
pounds can be antibacterial, while not all chemi-
cals containing amino groups are antibacterial.
Good examples of amino containing groups with-
out antibacterial properties are ordinary amino
acids and proteins.

An effect against S. warneri was observed with the
RUCO-PUR SEC agent at the highest applied con-
centration. In this case, a bacterial viability of only
27% was identified. That value then rose to 60%
after the dyeing was performed. This antibacterial
effect was clearly seen, but was not very strong.
The loss in antibacterial activity after dyeing can
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Figure 7: Antibacterial properties of differently pre-
treated cotton fabrics before and after the dyeing proc-
ess. The antibacterial property is shown as the remain-
ing bacterial viability as a function of the concentration
of the cationic agent used for the treatment of cotton
fabrics. The bacterial viability is shown as average of
four independent measurements. The error bars indi-
cate the standard deviation of this measurement.
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be explained by the removal of some of the cation-
ic agent during the dyeing process. If the RUCO-
PUR SEC agent was applied in the lowest concen-
tration of 30 g/L, a small increase in bacterial
viability for the bacteria S. warneri was observed.
This small increase in bacterial viability with the
lowest RUCO-PUR SEC concentration was in the
range of standard variation for this measurement
and did not indicate that this agent could support
the growth of bacteria in low concentrations.

In the presence of the cationic RUCO BAC HSA
agent, the antibacterial effect was significant
against both tested bacteria types: E. coli and S.
warneri (Figure 7). That activity was particularly
strong against S. warneri. This was shown by a re-
maining bacterial viability of less than 0.5%. This
strong effect should be expected because this
agent is promoted by the supplier as antibacterial
finishing agent. The antibacterial effect decreased
when the dyeing process was performed. Howev-
er, the effect is still excellent, even after the dyeing
procedure, especially against S. warneri. Such a
decrease in antibacterial activity after dyeing can
be explained by an insufficient fixation of the cati-
onic agent on the cotton surface. For this reason,
the RUCO BAC HSA agent is probably removed
in part from the cotton samples during the dyeing
process, resulting in a decrease in antibacterial
activity.

With these results, it can be said that these cationic
agents can be used to achieve two effects with only
one application. It is possible to simultaneously im-
prove the dyeability of cotton for reactive dyes and
to achieve antibacterial properties on the same cot-
ton fabric.

4 Conclusion

In conclusion, it can be said that it is possible to in-
troduce two advantageous properties to cotton in
one step through pretreatment with cationic agents.
Improved dyeability and an antibacterial activity
can be achieved together through this simple appli-
cation. It was also shown, however, that not all cati-
onic agents are useful for improving dyeability or
antibacterial effectivity. The simultaneous applica-
tion of a functional property during an optimised
dyeing process was carried out and could serve as
an example for further applications.
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Abstract

Electrospun polyacrylonitrile (PAN) nanofibrous mats belong to typical precursor materials of carbon nanofi-
bres. They have, however, the problem that they need to be fixed or even stretched during stabilisation and
ideally also during carbonisation in order to avoid undesired conglutinations and deformations of the orig-
inal nanofibre morphology, resulting in brittle behaviour of the macroscopic nanofibrous mat, which im-
pedes several applications. In an earlier investigation, blending PAN with ZnO was shown to increase fibre
diameters and lead to unproblematic stabilisation and carbonisation of nanofibrous mats. ZnO, on the oth-
er hand, may have a negative impact on biotechnological applications such as tissue engineering. Here, we
thus report on the morphological and chemical modifications due to blending PAN electrospinning solu-
tions with different amounts of casein. By optimising the PAN : casein ratio, relatively thick, straight nanofi-
bres are obtained, which can be stabilised and carbonised unambiguously, without the well-known nega-
tive impact on cell adhesion due to the addition of ZnO.

Keywords: electrospinning, polyacrylonitrile (PAN), casein, nanofibrous mat, stabilisation, carbonisation, tis-
sue engineering

Izvlecek

Elektropredene nanovlaknate koprene iz poliakrilonitrila (PAN) predstavljajo tipicne prekurzorje za izdelavo oglji-
kovih nanovlaken. Med stabilizacijo in po moznosti tudi med karbonizacijo morajo biti pritrjene, da bi lahko pre-
precili nezeleno zlepljenje in deformacijo prvotne nanovilaknate oblike, ki vodi v krhkost makroskopske nanovlak-
nate koprene in zmanjsa moZnosti njene uporabe. V predhodni raziskavi je bilo ugotovijeno, da mesanje PAN z ZnO
vpliva na povecanje premera vlaken in omogoci stabilizacijo ter karbonizacijo nanovlaknatih kopren. ZnO pa lah-
ko po drugi strani negativno vpliva na biotehnoloske aplikacije, kot je tkivni inZeniring. V ¢lanku so zato pred-
stavljene morfoloske in kemijske modifikacije, ki so bile doseZene z uporabo predilnih raztopin za elektropredenje
PAN z dodatkom razlicnih kolicin kazeina. Z optimizacijo razmerja PAN : kazein dobimo relativno debela, ravna
nanovlakna, ki jih je moc stabilizirati in karbonizirati, brez da bi zaradi dodatka ZnO prislo do dobro znanega ne-
gativnega vpliva na celicno adhezijo.

Kliucne besede: elektropredenje, poliakrilonitril (PAN), kazein, nanovilaknata koprena, stabilizacija, karbonizacija,
tkivni inZeniring
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1 Introduction

Electrospinning can be used to prepare nanofi-
brous mats with fibre diameters between some ten
and several hundred nanometres up to few mi-
crometres [1, 2]. Different technologies exist, from
needle-based processes using a syringe to press a
polymer through the needle into an electric field
to coated high-voltage electrodes in the shape of
wires or rotating cylinders to free surface electros-
pinning [3-5]. Diverse polymers can be electro-
spun, e.g. biopolymers such as poly(ethylene ox-
ide) [4], gelatine [6] or chitosan [7], but also other
polymers such as polycaprolactone [8], poly(vinyl
alcohol) [9] or polyacrylonitrile (PAN) [10], as
well as blends with different polymers and non-
polymeric nanoparticles [11].

PAN is of high interest for electrospinning not only
as it can be electrospun from the low-toxic solvent
dimethyl sulfoxide (DMSO), but also as it is a typi-
cal precursor for carbon nanofibres [12-14]. Such
carbon nanofibres can be used as fillers in compos-
ites, but due to their conductive properties also as
parts of batteries, supercapacitors or dye sensitized
solar cells [13, 15-17].

To prepare carbon nanofibres from electrospun
PAN nanofibres, it is necessary to firstly stabilise the
nanofibrous mat in air, resulting in cyclisation, oxi-
dation, crosslinking and dehydrogenation [18-20].
While diverse heating rates and stabilisation tem-
peratures are discussed in the literature, this process
always presents the problem of dimensional chang-
es of nanofibrous mats and fibres themselves. Con-
glutinations between neighbouring fibres can occur
depending on the stabilisation process parameters
[21-23]. In addition, the shape of fibres can be
strongly deformed from thin, straight nanofibres to
thicker, shorter and meandering fibres [24, 25].
Typically, this problem is solved with mechanical
solutions [13, 25-27]. In previous research, PAN/
ZnO nanofibrous mats resulted in significantly
thicker fibres which were nearly unmodified by sta-
bilisation and carbonisation without any mechani-
cal fixing [28], while a similar amount of TiO, in
the PAN spinning solution did not significantly
modify the nanofibres after electrospinning and
thermal post-treatments [24]. PAN/gelatine nanofi-
bres, on the other hand, were again much thicker af-
ter electrospinning and allowed for stabilisation
without mechanical fixing [25].
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Here, we report on another blend of PAN and a bi-
opolymer, i.e. casein, for electrospinning. Casein was
chosen since it can simply be gained from waste
milk and is thus abundantly available [29]. In addi-
tion, casein is known to be electrospinnable with
different materials as spinning agents [30-32]. Nev-
ertheless, only few reports on PAN/casein electro-
spun nanofibres can be found in the scientific litera-
ture [11]. It is thus of technological interest whether
casein can be used to modify PAN nanofibrous mats.
We showed that carefully optimising the PAN : ca-
sein ratio results in straight, relatively thick nanofi-
bres which can be unambiguously stabilised and car-
bonised, offering another route to prepare carbon
nanofibres, or desired dimensions and morphology.
While this effect could also be reached with PAN/
ZnO and PAN/gelatine blends [25, 28], the second
aim of our study was to find new blends without the
cytotoxicity of ZnO to prepare new substrates for tis-
sue engineering or generally cell growth besides
PAN/gelatine, which is partly molten during sterili-
sation by autoclaving at 121 °C [33]. Casein is rela-
tively stable in this temperature range [34] and may
thus be an interesting blend for PAN, possibly sup-
porting cell growth similar to gelatine [33] without
losing the nanofibrous structure. Combined with the
aforementioned material-related approach, another
aim was using sufficiently mechanically stable carbon
nanofibrous mats as conductive substrates for tissue
engineering, which has often been reported in the lit-
erature as advantageous for diverse cell types [35].

2 Materials and methods

The wire-based electrospinning machine “Nanospi-
der Lab” (Elmarco Ltd., Liberec, Czech Republic)
was used to prepare nanofibrous mats with the fol-
lowing spinning parameters: voltage 80 kV, nozzle
diameter 0.8 mm, carriage speed 100 mm/s, bottom
electrode/substrate distance 240 mm, ground elec-
trode/substrate distance 50 mm, temperature in the
chamber 22-23 °C, and 32-33% of relative humidi-
ty in the chamber. A polypropylene (PP) nonwoven
was used as the substrate to catch the nanofibres ap-
proaching the grounded upper wire.

The spinning solutions of 10 mg overall mass con-
tained PAN (X-PAN, Dralon GmbH, Lingen, Ger-
many), partly casein (according to Hammarsten, pur-
chased from VWR Chemicals, Radnor, Pennsylvania,
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USA) and DMSO as solvent (DMSO, min. 99.9%,
purchased from S3 Chemicals, Bad Oeynhausen,
Germany). Two different amounts of PAN (ie. 1.6 g
and 1.38 g) were combined with four different
amounts of casein (i.e. 0 g, 0.1 g, 0.2 g, 0.4 g), overall
resulting in eight spinning solutions, of which the
combination of 1.6 g PAN and 0.4 g casein could not
be electrospun due to its high viscosity. The amounts
of PAN were chosen in the range that is typical of the
pure material, i.e. between approximately 14% and
16%, while lower concentrations of pure PAN usually
result in beads along the fibres [36].

Parts of all samples were afterwards stabilised in a
mufile oven B150 (Nabertherm, Lilienthal, Germa-
ny), approaching the typical stabilisation tempera-
ture of 280 °C with the heating rate of 1 K/min [14,
24, 25]. Parts of the stabilised samples were after-
wards carbonised at 500 °C or 800°, respectively, ap-
proached with the heating rate of 10 K/min in a fur-
nace (Carbolite Gero, Neuhausen, Germany) under
the nitrogen flow of 150 mL/min (STP). Both iso-
thermal treatments were performed for 1 h each.
Carbonisation is of high interest for cell growth ex-
periments on a conductive surface, allowing the ap-
plication of small voltage to support cell orientation.
All samples were afterwards investigated by confocal
laser scanning microscopy (CLSM), using a VK-
8710 (Keyence, Neu-Isenburg, Germany), and by
Fourier transform infrared (FTIR) spectroscopy with
an Excalibur 3100 (Varian Inc., Palo Alto, CA, USA).

3 Results and discussion

Figure 1 shows CLSM images of nanofibrous mat
surfaces after electrospinning. Generally, no large
differences were visible between nanofibrous mats
electrospun with 1.38 g PAN or 1.6 g PAN, respec-
tively. As expected, without casein and with only
0.1 g casein, the latter showed a more homogenous
nanofibrous mat with less beads and membrane-
like areas [36].

The addition of 0.1 g casein to both amounts of PAN
did not lead to significant modifications of the na-
nofibrous mat morphology. This finding abruptly
changed with the addition of 0.2 g casein or even
0.4 g casein. In both cases, the nanofibrous mats
showed much thicker fibres, sometimes above 1 pum,
i.e. were no longer nanofibres. At the same time,
standard deviations increased strongly (cf. insets in
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Figure 1), i.e. fibre diameters showed a broader dis-
tribution. This effect is already known from PAN/
gelatine nanofibres [25] and other PAN blends [24],
and has been reported several times, while a physi-
cal explanation could not be found in the literature.
In addition, 0.2 g or more casein led to large mem-
brane-like areas, indicating an incomplete mixture
of PAN and casein, with the casein apparently not
being solely spinnable, as shown before [11]. It
should be mentioned that in the previous study of
diverse biopolymers and biopolymer blends, other
PAN and casein were used, making the test results
not completely comparable.

After stabilisation, the nanofibrous mat colours and
morphologies partly changed (cf. Figure 2). Starting
with the samples without casein, the typical brown
colour of stabilised PAN was visible, which was also
the case for PAN 1.6 g + casein 0.1 g. However, for a
smaller amount of PAN, the addition of 0.1 g casein
was already sufficient to result in silvery areas, indi-
cating molten casein, which did not contribute to
the carbonisation process similar to the biopolymer
component in stabilized PAN/gelatine nanofibrous
mats [25]. These silvery areas became more promi-
nent at larger amounts of casein. It should be men-
tioned, however, that due to the small area visible in
CLSM images, these can always depict only exem-
plary results which may differ for other areas under
examination.

Most interestingly, the combination of PAN 1.6 g +
casein 0.2 g led to relatively regular, long, straight fi-
bres, again with the diameters of a few microns, as al-
ready visible after electrospinning (cf. Figure 1), which
may be promising for the carbonisation process.
Comparing the fibre diameters with those after elec-
trospinning, the diameter distributions stayed rela-
tively similar for the samples prepared with 1.6 g
PAN and 0.1 g casein as well as for both samples with
0.2 g casein. This finding suggests that the fibre mor-
phologies were not significantly influenced by the
stabilisation process, opposite to pure PAN samples.
The results of carbonisation at 500 °C and 800 °C are
shown in Figures 3 and 4, respectively. Firstly, it should
be mentioned that nanofibrous mats with smaller
amounts of casein in combination with a larger
amount of PAN still showed a brownish colour after
the carbonisation at 500 °C, indicating that the treat-
ment temperature or duration were not sufficient.
Besides this finding, smaller amounts of casein (0.0 g
or 0.1 g, respectively) resulted in relatively fine fibres
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PAN1.38 ¢ PAN16g
Casein
00g
(280 = 70) nm
Casein
0.lg
Casein
02g
Casein
04g
Figure 1: Nanofibrous mats with different
amounts of PAN and casein after electrospin-
(460 + 180) n ning (sca.le bars .indicate 10 um, fibre diame-
ters are given as insets)
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PAN1.38 g PAN16g
Casein
00g
(320 = 80) nm
Casein
0.lg
(360 = 110) nm
Casein
02g
Casein
04g
Figure 2: Nanofibrous mats with different
amounts of PAN and casein after stabilisation
o (scale bars indicate 10 um, fibre diameters are
(680 = 370) nm . .
given as insets)
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PAN1.38¢g PAN16g
Casein : FRis oo
00¢g
(360 = 90) nm
Casein
01g
(330 = 80) nm
Casein
02¢g
Casein
04¢g
Figure 3: Nanofibrous mats with different
amounts of PAN and casein after carbonisa-
tion at 500 °C (scale bars indicate 10 um, fibre
diameters are given as insets)
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PAN 1.38 PAN16g
Casein
00g
Casein
0.lg
(400 = 80) nm (360 = 110) nm
Casein
02g
(820 + 430) nm
Casein
04g
Figure 4: Nanofibrous mats with different
‘f_t amounts of PAN and casein after carbonisa-
— o tion at 800 °C (scale bars indicate 10 um, fibre
(450 £ 130) nm . . .
diameters are given as insets)
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after the carbonisation at 500 °C or 800 °C. Similarly
to stabilised nanofibrous mats, the combinations of
1.38 g PAN with 0.2 g or 0.4 g casein again showed a
combination of fibrous and membrane-like areas,
hinting at casein/PAN agglomerations. The combi-
nation of 1.6 g PAN with 0.2 g casein, on the other
hand, again showed relatively thick, straight fibres,
the diameters of which remained similar to those of
original fibres.

Macroscopically, a strongly increased mechanical
stability of PAN/casein nanofibre mats was recog-
nized. While the samples without casein or with
0.1 g casein were brittle after the carbonisation at
500 °C or 800 °C (cf. Figure 5b), the sample with
1.6 g PAN and 0.2 g casein was touchable without
problems and even bendable to a certain degree
without being destroyed (cf. Figure 5a) even after
the carbonisation at 800 °C. Other samples were
less brittle than pure PAN after carbonisation, but
less elastic than the sample with 1.6 g PAN and 0.2 g
casein. Nevertheless, it must be mentioned that
further research is necessary to investigate how
stable this effect is, whether small deviations from
this material ratio or slightly different electrospin-
ning conditions would retain similar results or
modify them significantly. The very broad fibre di-
ameter distribution suggests that the thicker fibres
in the micrometre range would possibly remain
intact, while the thinnest fibres may be more prone
to breaking. This is going to be investigated in
more detail in a follow-up study, using a defined
bending process.

a1 |
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Figure 6: FTIR graphs of PAN and PAN/casein na-
nofibrous mats after electrospinning

Next, FTIR investigations were performed to inves-
tigate the influence of casein on the electrospun
PAN nanofibrous mats (cf. Figure 6).

A few typical peaks which can be expected for pure
PAN are stretching vibration of the C=N nitrile
functional group at 2240 cm-!, the carbonyl (C=0)
stretching peak at 1732 cm-!, and the bending
and stretching vibrations of CH, at 2938 cm™!,
1452 cm~! and 1380 cm™! [37].

Casein should show amide bands at around 1659 cm™!
and 1539 cm™!, respectively [38], which are here
hidden in the PAN bands. Dong and Gu also re-
ported about the missing amide bands for PAN/ca-
sein blends [39]. The measurements of stabilised
and carbonised samples look similar to those visible

Figure 5: (a) Bending sample carbonised at 500 °C, electrospun from 1.6 g PAN and 0.2 g casein; (b) broken
residues after the same bending test, performed on carbonised (500 °C) sample electrospun from 1.6 ¢ PAN

without casein
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in Figure 5 for the pure PAN nanofibrous mats, with
the signals being slightly smaller, possibly due to
slightly thinner fabrics.

Figure 7 shows a pure PAN nanofibrous mat after
electrospinning, stabilisation and carbonisation at
500 °C and 800 °C, respectively, for comparison.

2938 cm” 1 17320m’

2240 cm 1452 cm™ b

\ \ y | 1380 cm™
w

:
1660 cm’’ A ]
cm

Transmission (arb. units)

2500 2000 1500 1000
Wave number / cm”

1.6 PAN + 0.0 g casein

——electrospun ——carb. 500 °C

—— stabilized carb. 800 °C

3500 3000

Figure 7: FTIR graphs of nanofibrous mats, electro-
spun from pure PAN, stabilised and carbonised at
different temperatures

After the stabilisation, a new peak near 800 cm™!
becomes visible due to aromatic C-H vibrations
[40] as well as large peaks of C=N stretching vibra-
tions at 1582 cm~! and C=C stretching vibrations at
1660 cm~! [37]. The second large peak at around
1360 cm™! can be explained by C—H bending and
C-H, wagging [41].

After full carbonisation at 800 °C, typically only
very few peaks are left due to the high absorbance
of carbon [42]. The carbonisation at 500 °C, howev-
er, resulted in a spectrum between the stabilised and
fully carbonised state, as it could be expected due to
the relatively low temperature.

Finally, Figure 8 shows the results of FTIR inves-
tigations of the nanofibrous mats with the highest
amount of casein. A comparison between Figures
8 and 7 shows that the general chemical process
is apparently nearly identical with the one found
for pure PAN, indicating that the increased fibre
diameter does not influence the stabilisation and
carbonisation process. Different peak heights
may be attributed to different nanofibrous mat
thicknesses.
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Figure 8: FTIR graphs of nanofibrous mats, electro-
spun from PAN with maximum amount of casein,
stabilised and carbonised at different temperatures

4 Conclusion and outlook

Adding the biopolymer casein to a PAN electros-
pinning solution prepared in DMSO can be used
to modify the nanofibrous mat morphology. By
carefully tailoring the PAN : casein ratio, relatively
thick fibres can be created, and unambiguously
stabilised and carbonised. In this way, a new path
may be offered to prepare PAN/casein or conduc-
tive carbon nanofibrous substrates for future cell
growth experiments.
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Abstract

People have been accompanied by colours throughout the history and through all periods of life. In differ-
ent eras, colours were also associated with status symbols of different social classes or mythological beliefs.
We are often addressed emotionally by colour combinations, since colour perception is always and exclu-
sively a sensorial experience. Various colour combinations can have a pleasant effect on us or leave us cold
as well as in a state of shock. All of the above, presented the starting point of this research. Detection and
perception of sensations through colour was accomplished by preparing a questionnaire related to 12 se-
lected colours. The research included 302 participants from Slovenia, of both sexes and different ages, born
from 1940 to 2004. From the obtained results, it could be concluded how popular a certain colour is in a
material, design and spiritual sense. Moreover, the results were validated and compared regarding the gen-
der and age of participants, and further compared with the results of previous studies.

Keywords: colour perception, survey, colour popularity, colour of joy, colour of clothes, colour of sleeping area

lzvlecek

Barve spremljajo ¢loveka skozi vso zgodovino in skozi vsa Zivljenjska obdobja. V razlicnih obdobjih so bile tudi sta-
tusni simboli socialnih slojev ali mitoloskih prepri¢anj. Barvne kombinacije, ki jih srecamo, nas custveno nagovori-
Jjo, kajti dojemanje barve je vedno in izklju¢no samo cutno doZivetje. Razlicne barvne kombinacije lahko na nas de-
lujejo prijetno, lahko pa nas pustijo hladne ali se nas celo neprijetno dotaknejo. Slednje je bilo izhodisce za naso
raziskavo. Z izbranimi dvanajstimi barvnimi odtenki in pripravljenim anketnim vprasalnikom smo opravili raziska-
VO 0 zaznavanju in dojemanju barv. V raziskavi je zajet vzorec populacije 302 ljudi iz Slovenije, ki zajema tako zen-
ske kot moske razlicnih generacij, leto rojstva od 1940 do 2004. Iz raziskave je mogoce ugotoviti priljubljenost po-
sameznih barv tako v materialnem, oblikovalskem, kot tudi duhovnem smislu. Rezultati raziskave so ovrednoteni
in primerjani glede na starostna obdobja in spol udelezencev, saj se ti med seboj razlikujejo, narejena je tudi pri-
merjava s preteklimi raziskavami.

Klju¢ne besede: zaznavanje barve, vprasalnik, popularnost barve, barva veselja, barva oblacil, barva spalnega prostora

1 Introduction psychological abilities of the observer [1, 2]. The

physical aspect of Colour Science, which is an inter-

Colour is a subjective sensorial perception that de-
pends on the physicochemical composition of the ob-
served object, type of light, and physiological and
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disciplinary discipline, deals with light and its inter-
action. The chemical aspect covers the chemical prop-
erties of substances — colourants, which can under
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the influence of visible light absorb or reflect light of
different spectral wavelengths. The psychological as-
pect of colours considers the visual system of the ob-
server, dealing with its influence on the well-being,
consciousness and perception of colours.

The most important aspect of colour in daily life is
probably the one that is least defined and most vari-
able. It involves aesthetic and psychological re-
sponses to colour, and influences art, fashion, com-
merce, and even physical and emotional sensations
[3]. However, detection and perception of colour is
not isolated from other sensory elements, but is re-
lated closely to: (i) Perception of space and move-
ment (dark colours seem closer, light makes things
farther away), (ii) Weight perception (dark colours
appear heavy, light lighter), (iii) Thermal sensations
(red, orange, yellow and brown hues are “warm’,
while blue, green and grey are “cold”), (iv) Touch
sensations (velvety are “soft” colours and metallic
are “hard”), (v) Odour, (vi) Taste and (vii) Acoustic
sensing [4]. Furthermore, red, orange and yellow
hues are said to induce excitement, cheerfulness,
stimulation and aggression; blues and greens secu-
rity, calm and peace; and browns, greys and blacks
sadness, depression and melancholy [3]. How we
perceive colours depends also on our character,
mood, past experiences (memory colour effect) [5],
gender, age and cultural conditions - place and his-
torical period to which we belong [6]. In addition,
mental health is one of the very important factors
influencing colour perception, i.e. schizophrenics
have been reported to have abnormal colour per-
ception. Also, specific colours can have a therapeu-
tic effect on physical and mental disabilities [3].
Many authors have been dealing with colours in his-
tory, although, the studies are mainly related to the
psychology of colours and their impact on the well-
being, mood and health. A study similar to our re-
search was published by A. Trstenjak in [10] and
later by M. Tusak in [8], which summarised the re-
search by M. Pfister [11], Gibson J. J. [12], H. Friel-
ing [13] and others.

The aim of this study was to investigate the percep-
tion of sensations through colour, regarding gender
and age, by preparing a survey together with 12 se-
lected colours, representing the whole colour circle.
The survey included questions about the (un)popu-
larity of colours, the association of colours with joy,
favourite colours of clothing and preferred colours
of the sleeping area.
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2 Experimental

2.1 Farticipants

In the presented study, 302 persons participated in
total, 195 females and 107 males, from whom 5 per-
sons (1 female and 4 males) had different colour per-
ception disorders (self-proclaimed). In order to com-
pare the obtained results, three groups were generated
according to the year of birth, i.e. 1% group 1940-
1970 (47 females and 19 males), 2" group 1971-1990
(60 females and 46 males), and 3 group 1991-2004
(88 females and 42 males). The percentages of partic-
ipants included in the study regarding the year of
birth and gender are disclosed in Figure 1.

1940-1970 1571-1930 1991-2006

Woman o Men Weman © Men Waomen © Man

E 68%

Figure 1: Participants included in study

2.2 Test samples and survey

For the purpose of this research, a survey was pre-
pared with nine questions. The first three questions
were related to gender, year of birth and the colour
vision disorder of participants included in the re-
search, whereas the other six questions were connect-
ed to the perception of sensations through colour.
Firstly, participants had to sort the 12 selected colours
(cf. Table 1) regarding their popularity by creating a
personal scale, from the most popular to the least
popular colour. The next question was related to the
perception of joy through colour, i.e. selection of the
most and the least joyful colours. In addition, partici-
pants needed to select the colour of clothing they pre-
fer to wear and finally, what colour they favour for
their sleeping room. The collected answers were cal-
culated as a percentage of the total number of partici-
pants in each group (gender and date of birth).
Together with the survey, 12 selected colour sam-
ples (i.e. black, grey, white, pink, purple, blue, tur-
quoise, green, yellow, orange, red, brown) were pre-
pared according to the RAL colour system,
measured using a UV-VIS SF 600 Plus (Datacolor)
spectrophotometer (cf. Table 1) and positioned in
the CIE a*b* colour space (cf. Figure 2). The survey
was conducted in July and August 2018 in a physi-
cal form, for all participants to be able to evaluate
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Table 1: Selected colours according to RAL [7] and CIE L*a*b* measured values

Colour RAL ) Measured CIE L*a*b* colour value
—— mark Naming colour I o b* C* 3
[ ERE black 27.42 0.21 -0.42 047 | 296.53
2707010 | grey 71.56 -0.21 -9.41 9.42 | 268.74
L 112909005 | white 90.31 0.94 -2.47 2.65 | 290.80
34070 30 | pink 70.36 27.58 -9.92 29.31 | 340.22
I | 3006035 | purple 60.77 16.84 | -28.56 33.16 | 300.53
I | 2505040 | blue 52.70 | -12.75 34.52 36.80 | 249.73
N | 1807025 | turquoise 70.66 | -24.42 0.17 2442 | 179.56
12070 50 | green 70.92 | -23.90 40.93 47.40 | 120.28
09090 60 | yellow 89.19 0.18 57.06 57.06 89.82
N | 0506070 | orange 60.92 42.83 44.65 61.88 46.19
I | 0304060 | red 4435 44.60 21.28 49.41 25.51
I | 060 40 40 | brown 45.04 17.00 25.35 30.53 56.15

the same colour patterns, which could not be possi-
ble through a social network survey (different
screens, screen settings, devices etc.).

b'l

60

(m]

50

[ |
o i
a0
]

20— o

10
t - Lo +
60 -50 -40 30 -20 -10 O 10 20 30 40 50 60 @~

108 m

Figure 2: Position of colour samples in CIE a*b* dia-
gram

3 Results and discussion
3.1 Popularity and unpopularity of colours

in general
The first objective of the presented study was to de-
termine the popularity scale of the 12 selected
colours, regarding gender and year of birth (Figure
3 - females and Figure 4 — males). The diagrams

capture the data of the whole scale; thus, a full pic-
ture is given of the colour range. The favourite
colours are shown as a positive proportion of
colours (+) above indifferent colours (less than 5%),
and unpopular colours are shown at the bottom of
the scale as a negative share (-).

From Figure 3, it can be observed that the favourite
colour for females born between 1940 and 1970 was
blue (19.6%), followed by red, green and turquoise.
The least popular was brown (30.4%), followed by
grey, black and finally, pink. Other colours were of
minor interest. The second female group (1971-
1990) preferred red (14%), blue and green, and re-
fused brown (40%), grey and pink. The youngest fe-
males preferred black (13.3%), blue and white, and
refused brown (39.9%), orange and purple.

In general, the least popular colour in all three
groups was brown and the central position on all
scales was reserved for turquoise, with ca. 4-6% of
popularity. Orange, which was popular in the eldest
population (8%), proved to be a less popular colour
for the youngest participating group, with almost
the same share (-8.2%). In contrast, black was shift-
ed from less popular (-10%) by the oldest genera-
tion to the most popular colour (13.3%) by younger
females.

Figure 4 shows the popularity of colours in male
groups, from which less difference could be per-
ceived in comparison with female groups, i.e. the
most popular colour was blue (up to 34.5%), the
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The popularity of colours
“Women
Year of birth 1840-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] Color |Quota[%)] Color |Quota[%]
100 % 100 %
Red 14.0 Black 13.3
Blue 19.6 a0 % a0 %
80 % Blue 12.0 Blue 11.2 80 %
Orange 8.7
White 8.2
Red 6.5 70% Green 10.0 3 —70%
Turquoise 4.3 = Willaws B
Green 4.3 60 % urple €0 Red 4.1 60 %
Turquoise 4.0 Turquoise 4.1
rollonw: || nefcd White 20 Green 3.1
White 2.2 50 % Yellow %8 Pink 1.0 50 %
Black -4.3 Og_mlg e med) Purple -2.0
n .
Gray -4.3 Gray 4.0 Orange -8.2
Purple -4.3 40 % 40 %
Pink -6.5
30 % 30 %
20 % Brown -40.0 Brown -39.8 20 %
Brown -30.4
10 % 10 %
0% 0%
Figure 3: Colour popularity among female participants
The popularity of colours
-Men
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] Color |Quota[%)] Color |Quota[%]
100 % 100 % 100 %
Blue 154
90 % 90 % 20 %
Blue 30.0
Blue 34.5
Green 1.5 80 % 80 % 80 %
Turquoise T 70 % 70 % 70 %
Green 6.7
Red 3.8
i Red 6.9
White 3.8 —60 % White S0 —60 % 60 %
Red 33 Green 3.4
orange 28 Gray 33 Orange 3.4
Purple 3.8 Ti i 1.7
50 % Yellow 1.7 urguoise ; 50 %
Gray 3.8 Orange -3.3 worey -1.7
‘ellow 1.7 s
Yellow -3.8 Purple 8.7 PLII'|_:I|S -1.7
40 % White -5.2 _ a0 %
Black -11.6
Brown -13.3 Brown -10.3
30 % 30 %
Brown -15.4
20% 20 %
Pink -26.7 Pink -29.3
10 % 10 %
Pink -15.4
0 % 0%

Figure 4: Colour popularity among male participants
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A Colour that represents joy
-Women
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] Color |Quota[%] Color |Quota[%]
Tu (r_-squoise % } 100 % TL'I:' r'quolise 1.7 Purple 2.3 10075
ray . urple 2 Y 4.6
White | 43 Groen 5.0 s
Blue 4.3 90 % Turquoise 4.6 90 %
Green 6.4 Orange "7 Green 5.7
Purple 6.4 2% Red 8.0 80 %%
Pink 8.5 70 % Pink 167 Pink 9.2 70 %
Red 8.5 60 % Orange 10.3 60 %
Red 21.7
50 % — 50 %
Orange 23.4
40 % —40 % — 40 %
—30 % —30 % — 30 %
Yellow 55.2
_209% Yellow 41.7 0% 209
Yellow 34.0
—10 % —10 % —10 %
0% 0 % 0%
Figure 5: Colours of joy for females
A Colour that represents joy
-Men
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%)] Color |Quota[%] Color |Quota[%]
100%  Nurquoise| 2.2 100% I White 24 1907%
! Purple 2.2 Black 4.8
White 10.5 Pink 55
a0 % White 2.2 Purple 4.8 90 %
Red 8.7
Blue 10.5 Red 4.8
80 % Turguoise 71 80 %
Green 13.0
Orange 15.8 70 % Orange 1.9 70 %
Bl 18.2
—60% ue 60 %
Yellow 15.8 Srean 14.3
— 50 % 50 %
Orange 15.2
40 9 4
Green | 21.1 et Blue 23.8 0%
30 % —30 % 30 %
20 % Yellow 39.1 —20 % —20%
Red 26.3 Yellow 26.2
10 % —10 % —10 %
0 % 0% 0%

Figure 6: Colours of joy for males
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least popular pink (up to 29.3%), and indifferent
colours were orange, grey and yellow, with percent-
age differences between ages.

If we compare both genders and all ages (cf. Figures
3 and 4), a relatively popular colour was blue, more
for males (up to 34.5%), unpopular was brown,
more by females (up to 40%), and indifferent was
yellow. In addition, women prefer red and men
green colour, and both declined pink (men to a
higher extent than women).

The findings of the presented research were com-
pared with other studies as follows. In 1994, Tusak
[8] interviewed gymnasium students and students of
secondary vocational schools, and found out that
blue was the most popular colour for both genders
and for all researched groups. The second most pop-
ular colour among boys was green (gymnasium) and
red (secondary vocational schools). The second most
popular colour among girls was purple (gymnasi-
um) and black (secondary vocational schools). The
most unpopular colour at boys was pink, followed
by yellow and brown. The most unpopular colour
among girls was yellow (gymnasium), followed by
pink and brown (secondary vocational schools). If
we compare the results with our studied group
(1991-2004), which was wider, but also included
tertiary level students, some similarities as well as
differences could be found, i.e. blue was the most
and pink the least popular colour among males in
both studies. The biggest differences were between
the (un)popularities of colours among females.

In addition, Tusak [9] conducted a survey of colour
popularity in a group of people aged between 60
and 87 years, without division by gender, which
could be compared with our group of participants
born between 1926 and 1970. Blue turned out to be
the most popular colour in both researches, fol-
lowed by green (as in our research for males) and
red (second most popular colour for females in our
study). The most unpopular colour in Tusak’s re-
search was black, followed by yellow and brown,
while in our research, the least preferred colour for
females was brown, followed by black, and for males
pink, followed by brown.

A recent study prepared by Guzelj et al [14] in 2016
examined the emotional response to colours in a
sample of the female population in Slovenia, reveal-
ing whether a selected colour was perceived as pleas-
ant or not. Similarities with our study could be seen
in the popularity of colours by age. Elderly females
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preferred red and blue, and declined black as a pop-
ular colour. Interestingly, in a survey [14], most
women selected purple as the colour they like. In
our study, purple was less popular among females,
except in the group born between 1971 and 1990.

3.2 Colour of joy

Figures 5 and 6 present the colour of joy for females
and males, regarding their year of birth.

From Figure 5, it can be noted that yellow represents
joy for females of all tested ages. In the first group
(year of birth 1940-1970) and third group (1991-
2004), yellow was selected by 34.0% and 55.2%, re-
spectively, followed by orange and pink. The mid-
dle-aged group preferred yellow (41.7%), followed
by red, pink and orange. All the mentioned colours
are the so-called warm colours, except for pink. The
minority of females of all ages (1.7 up to 2.3%) se-
lected turquoise and purple as the colour of joy.
Figure 6 presents a rather different perception of joy
through colour for men compared to women. In the
younger generation (1991-2004), two so-called cold
colours, blue and green (following yellow), represent-
ed the colour of joy, revealing blue as a very impor-
tant colour in everyday life. Contrarily, the generation
of men between 1940 and 1970 favoured red (26.3%)
as the colour of joy, followed by green (21.1%), and
yellow and orange in the same percentages (15.8%).
On the opposite side of joyful colours for men, there
were white, purple, turquoise and black.

The study performed by Kovachev and Musek [15]
got similar results as presented in our study. Their
survey included mainly female students, who most
often associate joy with the red colour, followed by
yellow and orange. In our study, women quite often
selected pink (8.9% up to 16.7%), which was not
available in a comparative study [15].

From the physiological point of view, yellow is the
strongest colour, and relates to emotions, self-es-
teem and creativity [4]. Yellow is thought of as joy-
ful, outgoing, open and friendly. In colour-mood
association studies, yellow is associated with come-
dy, happy mood and playfulness. It occupies the
largest range in the visible spectrum and has a ben-
eficial effect on the eye and nervous system [16].

3.3 Favourite colour of clothing

Figures 7 and 8 present favourite colours of clothes
for women and men, respectively, regarding their
year of birth.
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Clothing colour
-Women
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] " Color |Quota[%] - Color |Quota[%]
White | 2.1 100%™ Brown 137 100% [ Bumpie 11 1005
Turquoise 4.3 ray 1.7 Yellow 2.3
Yellow 1.2 Turguoise 2.3
Orange 4.3 Pink 1.7 31
90 % |Turquoise| 3.3 Srisn 3 90 %
Gray 4.3 GR"ee“ g: Red 3a
Purple 6.4 ad : i 4
p 80 % Pink .6 8 oo
Yellow 6.4 White 10.0 Blue 9.2
7 7
Green 8.5 2] Q%
Purple 1.7
Red 8.5 60 % White 19.5 — 60 %
Fink e i Blue 20.0 o
Black 17.0 40 % 40 %
30 % 30 %
Black 50.6
20% Black 38.3 20 %
Blue 29.8
10 % 10 %
0% 0%
Figure 7: Favorite clothing colours among females
Clothing colour
-I\/?en
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] " Color |Quota[%] - Color |Quota[%]
Orange 53 100%  —aliow 22 100 % Purple 2.4 100
- Gray 22 Yellow 2.4
Brown 5.3 Green 4.3 Green 2.4 -
' 80 % Red 4.3 Turguoise 2.4 909
Turquoise 53 . \gh ite Eg
Turquoise 4.3 ray %
Gy 06 80 % —80 % Red 48 80 %
White 13.0
Black 10.5 a2 70%
Blue 31.0
60 % 60 %
Black 26.1
50 % 50 %
40 % 40 %
Blue 63.2 30% 30 %
Black 47.6
I 43.5
20 % Blue 20 %
10 % 10 %
0 % 0%

Figure 8: Favorite clothing colours among males
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In Figure 7, minor differences can be observed
among the favourite colours of female clothes re-
garding age. The oldest population (1940-1970) pre-
ferred blue (29.8%) over black (17.0%) and pink
(8.5%), the population in their middle ages (1971-
1990) black (38.3%) over blue (20.0%) and purple
(11.7%), and the youngest ones (1991-2004) black
(50.6%) over white (19.5%) and blue (9.2%). The mi-
nority of females preferred brown, purple, yellow
and turquise, with small differences between ages. It
is not surprising that the black colour is the favourite
colour for clothes, as it can be combined with all oth-
er colours, it is appropriate for all occasions, differ-
ent subcultures, and can hide body’s shortcomings.
The answers about the favourite colours for clothes
among males (cf. Figure 8) were similar to those by
females, but in different percentages. The eldest
population (1940-1970) preferred blue (63.2.4%)
over black (10.5%) and grey (10.5%). Then, the pop-
ularity of the blue colour diminished by lowering
the age, on account of the black colour, i.e. in the
population in their middle ages (1971-1990), black
(43.5%) still dominated over blue (26.1%), and in
the youngest population (1991-2004), black (47.6%)
dominated over blue (31.0%).

If we compare the popularity of colours of garments
by gender, it can be concluded that the trend is blue
and black. The choice of black decreases with age,
while the popularity of blue increases. Most men
preferred cooler colours, while women selected
some warm colours as their favourite ones. In some
cases, women chose the pink colour that was not
found in the men’s answers. This can be linked to the
colour popularity chart (cf. Figure 4), as pink was
one of the undesirable colours according to men.
Trstenjak [10] investigated in 1996 the popularity of
dress colours of persons aged 15 to 22 years, which
could be compared with our 314 study group (1991~
2004). He found out that grey was the most popular
colour for males, followed by blue; in our study,
black was ahead of blue. The female population in
TrstenjaK’s research preferred blue in a high per-
centage over red in a low percentage. The data ob-
tained from both surveys for young female popula-
tions are not comparable at all. Two decades have
passed since Trstenjak’s survey and the above com-
parison shows that the popularity of certain colours
has, as expected, changed over time since the colour
of clothes (especially for women) is in close relation
with fashion.
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3.4 Colour of sleeping area

Figures 9 and 10 represent favourite colours of the
sleeping area separately for women and men, re-
garding their year of birth.

From Figure 9, it can be observed that the white
colour is the first choice for the sleeping area for fe-
males of all tested ages. Here, the similarities be-
tween groups stopped. In the first group (1940-
1970), females also preferred yellow, green and grey,
in this order, in the second group (1971-1990) they
chose green, yellow and pink, and in the third group
(1991-2004), blue, turquoise and orange. Women
like cold colours in their sleeping area, e.g. white,
blue, green and turquoise, although some also pre-
ferred warm colours, e.g. yellow and orange. In the
youngest generation, 3.4% of females picked black
as their favourite colour for their sleeping place.
This colour was not favourite for other generations,
from which it could be concluded that the younger
generation follows the trends and changes colours
more easily in indoor surroundings.

Elderly men and those in their middle ages were
more traditional and favoured the white colour for
their sleeping space in relatively high percentages
(cf. Figure 10), i.e. 52.6% (1940-1970) and 58.7%
(1971-1990). This trend changed with the youngest
investigated group, where only 26.2% preferred
white. Other popular colours were red and blue
(1926-1970), green and blue (1971-1990), and blue
and yellow (1991-2004). Similarly as in the young-
est female generation (cf. Figure 9), 4.8% of males
(cf. Figure 10) picked black as their favourite colour
for their sleeping place.

We can conclude that white was the most popular
colour for the sleeping surroundings irrespective of
gender and age, whereas the popularity of other
colours changed by age. Black became the perfect
choice for the youngest males and females, although
for the 2"d and 3" groups, black was not even on
the scale.

Van der Voordt et al [17] studied in 2017 studied the
popularity of colours in different rooms. His research
found that the most popular colour for the bedroom
was white, as in our study, followed by red, blue and
green, which is similar to our study, with the excep-
tion of red, which was not among the favourite
colours with our participants. The reason for choos-
ing white for the sleeping space could be that people
want to have as much light in the room as possible.
White is the colour that reflects the lightest and
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The colour of the sleeping area
-Women
Year of birth 1940-1970 Year of birth 1971-1990 Year of birth 1991-2004
Color |Quota[%] Color |Quota[%] Color |Quota[%]
Brown 2.1 1905 Red 1.7 100:% Brown 1.1 100 %
Purple 4.3 Gray 3.2 Black 3.4
Ti i Orange 5.0 Red 3.4
urquoise| 4.3 90 % a0 % Gray 3.4 90 %
Pink 6.4 Brown 5.0 Purple 3.4
Purple 5.0 Pink 3.4
80 % 80 % 80 %
Gray 8.5 ®  |Turquoise| 5.0 Sraan 48
Yellow 4.6
6.7
arsan: | 0@ 70 % Blue 70% | Orange | 5.7 70 %
Pink 83 Turquoise 5
150 — 60 % 60 % B0 %
Yellow : Yellow 8.3
50 % Blue 21.8 50 %
Blue 14.9 Green 15.0
40 % 40 %
—30 % —30 % — 30 %
White | 36.2 e White 36.7 —20% White 39.1 —20%
—10% —10 % —10 %
0 % 0 % 0%

Figure 9: Females’ favourite colours of sleeping area

The colour of the sleeping area

-Men

Year of birth 1840-1970

Year of birth 1971-1990

Year of birth 1991-2004

Color |Quota[%] Color Quola[%]' Color |Quota[%]
Pink 5.3 100 % Turquoise 22 100 % Purple 24 100 %
: Yellow 22
Black 4.8
Red 4.3
Furple 53
90 % Orange 4.8 00 %
Turquoise| 5.3 Gray B Red 4.8
Green 5.3 80 % Blue 8.7 Turquoise| 7.1 80 %
Yellow 53
Gray 71
70 % 70 %
Blue 10.5 G 17.4
reen Green 7.1
60 % — B0 %
O E
range 10.5 Yellow 11.9
—50 % —50 % 50 %
T a, P
40 % 40 % Blue 23.8 40 %
—30% White 58.7 —30 % 30 %
White 52.6
—20% —20 % —20%
White 26.2
—10% —10 % —10%
0 % 0% 0%

Figure 10: Males’ favourite colours of sleeping area
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therefore works as the brightest of all colours. The
reason for its frequent choice could also be that white
is considered as a safe choice and could be combined
with all other shades in smaller proportions.

4 Conclusion

The purpose of the presented research was to inves-
tigate the perception of sensations through colour,
regarding gender and year of birth, by preparing a
survey together with 12 selected colours, represent-
ing the whole colour circle. The survey covered ques-
tions about the (un)popularity of colours, associa-
tion of colours with joy, favourite colours of clothing
and preferred colours of the sleeping space. We
could find a symbolism in colours and establish that
they can influence humans’ well-being. Sometimes,
we are unaware of their presence. The study gained a
lot of data, providing a comprehensive view about
the perception of colours. The presented research
gave some general criteria of what we can expect
from colours, while their perception still remains an
individual choice. Colour perception is different by
gender and age, although it is slowly changing with
time, which could be a consequence of more aggres-
sive propaganda of fashion/designers’ industries
through new (social) media and technologies. It
would be interesting to perform a more detailed re-
search within the individual sets of data obtained.
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Abstract

The psychological satisfaction of the textile customer is the first criteria used to evaluate clothing and a lack
of aesthetics, while fashionability and physical appearance contribute to the psychological discomfort of us-
ers. Either inherently or due to processing, cotton cloths demonstrate different psychological comfort be-
haviours. Manufacturers must therefore produce fabrics with optimum psychological comfort parameters.
The objective of this research was to study the effect of cotton yarn parameters on the psychological com-
fort properties of woven fabrics. Four woven fabrics were produced from cotton yarns with different yarn
twists, yarn counts, strengths and yarn elongations. Psychological comfort parameters such as wrinkle, drape,
crease, bending modules and flexural rigidity were measured and analysed in accordance with the ES ISO
9867, 1SO 9073-9, ES ISO 2313 and ASTM D1388-18 standards, respectively. Multiple regression equations
were developed to predict the comfort properties of clothing in relation to yarn parameters. A statistical
analysis showed that the wrinkle recovery and drapeability of fabrics were significantly affected by yarn twist,
count and tenacity, and the elongation of yarns. However, yarn twist, count, tenacity and elongation had an
insignificant effect on the crease recovery of woven samples at an F-value of 3.546 and a P-value of 0.069.
The stiffness properties of the fabrics such as flexural rigidity and bending modules also showed insignifi-
cant difference between samples at F = 38487.969, P = 0.057 and F = 25.506, P = 0.055 respectively. A mul-
tiple regression analysis showed a positive correlation between yarn parameters (factors) and response, with
Adj. R? of 0.0998, Adj. R? of 0.975 and Adj. R? of 1 for crease recovery, wrinkle recovery and drape coefficient,
respectively. The equations developed are helpful to fabric manufacturers in sourcing yarns with specific pa-
rameters to produce the desired comfort level in a fabric.

Keywords: yarn parameters, psychological comfort, cotton fabric, wrinkle, crease recovery, bending modules

lzvlecek

Psiholosko zadovoljstvo kupca s tekstilijo je prvi kriterij ocenjevanja oblacila, pri cemer pomanjkanje estetike, mod-
nosti in fizicnega videza vplivajo na psiholosko neudobje uporabnika oblacila. Bombazna tekstilija izkazuje sama
ali zaradi obdelav razlicne psiholoske odzive. Proizvajalci morajo zato izdelovati tekstilije z optimalnimi parametri
psiholoskega udobja. Namen raziskave je bil preuciti vpliv parametrov bombazne preje na psiholoske lastnosti
udobja tkanin. Stiri tkanine so bile izdelane iz bombaznih prej z razlicnim vitiem, dolzinsko maso, trdnostjo in
raztezkom. Parametri psiholoskega udobja, kot so gube, drapiranje, zmeckanost, upogibni modul in upogibna to-
gost, so bili izmerjeni in analizirani v skladu s standardi ES 1SO 9867, ISO 9073-9, ES 1SO 2313 in ASTM D1388-18.
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Razvite so bile regresijske enacbe za napovedovanje lastnosti udobnosti oblacil glede na parametre preje. Statistic-
na analiza je pokazala, da so na izravnalne kote in drapiranje tkanin pomembno vplivali vitje, dolzinska masa, tr-
dost in raztezek preje. Nasteti parametri pa niso pomembno vplivali na izravnavanje gub (zmeckanin) tkanih vzor-
cev (F = 3,546, P = 0,069). Pri togosti tkanin, in sicer upogibni togosti in upogibnem modulu, med vzorci ni bilo
statisticno pomembnih razlik (F = 38487.969, P = 0,057; F = 25.506, P = 0,055). Veckratna regresijska analiza je po-
kazala pozitivno korelacijo med parametri preje (faktorji) in odzivom s prilagojenimi korelacijskimi koeficienti
R? = 0,0998 za izravnavanje qub, R? = 0,975 za izravnalne kote in R2 = 1 za drapiranje. Razvite enacbe so v pomoc
proizvajalcem tkanin pri nabavi preje z dolocenimi parametri za izdelavo tkanin z Zelenim udobjem.

Kliu¢ne besede: parametri preje, psiholosko udobje, bombazna tkanina, gube, zravnava gub, upogibni modul

1 Introduction

Psychological comfort has received attention from
manufacturers in recent years due to consumers’ de-
mands for aesthetic value, fashionability and good
clothing appearance, as factors considered in the pur-
chase process. To produce a comfortable garment,
comfort properties should be considered during man-
ufacturing and garment design [1]. Clothing with
poor wrinkle, low drapeability and crease recovery
properties will decrease wearers’ psychological satis-
faction. Natural fibres have better comfort properties
than synthetic fibres. Even though they have several
advantages, they also have some disadvantages, such
as the quick wrinkling of cotton fabric during wear
[2]. Yarn parameters are very important in producing
suitable fabric with optimised performance for a spe-
cific end use. Several researchers have shown that
yarn properties affect the properties of clothing. Gong
studied cotton fabrics using five control factors in or-
der to examine their effects on yarn cross-sectional
shape changes along the yarn path. The factors stud-
ied were fibre type, yarn linear density and twist fac-
tor, and warp and weft cover factors. The study fo-
cused on the cross-sectional structure and its
influence on woven fabric [3]. Pattanayak and Luxi-
mo pointed out that there are many factors that influ-
ence the aesthetic appearance of a fabric and the out-
standing effect on the actual beauty of the cloth [4].

Drape is one of the critical factors affecting psycho-
logical comfort. The drape or drapeability of a fabric
refers to the manner in which the fabric falls, shapes,
gathers or flows with gravity on a model form or on
a human body. Fabric drape has attracted the atten-
tion of many researchers in recent years because of
the attempt to create a clothing CAD system by in-
troducing fabric material properties in which drape
is the key element [5]. Pattanayak and Luximo stat-
ed that fabric drape is an important parameter for

the selection and development of textile materials
for apparel industries. Predictions of the drape prop-
erty of cotton woven fabrics were developed using
multiple regression methods [4]. Another research-
er investigated the improvement of the crease recov-
ery of cotton fabrics. Reactive dyed fabrics were
treated with dimethylol dihydroxy ethylene urea
(DMDHEU) resin in order to improve their crease
recovery characteristics. Two types of treatments
were carried out: conventional thermal curing and
gamma irradiation. Finally, the effect of treatments
on crease recovery, and the mechanical and thermal
properties of fabrics were studied. They found that
the finishing of cotton fabrics with gamma irradia-
tion demonstrated better crease recovery [6]. The ef-
fect of yarn twist has also been studied. It was ob-
served that the crease recovery of cotton fabrics
decreases as yarn twist increases [7]. Similarly, Liu
et al. investigated the impact of mechanical action
on the wrinkling of cotton fabrics in a drum washer
[8]. They observed that the spinning speed and wash
load were the main factors influencing the smooth-
ness of cotton fabrics. As the wash load increased,
the free motion region decreased and the ratio of
the passive motion region increased, resulting in the
severe wrinkling of cotton fabric.

Hala [9] studied the effect of yarn twist direction on
the drapability of fabrics and observed that twist di-
rection does indeed have an effect on drape property.
The bending and drape properties of woven fabrics,
and the effect of weft density, weft yarn count and
warp tension on these properties were also investi-
gated by Siile [10]. It was reported that woven fabrics
with thicker weft yarns and higher weft densities had
a higher bending rigidity. In addition, the bending
rigidities of the fabrics in the warp directions in-
creased as warp tension increased. King and John-
ston [11] studied the effect of stiffness, shear, extensi-
bility, thickness and density on the drape coefficient
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of fabrics. A multiple regressions analysis equation
was developed to determine drape coefficient based
on stiffness, shear, extensibility and density. They
concluded that the drapeability characteristics of a
fabric are affected, to some extent, by fibre stiffness
[12]. Multiple regression models were built based on
factors such as bending, shear, tensile, compression
and aerial density. It was found that tensile and com-
pression factors have little effect on the drape prop-
erty of fabrics. It was observed that bending, shear
and aerial density affect drape characteristics [2, 4].
The effect of yarn parameters on the mechanical
properties (at low-stress) of woven fabrics, tensile
strength, compression, bending and shear property
were studied by the authors of this work [13]. Though
many researchers have studied the effect of yarn pa-
rameters such as count and twist on tactile comfort,
and on drape, tensile and stiffness properties, most
of the studies were done at the grey fabric level. The
effect of yarn properties on fabric wrinkle resistance
have not been thoroughly addressed. The effects of
yarn parameters such as yarn count, twist, strength
and elongation on the psychological comfort proper-
ties of half-bleached woven fabrics were studied in
this work. A multiple regression analysis was carried
out to predict stiffness, wrinkle recovery, crease re-
covery and the drape properties of fabrics.

2 Materials and methods

2.1 Materials

Four types of cotton yarns were manufactured by Ba-
hir Dar Textile S.C. using a C-60 IDF (Integrated
Draw frame) machine and a rotor spinning system
(RIETER- R 923). The yarns were selected randomly
from daily production when the count and twist were
changed by spinners on the same machine. All yarns
samples were produced from the same fibre mix with
a micronaire value of 4.02, maturity of 0.85, upper
half mean length (UHML) of 30.16 mm, uniformity

Table 1: Yarn characteristics

Prediction of Psychological Comfort Properties of 100% Cotton
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index (UI) of 83.8%, short fibre content of 6.9,
strength of 29.8 g/tex, elongation of 7.6% and trash
grade three. Trash grade is known as TrGrd in USTER
HVI 1000 machine and this value is measured by the
trash module and consist of 1 up to 4 alphanumeric
characters. Yarn twist, yarn count, strength and elon-
gation were evaluated according to ASTM D1422, ES
ISO 2060 and ES ISO 2062 testing standard methods,
respectively, and are shown in Table 1.

A Statimat Me+ instrument was used to evaluate yarn
strength and elongation. Table 2 shows the actual
thread density and thickness of the fabrics, as well as
nominal yarn count and twist. All woven fabrics were
produced on the same air jet loom (PICANOL- OMP
800-2-P) at a speed of 350 min~! (350 rpm) by Bahir
Dar Textile S.C. Machine speed, warp yarn proper-
ty, thread density (warp = 20 cm~! and weft 18 cm™!)
and fabric structure (plain) were kept constant (see
Tables 1 and 2) during fabric production. The only
variation was the use of different weft yarns. The
produced fabric samples were treated using a half-
bleach combined treatment system on a Jigger ma-
chine. The fabric and water solution were prepared
at a material liquor ratio (MLR) of 1:5, H,0, 4% of
fabric weight, NaOH 3% of fabric weight and Na,SiO,
2% of fabric weight, and a wetting agent of 0.5% of
fabric weight. Each sample was treated at a temper-
ature of 95 °C for 1.5 hours, with a machine work-
ing speed of 40 m/minute.

2.2 Test methods

Specimens were conditioned at a relatively humidi-
ty of (65 + 2)% and a temperature of (20 £ 1) °C be-
fore each test.

Structural properties

The structural parameters of the developed fabrics
such as thread density and fabric weight were evalu-
ated according to ESISO 7211-2 and ESISO 3801 test
methods, respectively. The nominal thread density

Yarn code Yarn count [tex] Twist [turns/m] Tenacity [cN/tex] Elongation [%]
Y1 21.5 937.2 14 6.29
Y2 22.9 916.7 5.74 4.43
Y3 24.1 876.7 11.22 5.10
Y4 36.4 843.5 8.78 5.04
Warp yarn 20 920 15 6.42
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(set at loom) of the fabric and the actual thread den-
sity (after manufacturing) are presented in Table 2.

Stiffness test

Fabric stiffness is the resistance of a fabric to bend-
ing. This test measures the bending stiffness of a
fabric by allowing a narrow strip of the fabric to
bend to a fixed angle under its own weight. The
length of the fabric required to bend to this angle is
measured and is known as the bending length.

A cantilever stiffness test system is often used as a
measure of a fabric’s stiffness, as it is an easy test to
perform. During testing, a horizontal strip of fabric is
clamped at one end and the rest of the strip allowed
to hang under its own weight as shown in Figure 1.

Ruler

Figure 1: cantilever fabric stiffness test method
L - length of projecting fabric, © - angle to which fab-
ric bends, M - fabric mass per unit area

Test specimens measuring 25 mm in width and 200
mm in length were cut in a lengthwise direction.
Five tests were carried out on each sample in the
warp and weft direction according to the ASTM
D1388-18 standard. A fabric stiffness analysis, in-
cluding parameters such as flexural rigidity, bend-
ing modulus and bending length, was also per-
formed. The bending length was measured, and the
bending modulus and flexural rigidity calculated
according to equations 1 and 2:

Flexural rigidity = MC? (1),

G 2),

Bending modulus = ‘Thickness (mm)

where M is the weight of a fabric in g/m?, C is the
bending length, G is flexural rigidity and T is fabric
thickness.

Drapeability test

Drape is the degree of fabric deformation when it is
allowed to hang freely under its own weight. It is
quantitatively expressed as a drape coefficient [11].
The drape coefficient is defined as the percentage of
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the area of the annular ring of fabric obtained by
vertically projecting the shadow of the draped spec-
imen. This test is used as an indication of garment
appearance properties when a fabric orients itself
into folds in more than one plane under its own
weight. In this study, 30 cm diameter circles sam-
ples were used for testing on a Cusick drape tester
in order to assess the drape of the fabric. Five tests
were carried out on each sample in accordance with
the ISO 9073-9 test method. The samples were posi-
tioned over a horizontally placed circular rigid disk
of 18 centimetres in diameter. The fabric was de-
formed into a series of folds around the disk. The
paper ring containing the shadow image of the
draped configuration represents the weight (W)).
The shadow image cut from the paper ring is
weighed and marked as W,. Finally, the drape coef-
ficient (DC) is calculated using equation 3:

W
o — 2
DC% = ;- x 100 3),
where W, is the mass of the shaded area and W, is
the total mass of the paper ring.

Wrinkle property

Cotton fabric wrinkles easily and is therefore prone to
shrinking, which decreases the wearer’s psychological
acceptance. A wrinkle may be explained as a rhytide,
fold, ridge or crease in a cloth or garment. To test the
wrinkling behaviour of the samples, their appearance
was evaluated after crushing. The fabric sample was
crushed and maintained at a specified pressure and
time under standard atmospheric conditions in a
wrinkle tester. The sample was then removed and its
appearance visually compared to a reference sample
and rated according to the ES ISO 9867 tests standard.

Crease recovery

Creasing of a fabric during wear has a significant in-
fluence on the wearer’s psychological satisfaction an
on viewer acceptance. Thus, all clothing must have
good crease recovery properties. Crease recovery is
the ability of a fabric to return from a collapsed de-
formed state. In this investigation, crease recovery
was measured quantitatively in terms of the crease
recovery angle.

Textiles used in clothing must have the ability to
crease and fold in order to conform to body shapes,
and thus ensure improved comfort during wear. To
retain their appearance, however, they must be able
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to eliminate creases that occur in wear and launder-
ing. When a fibre bends, cross-links may break and
be formed in a new position, restricting recovery.
Otherwise, they will merely stretch and recover when
the load is removed. The MO03A Shirley crease re-
covery tester was used for evaluation purposes. For
the crease recovery test, 50 mm x 25 mm rectangular
specimens were conditioned at a relative humidity of
65 £ 2% and a temperature of 20 + 1 °C for 24 hours
then folded for five minutes under a 2-kg load as per
the ES ISO 2313 test standard method. This creasing
load was then removed and the specimen allowed to
recover for another five minutes in the crease recov-
ery tester and the crease recovery angle recorded.

Table 2: Woven fabric characteristics

Prediction of Psychological Comfort Properties of 100% Cotton
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3 Results and discussion

3.1 Structural properties

As observed in Table 2, the samples had the same
fabric structure, thread density and loom settings.
Nominal and actual thread densities were slightly
different, as shown in Table 2.

Stiffness of fabrics

Table 3 shows that fabric stiffness, expressed as flex-
ural rigidity and bending modulus, did not change
significantly. The effects of yarn count, yarn twist,
strength and elongation on woven fabrics were insig-
nificant at an F-value of 38487.969 and Sig-value (P-
value) of 0.057 on flexural rigidity, and an F-value of

Sample | Typeof | Nominal warp/weft Actual warp/weft Thickness Mass per unit
code weave | density [threads/cm] | density [treads/cm] [cm] area [g/m?]
F1 Plain 26/18 27/20 0.37 168
F2 Plain 26/18 26/17 0.38 140
F3 Plain 26/18 27/18 0.35 145
F4 Plain 26/18 26/16 0.4 160
Table 3: Statistical descriptions of fabric properties
Properties fabrics Mean Std. deviation | Std.error | Minimum | Maximum

Crease recovery F1 102.6000 4.77493 2.13542 97.00 109.00

of fabrics F2 99.6000 6.18870 2.76767 95.00 110.00

F3 110.6000 9.58123 4.28486 98.00 120.00

F4 111.8000 6.97854 3.12090 104.00 120.00

Wrinkle F1 4.4000 .54772 .24495 4.00 5.00

recovery of F2 2.4000 .54772 .24495 2.00 3.00

fabrics F3 2.2000 44721 20000 2.00 3.00

F4 2.0000 .00000 .00000 2.00 2.00

Drape coefficient F1 73.3220 .83527 37354 72.25 74.35

of fabrics F2 66.1060 60455 27036 65.25 66.91

F3 72.7300 45645 20413 72.12 73.21

F4 74.8000 1.15972 .51864 73.00 76.12

Flexural rigidity F1 2014.2000 1.78885 .80000 2012.00 2016.00

F2 1398.0000 5.70088 2.54951 1390.00 1405.00

F3 1596.6000 2.30217 1.02956 1595.00 1600.00

F4 2238.4000 5.94138 2.65707 2230.00 2245.00

Bending F1 5439.6000 11.32696 5.06557 5425.00 5450.00

modules F2 3664.4000 16.75709 7.49400 3648.00 3684.00

F3 4430.2000 813.02380 363.59530 3680.00 5650.00

F4 5636.4000 33.42604 14.94858 5600.00 5665.00
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25.506 and Sig-value of 0.055 on bending modules.
As evident from the statistical analysis, the fabrics
made from Y1 (21 tex) to Y4 (36 tex) showed no sig-
nificant difference in flexural rigidity and bending
modulus. This is because fabric flexural properties
and handle are primarily influenced by the thickness
and density of the fabric. For the tested samples, the
two properties shown in Table 2 were not signifi-
cantly different. Fabric thickness influences bending
resistance, or rigidity, and may vary significantly, de-
pending on the structure and texture, while mass per
surface area, or GSM, in itself is not an expressive
property concerning fabric flexibility in the absence
of information on fabric thickness [14].

Drapeability of fabrics

As evident in Table 5, the produced woven fabrics
showed a high significant change in drape coeffi-
cient with an F-value of 113.610 and P-value of
0.000. Drape coeflicient is the inverse of drapeabili-
ty. As mentioned earlier, drape is the extent to which
a fabric will distort when it is permitted to droop
under its own weight. It is correlated with a fabric’s
mechanical properties. The most significant factors
include bending, shear, formability, fabric weight
and thickness. Drape depends on a fabric’s parame-
ters, including structure, yarn type and fibre con-
tent, as well as finishing treatments [14].

Table 4 shows a multiple linear regression equation of
the fabrics’ properties. These equations would be use-
ful in predicting crease and wrinkle recovery, as well
as the drape coefficient of the fabrics. The adjusted R?
value is an indication of the correlation of yarn prop-
erties (factors) and fabric characteristics (responses).
When the adjusted R? value increases or decreases to
1 or -1, this indicates a strong correlation between
them. In this study, the correlation of stiffness and
yarn parameters was low (Adj. R? = 0.231 for flexu-
ral rigidity and Adj. R? = 0.125 for bending modu-
lus). However, crease recovery, wrinkle recovery
and the drape coefficient showed a very good corre-
lation with the studied yarn parameters, with values
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of Adj. R? = 0.0998, Adj. R2 = 0.975 and Adj. R2 =1,
respectively. The rigidity (high drape coefficient) of
woven fabric F, with a coarser count was higher,
while fabrics with 36.4 tex had a higher drape coef-
ficient (rigidity) of 74.8%. This indicated that the ri-
gidity of fabrics increased proportionally with an
increase in the yarn count (tex). In the case of a
coarser count, the number of fibres is high in the
yarn cross section and leads to a high drape coefhi-
cient, making them less comfortable during wear.
Because of its high drape coefficient, the fabric dem-
onstrated less drapeability and flexibility. It was ob-
served that fabric thickness and weight also affected
the drapeability of woven fabrics. Fabrics F, and F,,
with a low thickness and low weight, demonstrated
a better drapeability of 66.1% and 72.7%, respec-
tively. A similar concept was also reported in earlier
research [14]. Siile reported that woven fabrics with
thicker weft yarns and higher weft densities had a
higher rigidity [10].

Wrinkle recovery

The wrinkle recovery of woven fabrics made from
four types of yarns with different properties demon-
strated a significant change at an F-value of 30.917
and P-value of 0.000 (see Table 5). As the results show,
wrinkle recovery was significantly affected by yarn
count, twist, elongation and the tenacity of yarns, re-
spectively. A high level of wrinkling was observed in
fabric F, made from a low twist, coarser count, and
low elongation and tenacity of yarn. This was because
when a load was applied on the fabric, it became com-
pressed and deformed. When the applied load was re-
moved, the tendency to recover to the original posi-
tion was very low because the structure of low twisted
yarns tends to be distorted. The individual correlation
of yarn parameters was analysed using linear regres-
sion. The results showed that yarn elongation and te-
nacity were highly correlated to wrinkle recovery at
Adj. R? of 0.928 and Adj. R? of 0.924, respectively.
Yarn twist also had good correlation at Adj. R? of
0.879, but was low for yarn count at Adj. R? of 0.596.

Table 4: Multiple linear regression equation of fabric properties

Properties

Multiple linear regression equation

Adj. R?

Crease recovery in angle

169.89411 +0.39761 x X, - 0.06034 x X, + 2.54839 x X,-8.73989 x X,

0.998

Wrinkle recovery (grade)

-22.94906 + 0.05257 x X, + 0.02249 x X, + 0.02214 x X, + 0.76871 x X, | 0.975

Drape coefficient

86.12092 + 0.22059 x X, - 0.03755 x X, + 0.7464 x X, + 114481 x X, |1

X, = yarn count, X, = yarn twist, X, = tenacity, X, = elongation
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Figure 2: Wrinkle recovery

Figure 2 shows the average grade of wrinkle recov-
ery of developed fabrics. Grade 4 mean very good
wrinkle recovery, grade 3 means moderate recovery,
grade 2 means low recovery or high wrinkling and
grade 1 means poor recovery (formation of extreme
wrinkles). The wrinkle recovery grade was thus re-
duced from fabric F,, F,, F; to F,, respectively. This
indicated that fabrics F, and F, with less twist yarns
demonstrated poor recovery due to loose yarns in
the fabric, which are easily damaged when a load is
applied and the tendency of recovery to the original
position is lower. However, woven fabric F, with a
higher yarn twist and fine count demonstrated very
good wrinkle recovery. This is because of the higher
number of turns per meter, which contributes to re-
sistance to the applied load (undamaged) and easier
recovery. This result is confirmed by a previous simi-
lar report on the recoverability of knitted fabrics [15]
and the bending properties of woven fabrics [13].

Table 5: Analysis of variance of fabric properties

Prediction of Psychological Comfort Properties of 100% Cotton
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Crease recovery

As evident in Table 5, the four types of woven fab-
rics made from yarns with different properties dem-
onstrated no significant change in terms of the sta-
tistical value of the F-value of 3.546 and P-value of
0.069. A P-value is > 0.05 indicates that there is no
difference between samples. As seen in Figure 3, the
crease recovery of the F; and F, samples seems to
have greater value. However, that value was statisti-
cally insignificant. To predict the crease recovery of
fabrics, a multiple regression equation was devel-
oped and is presented in Table 4. All factors togeth-
er had an Adj. R? of 0.998. In addition, linear regres-
sion was also performed to show the relation of a
single factor and response (crease recovery). Yarn
twist (Adj. R?0f 0.991) elongation (Adj. R? of 0.973),
yarn count (Adj. R? of 0.955) and tenacity of yarn
(Adj. R? of 0.854) were correlated with the crease re-
covery of fabrics. The Adj. R? value was used to ana-
lyse individual factors, while the remaining yarn pa-
rameters were taken as constants.
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Figure 3: Crease recovery of fabrics

Properties Fabrics Sum of squares df | Mean square F Sig.

Crease recovery Between groups 536.150 3 178.717 3.546 | 0.069
Within groups 806.400 16 50.400

Wrinkle recovery | Between groups 18.550 3 6.183 30.917 | 0.000
Within groups 3.200 16 0.200

Drape coefficient | Between groups 222.942 3 74.314 113.610 | 0.000
Within groups 10.466 16 0.654

Flexural rigidity | Between groups 2202474.000 3 734158.000 | 38487.969 | 0.057
Within groups 305.200 16 19.075

Bending modules | Between groups | 12673882.150 3 | 4224627.383 25.506 | 0.055
Within groups 2650136.400 16 165633.525
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4 Conclusion

In this study, four types of woven fabrics were pro-
duced from yarns with different properties by varying
the weft yarn count, twist, strength and elongation. In
all woven fabrics, the same warp yarn properties were
applied, with the only variation in weft direction due
to different weft yarn properties. The effect of these
yarn properties on the psychological comfort of wo-
ven fabrics was studied and analysed statistically. To
predict the value of crease recovery, wrinkle and the
drape coefficient of fabrics, an equation was developed
using multiple regression. A statistical analysis showed
that yarn twist, count, tenacity and elongation demon-
strated insignificant changes at an F-value of 3.546 and
Sig-value (P-value) of 0.069 on the crease recovery of
fabrics. The stiffness of fabrics, expressed as flexural ri-
gidity and bending modulus, also showed an insignifi-
cant difference between the samples at an F-value of
38487.969, Sig-value of 0.057 and an F-value of 25.506,
Sig-value of 0.055, respectively. However, the wrinkle
properties and drapeability of fabrics were significant-
ly affected by yarn twist, count, tenacity and elonga-
tion. Woven fabrics F, and F, with less twist yarns had
poor recovery properties due to loose yarns in the fab-
ric, which were easily damaged when loaded, while
woven fabric F, with a higher yarn twist (937.4 m™!)
and fine count (21.5 tex) had very good wrinkle re-
covery properties. Due to a coarser yarn count, a high
drape coeflicient (poor drapeability) was observed be-
cause the number of fibres is high in the yarn cross
section, thus making them less comfortable.
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Abstract

Helical compression springs are extensively used for the combed cotton sliver handling system in spinning
preparatory sections in the textile industry. Storage can-spring stiffness decreases with time due to pro-
longed fatigue loading. It has been found that older storage can-springs of reduced spring stiffness deform
non-uniformly during combed sliver deposition and withdrawal. In order to produce consistent quality of
an intermediate delicate product like combed sliver, sliver stresses should be monitored meticulously at the
time of sliver deposition and withdrawal from storage cans. The present research is an attempt to study the
dynamics of the can-spring mechanism used for sliver storage through the bond graph approach. The pa-
per records the first stage of the work, which is concerned with establishing the relationship between spring
stiffness and sliver forces. Bond graph modelling of the can-spring mechanism is one of thebest-suited ap-
proaches to study the present research problem due to its characteristic features.

Keywords: bond graph, combed cotton sliver, can-spring stiffness, storage can

lzvlecek

Vijacne tlacne vzmeti se pogosto uporabljajo v tekstilni industriji pri rokovanju s esanim bombaznim pramenom pri
pripravi na predenje. Togost vzmetiv loncih se lahko ob dolgotrajnih obremenitvah scasoma zmanjsa zaradi utruje-
nosti. Ugotovljeno je bilo, da se starejse vzmeti z zmanjsano togostjo med odlaganjem cesanega pramena v lonce
in vle¢enjem iz loncev neenakomerno deformirajo. Da bi dosegli stalno kakovost tako zelo obcutljivega polizdelka,
kot je Cesani pramen, je potrebno skrbno nadzirati napetost pramena v ¢asu odlaganja v lonec in vlecenja pramena
iz lonca. Raziskava predstavija primer uporabe veznega grafa za studij dinamike mehanizma vzmeti, ki se uporablja-
Jjo v loncih za shranjevanje pramena. V ¢lanku je predstavijena prva faza raziskav, tj. vzpostavijanje odvisnosti med
togostjo vzmeti in silami, ki delujejo na pramen. Modeliranje veznega grafa za mehanizem vzmeti v loncu je zaradi
njegovih znacilnosti eden najprimernejsih pristopov k preucevanju predstavljenega raziskovalnega problema.
Klju¢ne besede: vezni grat, cesan bombazni pramen, togost vzmetiv loncu, lonec

1 Introduction springs inside, are used for laying down the fibre

strand [1-2]. These cans are transported and used

In the process of making short-staple yarn from fibres
in the spinning industry, circular metallic containers
called cans, with closed coil helical compression
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to feed the material from one machine to another in
the process sequence. The closed coil helical com-
pression spring is an imperative element of a can
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used for a uniform deposition and withdrawal of
sliver to avoid any undue stretching of sliver, which
is very weak. Combed cotton drafted sliver is a
rope-like structure and most of the fibres are orient-
ed parallel to the sliver axis. Due to very low inter-
fibre cohesion, the combed sliver is susceptible to
undesirable stretching at the time of sliver deposi-
tion at the draw-frame and during sliver withdrawal
in subsequent machine processes.

The can-springs used for sliver storage are subjected
to repeated reversals of loading over a prolonged pe-
riod of time resulting in their degradation due to fa-
tigue; consequently, with the passage of time, their
stiffness reduces [3-4]. Therefore, an older can-spring
will deflect more in comparison to a newer one made
of the same material, against the same applied load. In
the case of low can-spring stiffness, there are chances
of sliver stretching due to its own weight in the un-
supported region, as shown in Figure 1. (L + L1) is
the sliver length contributing in sliver stretching
during processing. In consequence, the combed sliv-
er, roving and resultant combed yarn quality char-
acteristics are found significantly influenced [5-8].
The optimum storage can-spring pressure should be
maintained for smoother operations [9].

O
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a) Silver deposition at
the delivery section

b) Silver with drawal
at speed-frame creel

Figure 1: Combed sliver deposition and withdrawal
from older storage can: a) sliver deposition at delivery
section; b) sliver withdrawal at speed-frame creel

The non-uniform deformation of a can-spring may
severely influence sliver quality at the time of deposi-
tion and withdrawal of sliver on subsequent machine
passages. Modelling the dynamics of the can-spring
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sliver deposition/withdrawal system is necessary to
develop the understanding of the system and to study
the effects of variation of can-spring stiftness, rate of
deposition and withdrawal of sliver, etc. on the quali-
ty of sliver and yarn. The variation of mass on the top
plate due to the deposition or withdrawal of sliver
makes the task of developing the model relatively
challenging. A review of the literature reveals that
modelling such a system with variation in its inertia
has not been carried out yet.

2 Materials and methods

Combed cotton sliver of 14.22 ktex produced from
an extra-long variety MCU-5 from the south Indi-
an states was used for this study. A bond graph
model for the can-spring sliver deposition/with-
drawal system was developed systematically from
first principles. The model explains the transac-
tions of power and understanding of the cause-ef-
fect relationships between the interacting subsys-
tems. The model facilitates the study of the effect
of sliver can-spring stiffness and the rate of sliver
deposition or withdrawal on the forces experi-
enced by the combed sliver and top plate through
simulations and analysis.

2.1 Briefintroduction of bond graph

technique
A bond graph is a unified approach to the model-
ling of physical system dynamics. The bond graph
approach was originally developed and presented
by H. M. Paynter at MIT in 1959. Bond graph is a
pictorial or graphical representation of the dynam-
ics of a physical system based on power transactions
between component elements and subsystems [10—
12]. The cause and effect relationships, or causality,
are represented elegantly through the causal strokes
on the bonds. The bond graph approach has numer-
ous advantages over conventional simulation. It
provides a graphical representation of the model of
dynamics and systematic extraction of system equa-
tions algorithmically [11].
In a physical system, only the exchange and conver-
sion of energy in different forms take place. Power
(P) is the change in energy (E) with respect to time
(t) and can be expressed as:

dE

P:W (D).
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The power transacted using bonds through the parts
of a bond graph can be expressed as the product of
effort (e) and flow (f) variables which are functions
of time (¢):

P=e(t) f1) (2).

2.2 System elements used in bond graph
modelling approach

The bond graph elements are categorised as Sources

(or active elements), Passive elements, Converters

and Junctions [10].

2.2.1 Source elements

In the bond graph approach, there are two kinds of
source elements, i.e. a source of effort and a source of
flow. The source of effort (S,) imposes an effort on the
system irrespective of the flow in return which is de-
cided by the system, as shown in Figure 2a. In the
same way, the source of flow (Sf) imposes a flow on
the system irrespective of the returning effort which
is decided by the system, as shown in Figure 2b. The
cause and effect relationship in terms of causality re-
mains fixed for source elements, as shown below in
Figure 2. For a power bond connecting two subsys-
tems, if effort is decided by the subsystem at one end,
the flow will be decided by the subsystem at the other
end. Both the effort and flow associated with a bond
cannot be determined by the system at any end. The
assignment of causality is an algorithmic process. In a
bond graph representation, a causal stroke is placed
on the bond at the effort receiving end. The other end
of the bond automatically receives the flow.

Causal Stroke
St —Nf

a)

Figure 2: Source elements: a) source of effort; b) source

of flow

2.2.2 Junction elements

There are two junction elements which connect dif-
ferent parts in a bond graph. These are the 0-junction
and 1-junction. The 0-junction is an effort equalising
junction; thus, efforts in all the bonds connected to it
remain the same, as depicted in Figure 3a. The flow
relationship can be expressed as given below:

fi=h+f+h, (3).
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In the case of the 1-junction, the flow remains the
same in all the bonds connected to it. It acts as a
flow equalising junction, as shown in Figure 3b. The
efforts summing at this junction can be expressed
with equation 4:

e =e,teste, (4).
T
e|f el f
€y RN 1y €
i 0 Ay
e f e f
N N
a) b)

Figure 3: Junction elements: a) 0-junction; b) 1-junc-
tion

2.2.3 Compliance element

In natural or integral causality, the C-element receives
the flow from the system and gives back effort to the
system, as shown in Figure 4. The variable g associat-
ed with the C-element is the generalised displace-
ment. K represents the stiffness associated with it.

_Output = effect q N .
I o : q;(.q) - effect = fimction IJ;(cause)dr
J=q dieffect i i
Input = cause % = fimetion{cause)
a) b)

Figure 4: Compliance element: a) representation of
output and input; 4b) cause and effect relationship
for integrally causalled C-element

The output of the C-element is effort, which is a
function of its state variable ¢, given as:

Gy =g)=K-q=KJide=K[f@dr  (5)

2.2.4 Inertia element

In its natural or integral causality, the I-element re-
ceives effort from the system and gives back the flow
to the system, as shown in Figure 5. The state variable

R E| effect = ﬁmcn’ouj(cause)dr
e(t)=p ;
Sk SEN) Y, ,
—v -
yﬂ LG = function(cause)
Output = effect dr
a) b)

Input = cause

Figure 5: Inertia element: a) representation of out-
put and input; b) cause and effect relationship of I-
element
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associated with the I-element is the generalised
momentum p. M is the mass associated with the I-
element.

The output of the I-element is flow, which is a func-
tion of its state variable p:

P _1¢ 1 ¢
fo="®) = :Mtflpdr :Mtfle(r)dr (6).

2.2.5 Resistive element

The R-element is used to represent dissipation. It
can be causalled in both ways, depending on the in-
vertibility exhibited by the phenomenon. The two
types of causality in the case of the R-element are
shown in Figure 6.

f=5 =20
e=Rf=®(f)

Input = cause

%

Input = cause

%

=) =)
Output = effect Output = effect
e e
=—=0(e =—=0(e
fi = (e) fi = (e)

Figure 6: Causality for R-element

2.2.6 Transformer element

TF represents the transformer element in a bond
graph. It can relate an input flow to the output flow,
and an input effort to the output effort, as shown in
Figure 7. This flow to flow or effort to effort rela-
tionship is established through the transformation
modulus p.

Input = cause Output = effect

=)
_f MR I%R

=)
Output = effect

f=2=%0)
a) b)

Input = cause

e=R.f=(f)

Figure 7: Flow to flow and effort to effort relationship
at transformer

2.2.7 Gyratorelement

The GY-element represents the gyrator in a bond
graph. It relates the input flow to the output effort,
and vice-versa. This flow to effort and effort to flow
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relationship is established using the modulus g, as
shown in Figure 8.

e, =H-fi
e H e
L4 N
7 G — 1 @
e=u-f,
e, =H-fi
e H e
| ! 2 N
e=p-f,

Figure 8: Flow to effort and effort to flow relationship
represented by gyrator

Using the power bond and the nine elements of the
bond graph, the dynamics of the physical system in
any energy domain or a combination of energy do-
mains can be modelled.

2.3 Theoretical modelling of can-spring
mechanism using bond graph

An attempt was made to study the dynamics of the
can-spring mechanism used at the finisher draw-
frame stage for sliver storage. It was presumed that
the combed cotton sliver deposited over the top plate
has uniform linear density or fineness and that the
weight of sliver deposited per second over the top
plate remains constant. For an accurate prediction of
the can-spring mechanism, real values of independ-
ent variables based on industrial experience were
considered for evaluation. Also, an in-depth study of
sliver quality characteristics was conducted while se-
lecting sliver linear density, inter-fibre cohesion and
lengthwise sliver uniformity. The schematic diagram
of the can-spring mechanism is shown in Figure 9.

Delivery Roller
W) @ wil
v @

Dreafted Sliver
Sliver deposition

Wit rate m

Lotal mass

Top Plate de

Can Spring — M Mass of Flate
1wl 7
Bottom Plate

a) b)
Figure 9: (a) Sliver storage at draw-frame delivery,
(b) can-spring mechanisms at draw-frame

} Y A

Tekstilec, 2020, 63(1), 68-76



72

The following nomenclature was adopted:

M = initial mass of the top plate before sliver depo-
sition takes place.

Am = increment in mass of deposited sliver on the
top plate in the time duration At.

u = velocity of the top plate at time .

v = flow velocity of sliver at time ¢, before deposit-
ing on the top plate.

q(t) = deformation in can-spring due to applied
load of deposited sliver at time t.

g = acceleration due to gravity

(XAm + Am) = total weight on the top plate at an
instance due to small increment of combed sliver
weight.

The linear momentum of the top plate, along with
deposited sliver on it at time ¢ can be expressed as

p(t) = M- u(t) + (ZAm) - u(t) + Am - v(t) (7).
Considering that the deposited sliver moves with
the same velocity as that of the top plate, after the
sliver deposition (u + Au) is equivalent to (v + Av).
The flow velocity of sliver v(t) is equal to u(t) after
the sliver deposition and will follow the velocity of

the top plate. The linear momentum of the top plate
at time (f + At) can be expressed as

Theoretical Modelling of Can-spring Mechanism Using Bond Graph

pt+ Aty =M (u+ Au) + (ZAm) - (u+ Au) +
+ Am - (u + Au) (8).
On subtracting equation (7) from equation (8), and
on dividing both sides by At, we get

At>0 At>0

_p(t+ AL - p(D . Au Au
lim (um )—hm (M A+ (SAm) T+

Afzf“) + A ) - B ) ),

. AmAu\ _

() o,

dap _ v ((EAmM) -Au (At

g - My +11A1;£10< At (At ))

— sinlt) + () (10),
t

B _ g +(f‘fj—?dt> Wi+ () (1),
t

% - % [(M + - ) - u] - rirv(t) (12).

The rate of change of the linear momentum of the
top plate is caused by the forces acting on it and can
also be expressed as given in (13)

dp _ (ZAm + Am) - At

— M
dt * At

‘g - F(g) - Fp(u) (13),

-

.pl.

[

\

{[ij "‘*-df]-g]rse —N ] K ””-5"(0 {1, <2 5,00
Fa(u) Fr(q) :
% 2 4 9 N
RIZR C:Kl. 0 C:K;l
A ¢ g

Sliver Deposition Over Top Plate

13 © )

Viscoelastic Model of Sliver £

1"1 i = I S; (D)

Figure 10: Bond graph model of sliver deposition at draw-frame delivery
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where

Fy=K-q( (14)

and

Fy=m-g=m-u(t) (15),
t

B[ e g-F@-Fw 06

By comparing (16) with (12),

%z [(M:}m-dr)'u] =

= [M+[m-dr] g- Fi(q) - Fy(u) +mv(t) (17).

This represents the formulation of dynamics for the
can-spring system.

Equation (17) is represented graphically as outlined
in green in the bond graph of Figure 10.

2.4 Viscoelastic representation of sliver

For the purpose of modelling, the Kelvin-Voigt
model, the Maxwell model and the standard model
were studied initially. The standard model consists
of two springs and a dashpot. It is the simplest mod-
el that describes both creep and stress relation be-
haviour of a viscoelastic material. Based on the ob-
served behaviour of the combed sliver, the widely
accepted Kelvin representation of the standard
model was used. A minor modification was made in
the Kelvin representation of the standard model by
considering a permanent deformation due to R, in
the viscous region which appears to be a more suit-
able representation of the viscoelastic nature of
combed sliver, as shown in Figure 11. This viscoe-
lastic behaviour was already modelled in the bond
graph of Figure 10.

Elastic region

Viscous region

wir)

Figure 11: Representation of viscoelastic behaviour of
sliver

v (1) R,
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2.5 Deriving system equations from bond
graph

System equations can be derived algorithmically

from the bond graph model as a set of the first or-

der differential equations, using the following two

equations:

What do the elements give to the system?

Se = e, = ~[(M, +frir- db)] (18)
f=— o fi=f=fi=f=f, (19)
(M, +[m - dt)
eg=R,fy=R," Pt1 (20)
(M, +[m - dt)

e,=Kq (21)
Sf14 =fia=v(1) (22)
;.. =fis= () (23)
eg=K;-q; (24)
=K, gy e,=e9=¢y=¢3=¢p (25)

_en _en-¢ Ky 9-K;-q; 26
fll R3 R3 R3 ( )
fro= K%Zqz 27)
es =t fo=m-fi, =m - v(t) (28)
ec =t fy=r-f =P (29)

(M, + i -t

What do the integrally causalled storage elements
receive from the system?

pi=e =estes—e,—e, (30)
t

pr=-(M;+[m-dt) g+m-v(t) -

-K,q,-R;- ptl . (31)

(M, +[m - dt)

Gi=fh=fi=—L—— (32)
(M, + [ -db)]

43 :fs =fo=fn =/ =

_en _en-¢_Kq,-K5q; (33)

R, R, R,
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qz :f7 :f13 _f9 _f12 _flo (34)
‘jz :f7 :f13 ‘f9 ‘f12 _f10:f15 ‘f14 ‘f11‘f1o (35)
f=w() =2 LKl (g

R, R,

The first order equations obtained from the bond
graph model can be conveniently simulated numer-
ically using solvers for ordinary differential equa-
tions provided by any of the available computation-
al programming software such as Matlab, Scilab etc.

3 Results and discussion

In order to study the simulated behaviour of the can-
spring mechanism, some initial conditions were pre-
sumed considering the realistic values of parameters
during sliver storage and are mentioned in Table 1.

The linear momentum and displacement of the top
plate built up with time and direction was consid-
ered as negative. This was due to the energy build
up in the storage spring through compression, as
shown in Figure 12. Similarly, it was observed that
after a sudden initial impact of the sliver on the top
plate, the velocity of the top plate remained almost

Linear momentum of top plate

@ —bP
€ -0.005
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<
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€
Q
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0.02 : : : : : : :
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_ b2 —a
@
£ 0.4
2
3
g) 0.6

0.8

-1 L L L L L L L

0 100 200 300 400 500 600 700 8OO

Time (s)
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Table 1: Initial conditions/input data used in simu-
lation

Parameter Unit | Value
Initial mass of top plate (M) kg | 0.250
Can-spring stiftness (K) N/m | 163.3
Flow velocity of sliver at time (f) | m/s 5
Acceleration due to gravity (g) m/s? | 9.81
Rate of change of mass over top | kg/s | 0.0255
plate ()
Time span (s) S 750

constant with a small decrease over time. Further-
more, the mass deposited over the top plate in-
creased with time depending on the sliver deposi-
tion rate, as shown in Figure 12.

Linear stretching remained due to the viscoelastic
part of the model q, almost unchanged with the
passage of time, and the sliver deformation in the
elastic region q experienced a sudden increase
within a short time. After that, it remained constant,
as shown in Figure 13. Moreover, the force experi-
enced by the can-spring increased with an increase
in its deformation, as shown in Figure 14. The latter
agrees with the deformation of the can-spring as

Linear displacement

—qQ
02

0.4

Displacement (m)

0.6

0.8

200 300 400 500 600 700 8OO
Time (s)

Mass deposited
20 - T . - v

Mass (kg)

Mass

200 300 400 500 600 70O 800
Time (s)

0 100

Figure 12: Linear momentum, displacement, velocity and mass responses with time
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Force on sliver
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Figure 13: Force on sliver and sliver stretching in viscoelastic region with time
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Figure 14: Force experienced by storage spring versus
displacement

observed from the experimental work shown in Fig-
ure 15. It is found that the force on the can-spring
built up in the negative direction due to compres-
sion of the can-spring since the deposited sliver
mass increased with time, as shown in Figure 14. In
the case of sliver withdrawal from storage cans, the
force experienced by the can-spring gradually re-
duced due to the decrease in the amount of sliver
mass over the top plate with time during sliver with-
drawn, as shown in Figure 15.

140
120
100
80
60
40
20

Load (N)

~Older can-spring
=—New can-spring

0 200 400 600

Displacement (mm)

800 1000

Figure 15: Load versus displacement curve for new
and older can-spring

4 Conclusion

In order to study the dynamics of the can-spring
mechanism, a bond graph model was developed. It
was established that sliver deformation in the elastic
region q experienced a sudden increase within a
short time and after that remained constant where-
asq remained unchanged. The mass deposited over
the top plate increased with the increase in time. It
was found out that the linear momentum of the top
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plate and its displacement increased with time. The
velocity of the top plate showed a peak in short time
initially during sliver deposition and remained un-
changed afterwards. The force experienced by the
storage can-spring also built up as a result of the can-
spring compression due to the increase in the depos-
ited sliver mass with time. The force experienced by
the sliver showed an initial sudden increment fol-
lowed by a downfall and then remained unchanged.
It can be inferred that a small undesirable deflection
can deteriorate the sliver structure and can alter the
sliver configuration during drafting operation. It was
found that the linear momentum of the top plate in-
creased in the negative direction over time depend-
ing on sliver linear density and sliver deposition rate.
However, a more rigorous study is required to study
the accurate dynamics of such precise systems as the
force and stresses experienced by the sliver are too
low due to very low inter-fibre cohesion. The current
bond graph model can be used for a further investi-
gation for a more accurate prediction based on the
dynamics of the can-spring-sliver system behaviour
used for combed sliver handling.

References

1. ARORA, V,, SINHA, S. K. Sliver cans — an influ-
encing factor of yarn quality. Textile Trends,
1998, 41, 27-30.

2. RIMTEX Sliver handling systems [online].
RIMTEX Industries [accessed 27 .2. 2020].
Available on World Wide Web: <https://www.
rimtex.com/>.

3. UGURAL, Ansel C. Mechanical design of ma-
chine components. 2nd ed. Boca Raton, New
York, London : CRC Press, Taylor & Francis,
2016, 652-683.

4. CHESLEY, James C. Handbook of reliability pre-
diction procedures for mechanical equipment.

Theoretical Modelling of Can-spring Mechanism Using Bond Graph

West Bethesda, Maryland : NSWC Carderock
Division, 2011, 4.1-4.41.

5. SINGH, Sukhvir, BHOWMICK, Niranjan, VAZ,
Anand. Effect of finisher draw frame variables
on combed cotton yarn quality. Tekstilec, 2018,
61(4), 245-253, doi: 10.14502/Tekstilec2018.61.
245-253.

6. SINGH, Sukhvir, BHOWMICK, Niranjan and
VAZ, Anand. Influence of can-spring stiffness,
deliver rate and sliver coils position on uneven-
ness. Journal of Textile and Apparel, Technology
and Management, 2019, 11(1), 1-12.

7. SINGH, Sukhvir, BHOWMICK, Niranjan, VAZ,
Anand. Effect of can-storage parameters of fin-
isher draw-frame on combed ring-spun yarn
quality. Research Journal of Textile and Apparel,
2019, 23(2), 153-167, doi: 10.1108/RJTA-06-
2018-0040.

8. SINGH, Sukhvir, BHOWMICK, Niranjan, VAZ,
Anand. Impact of finisher draw-frame storage
variables on combed yarn quality. Tekstilec, 2019,
62(2), 110—-123, doi: 10.14502/Tekstilec2019.62.
110-123.

9. GHOSH, A., MAJUMDAR, A. Process control
in drawing, combing and speedframe opera-
tions. In Process Control in Textile Manufactur-
ing. st ed. Edited by V. Kothari, R. Alagirusamy,
A. Das and A. Majumdar. New Delhi : Wood-
head Publishing, 2013, 158—190.

10. KARNOPP, D. C.,, MARGOLIS, D. L., ROSEN-
BERG, R. C. System dynamics, modeling and
simulation of mechatronic systems. New York :
John Wiley & Sons, 2000.

11. MUKHERJEE, A., KARMAKAR, R., SA-
MANTARAY, A. K. Bond graph in modeling,
simulation and fault identification. 2" ed. Boca
Raton : CRC Press, 2006.

12. BORUTZKY, W. Bond graphs : a methodology
for modelling multidisciplinary dynamic systems.
San Diego : SCS Publishing House, 2004.

Tekstilec, 2020, 63(1), 68-76



SHORT INSTRUCTIONS FOR AUTHORS OF SCIENTIFIC ARTICLES

Scientific articles categories:

Original scientific article is the first publication
of original research results in such a form that the
research can be repeated and conclusions verified.
Scientific information must be demonstrated in
such a way that the results are obtained with the
same accuracy or within the limits of experimental
errors as stated by the author, and that the accuracy
of analyses the results are based on can be verified.
An original scientific article is designed according
to the IMRAD scheme (Introduction, Methods,
Results and Discussion) for experimental research
or in a descriptive way for descriptive scientific
fields, where observations are given in a simple
chronological order.

Review article presents an overview of most
recent works in a specific field with the purpose of
summarizing, analysing, evaluating or synthesizing
information that has already been published. This
type of article brings new syntheses, new ideas
and theories, and even new scientific examples. No
scheme is prescribed for review article.

Short scientific article is original scientific article
where some elements of the IMRAD scheme have
been omitted. It is a short report about finished
original scientific work or work which is still in
progress. Letters to the editor of scientific journals
and short scientific notes are included in this
category as well.

Language: The manuscript of submitted articles

should be written in UK English and it is the authors
responsibility to ensure the quality of the language.

Manuscript length: The manuscript should not exceed

30,000 characters without spacing.

Article submission: The texts should be submitted

only in their electronic form in the format *.doc

(or *docx) and in the format * pdf (made in the
computer program Adobe Acrobat) to the address:
tekstilec@a.ntf.uni-lj.si. The name of the document
should contain the date (year-month-day) and

the surname of the corresponding author, e.g.
20140125Novak.docx. The articles proposed for a
review need to have their figures and tables included

in the text. The article can also be submitted through
a cloud-based file transfer service, e.g. "WeTransfer”

(www.wetransfer.com).

Publication requirements: All submitted articles

are professionally, terminologically and editorially
reviewed in accordance with the general professional
and journalistic standards of the journal Tekstilec.
Articles are reviewed by one or more reviewers and
are accepted for publication on the basis of a positive
review. If reviewers are not unanimous, the editorial
board decides on further proceedings. The authors
can propose to the editorial board the names of
reviewers, whereas the editorial board then accepts
or rejects the proposal. The reviewers’comments are
sent to authors for them to complete and correct
their manuscripts. The author is held fully responsible
for the content of their work. Before the author sends
their work for publication, they need to settle the
issue on the content publication in line with the rules
of the business or institution, respectively, they work
at. When submitting the article, the authors have

to fill in and sign the Copyright Statement (www.
tekstilec.si), and send a copy to the editors by e-mail.
They should keep the original for their own personal
reference. The author commits themselves in the
Copyright Statement that the manuscript they are
submitting for publication in Tekstilec was not sent
to any other journal for publication. When the work
is going to be published depends on whether the
manuscript meets the publication requirements and
on the time reference the author is going to return
the required changes or corrections to the editors.

Copyright corrections: The editors are going to send

computer printouts for proofreading and correcting.
Itis the author's responsibility to proofread the article
and send corrections as soon as possible. However,
no greater changes or amendments to the text are
allowed at this point.

Colour print: Colour print is performed only when this

is necessary from the viewpoint of information
comprehension, and upon agreement with the
author and the editorial board.

More information on: www.tekstilec.si






