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Abstract

Most commercially available thermochromic dyes are not resistant to washing and rubbing when applied to
textile materials. This is due to their low affinity for fibre. The addition of silica extracted from rice husk ash using
the sol-gel method was performed to improve colour fastness and maintain the stability of thermochromic
dyes printed on cotton fabrics. The rice husks used in this study were derived from the Baromarice variety with
silica content in ash and silica gel of 97.05% and 99.20%. The morphological structures and particle sizes of the
silica obtained were analysed using a scanning electron microscope (SEM) and particle size analyser (PSA). The
particle sizes of the silica product, thermochromic dye and silica-dye mixture were 53.64-60.66 nm, 2.603 nm
and 5.827 nm, respectively. The printing process of silica: the dye mixture was applied to cotton fabric in a
ratio of 1:1. Fluid of silica: the dye showed good stability until the seventh day of observation. Colour fastness
to washing assessed using a staining scale was better with the addition of silica than without silica, i.e. 3-4.
Similarly, fastness to rubbing was also better with the addition of silica, i.e. 3—4 dry rubbings and 3 wet rubbings.
Moreover, the combination of silica, binder, PDMS and dye (in a ratio of 1:1:1:1) gave the best colour fastness
to washing and rubbing.

Keywords: rice husk, silica, thermochromic dyes, liquid crystal, printing

Izvlecek

Vecina komercialno dostopnih termokromnih barvil, nanesenih na tekstilne materiale, ni odporna proti pranju in
drgnjenju. To je posledica njihove nizke afinitete do viaken. Dodatek siliciievega dioksida, ekstrahiranega iz pepela
rizevih lupin z metodo sol-gel, je bil namenjen izboljSanju barvne obstojnosti in ohranitvi stabilnosti termokromnega
barvila, natisnjenega na bombazne tkanine. V tej studiji so bile uporabljene rizeve lupine sorte riza Baroma z vsebnostjo
silicijevega dioksida v pepelu in silikagelu 97,05 % in 99,20 %. Morfoloske strukture in velikost delcev dobljenega silicije-
vega dioksida so bili analizirani s pomocjo vrsticnega elektronskega mikroskopa (SEM) in analizatorja velikosti delcev
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(PSA). Velikosti delcev silicijevega dioksida, termokromnega barvila in mesanice silicijevega dioksida in barvila so bile
53,64-60,66 nm; 2,603 nm oziroma 5,827 nm. Tiskanje na bombazno tkanino je bilo izvedeno z mesanico silicjievega
dioksida in barvila v razmerju 1:1. Teko¢a mesanica silicijevega dioksida : barvilo je pokazala dobro stabilnost do sed-
mega dneva opazovanja. Barvna obstojnost pri pranju, ocenjena s prehodom barvila na spremljevalno tkanino, je
bila ob dodatku silicijevega dioksida boljsa kot brez silicijevega dioksida, tj. ocena 3—4. Podobno je bila tudi obstojnost
pri drgnjenju boljsa ob dodatku siliciievega dioksida, in sicer ocena 3—4 pri suhem in ocena 3 pri mokrem drgnjenju.
Poleg tega je kombinacija silicijevega dioksida : veziva : PDMS (polidimetilsiloksana) : barvila v razmerju 1:1:1:1dala

najboljso barvno obstojnost pri pranju in drgnjenju.

Kljucne besede: rizeve luscine, silicijev dioksid, termokromna barvila, tekoci kristal, tisk

1 Introduction

Thermochromic dyes, the most frequently used
smart dyes among other developed chromic mate-
rials, change colour reversibly or irreversibly when
the temperature of the surrounding environment
changes [1], even in the context of a minor tempera-
ture change [2]. Based on their ability to respond to
the stimuli of changing temperature, thermochro-
mic dyes are divided into two types: leuco and crys-
talline liquid. As seen in Figure 1 [3], the leuco type
exhibits a single colour change through a molecular
rearrangement, while the crystalline liquid, which
is made of a cholesteric liquid crystal, can demon-
strate a spectrum of colour change [4]. The colour
change shown by thermochromic liquid crystal
(TLC) is initially colourless at room temperature,
then red when the temperature increases to yellow,
green, blue, and purple, and then colourless again,
depending on the reflected wavelength at a certain
temperature [5]. Both types of thermochromic dyes
have been widely used in various smart textile ap-
plications, primarily for sensor applications or for

> TA

Leucodye-based ink

aesthetic purposes in fashion products. For these
purposes, the smart properties of the thermochro-
mic dyes can be expanded if their technical proper-
ties can be improved.

One of the important properties to be improved
in terms of thermochromic print on cotton is col-
our fastness. It is evident from available literature
that some thermochromic dyes are susceptible to
photochemical reactions, which causes colour fad-
ing, which in turn indicates a low affinity to fibres
and poor fastness to light [6]. Some commercially
available thermochromic dyes were also report-
ed to be unwashable when applied to textiles [7, 8].
Previous studies reported that silica nanoparticles
could effectively increase the fastness properties of
thermochromic dyes, either by immobilizing the
thermochromic dyes in the silica nanoparticles [9]
or by coating the silica sol-gel on the surface of the
thermochromic dye-printed textile materials [10].
Silica is generally prepared using vapor-phase reac-
tion, sol-gel and thermal decomposition methods.
Various techniques have been used to produce pure
nano-sized silica with a high surface area using an

T, - Activation temperature =T,

Activation range

Liquid crystal-based ink

Figure 1: Changes in leuco and liquid crystal types of dyes [3]
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easy-to-use alkaline extraction followed by an acid
precipitation method. This method can be used
conventionally and has the advantages of being sim-
ple, cost-effective, and reproducible. The results of
previous studies indicate that the use of silica nano-
particles to improve the fastness of thermochromic
dyes is still the subject of a great deal of additional
study, and is thus the background of this study.

In this study, silica was synthesized from rice husk
biomass. Using the proper preparation treatment
of silica from rice, husks can be used in the textile
sector. The utilization of rice husks is potentially
promising, including in Indonesia, which is an ag-
ricultural country, with rice as one of its most im-
portant commodities. Based on the results of a BPS
(Indonesian Central Bureau of Statistics) survey,
Indonesia recorded very high grain production in
2021 of about 54.42 million tons of GKG (milled
dry grain) [11]. From each rice milling process, rice
husks usually account for between 20-30% of the
initial weight of the grain. Rice husk waste is widely
found in rural areas as a by-product of rice milling,
and has great potential. The silica content in rice
husk is 15-20% [12]. If the rice husk is converted
into ash, the silica content is 99% [13]. The rice sam-
ple used in this study was the Baroma variety in the
form of grain as shown in Figure 2. It was therefore
necessary to carry out a milling process to separate
the rice and rice husks.

Rice husk has many organic and inorganic com-
pounds that are quite complex. Several steps are

thus required to achieve pure silica form. The
many methods used to obtain silica nanoparticles
include the sol-gel method, reverse micro emul-
sion, and heat synthesis. The sol-gel method was
used to produce pure silica because it can control
particle size, size distribution and morphology
through reaction parameters [14]. The silica used
was the result of synthesis using sol-gel as shown
in Figure 3. One of the potential uses of nano-
metre-sized silica in textile materials is to improve
the properties or characteristics of various smart
dyes.

Figure 3: Silica gel from a sol-gel synthesis process

The colouring of a textile material can be achieved
using a dye that is applied through dyeing or by
printing. Printing using a flatscreen is the oldest
but easiest method because of its simple application
[15]. In this study, a printing process was selected
as the method of application of the thermochromic

Figure 2: Rice grain (a) and rice husk (b) of the Baroma variety



Fastness Improvement of a Crystalline Liquid Thermochromic Print on Cotton Fabric

dye. The effect of nano-silica from rice husks and
its combination with other additives (binding agent
and polydimethylsiloxane) to the fastness of the
printing results was studied.

2 Materials and methods

2.1 Materials

Silica nanoparticle gels were synthesized from the
rice husk of the Baroma variety obtained from
the Indonesian Centre for Rice Research at the
Ministry of Agriculture. The detailed process of
making silica nanoparticles is not described in
this study. However, the production steps referred
to in [16, 17] are mentioned here, with some mod-
ifications. The resulting silica characterized using
particle size analysis (PSA; Zetasizer Nano Range,
Malvern Instrument) showed that the mean size
of the silica obtained from the rice husk ash and
from the sol-gel process were 30.06 nm-46.44 nm
and 53.64-60.66 nm, respectively. The surface
area, pore radius and silica pore volume ana-
lysed using Brunauer-Emmett-Teller analysis
(BET Quantachrome QuadraWin ©2000-16,
Quantachrome Instruments) gave the results of
224.1660 m*/g, 4.16759 nm, and 0.4671 cm®/g, re-
spectively. The amorphous properties of the sil-
ica were shown using X-ray diffraction analysis
(XRD Shimadzu XRD-7000). The thermochromic
liquid crystal used for this study has the com-
mercial name of Temperature Responsive Liquid
Crystal Sprayable Ink, with an activation tempera-
ture of 24-29 °C. It is manufactured by Good Life
Innovations Ltd (Special FX Creative). Stabiprint B—
PK 400 binder (acrylic copolymers) was purchased
from a local supplier. Polydimethylsiloxane (PDMS)
linker was purchased from Wacker. The 100% black
cotton fabric was obtained from the stock in our
laboratory.

Table 1: Variations of printing paste mixtures
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2.2 Methods
2.2.1 Preparation of the

thermochromic print on cotton

Before being printed on the prepared cotton fabric,
the thermochromic dye and mixtures thereof were
stirred at 500 rpm for 60 minutes [18]. Flat screen
printing was selected as the best method among
others, such as padding or spraying to obtain an
even distribution of the TLC ink on the fabric sur-
face. The same method was also reported previously
by other researchers [19]. The method was also suit-
able for the TLC used in this study, as suggested by
the supplier, [20] and it demonstrated minimum
viscosity for the flat screen-printing process, even
without the addition of thickeners or other auxilia-
ries. The screen used was a monofilament polyester
(70-80 threads/cm), as suggested in the product
technical data sheet. Furthermore, the addition of
binder and silica nanoparticles in the form of sol-
gel could also increase the viscosity of the print
paste. Four variations of mixture were prepared as
follows: (1) V1: TLC (thermochromic liquid crys-
tal) + binder; (2) V2: TLC + silica; (3) V3: TLC +
binder + silica; and (4) V4: TLC + binder + silica +
PDMS. In addition, printing fabric with only TLC
(without binder) was also prepared for compar-
ison purposes, particularly for testing the wash-
ing fastness. Printing the TLC with binder (V1) is
a commonly applied composition. In V2, binder
was not added to compare the effect between sili-
ca and binder to the washing fastness of the printed
fabric. The mixture effect of binder and silica was
represented in V3 and, finally, PDMS was added to
the mixture of V3 to study its effect on improving
the washing fastness of the printed fabric. All var-
iations were prepared with a composition of each
ingredient in a ratio of 1: 1. The prepared mixtures
(Table 1) were then flat screen printed using a T80
screen. Each printed fabric was then dried at a tem-

o Concentration (g/100 g)
Printing paste
TLC Binder Silica PDMS Distilled water

Blank 50.0 / / / 50.0
V1 33.3 333 / / 33.3
V2 33.3 / 33.3 33.3
V3 25.0 25.0 25.0 / 25.0
V4 20.0 20.0 20.0 20.0 20.0
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perature of 60 °C with a drying distance of 30 cm
from the fabric for two minutes. Based on product
technical information [21] (Good Life Innovations
Ltd (Special FX Creative), n.d.), this type of thermo-
chromic dye is not resistant to heat. For this reason,
curing at a high temperature was not performed in
this experiment.

2.2.2  Fluid stability test

Sedimentation photography is the main method
for studying sedimentation in fluids. A decrease in
fluid stability can be caused by the distribution of
particles that tend to agglomerate when stored for
a certain period of time. In this method, a number
of synthesized nanofluids containing silica gel were
stored in a tube to take photos at regular intervals
for seven days. Visual analysis was carried out to
determine the stability. The observation was car-
ried out at room temperature for seven days to see if
there was any separation and phase change, follow-
ing the method described in a previous study [22].

2.2.3 Visual colour-change response test

The colour change evaluation of each printed sam-
ple was performed 30 times to observe the tem-
perature when changing colour. A Peltier cooler
box, equipped with thermo-control as presented in
Figure 4, was used as a container to observe changes
in the colour response of the fabric that can be ad-
justed at a certain temperature. The colour changes
of the fabric were observed.

Outside

Cooling fan

Cooling fins

Styrene foam box

!nsinbﬂwabax

Peltier element
- g (built=in)

2.24  Evaluation of colour fastness
to rubbing and washing

The colour fastness to rubbing of the thermochro-
mic cotton fabrics was tested according to SNI
ISO 105-X12 (E): 2016 (Textiles — Tests for colour
fastness — Part X12: Colour fastness to rubbing).
Samples were separately rubbed to and from in
a straight line at a rate of one cycle per second,
20 times, 10 times to and 10 times from, along a
track (104 + 3) mm, with dry and wet standard
crocking clothes under vertical pressure (downward
force of (9 = 0,2) N by a manual crocking fastness
tester with a rubbing finger appropriate for solid
colour fabrics. Before testing, samples and rubbing
clothes were conditioned for at least four hours in
the standard atmosphere defined in ISO 139. The
evaluation was carried out by assessing the stain-
ing of the cotton rubbing cloths with the grey scale
for staining under suitable illumination, in accord-
ance with ISO 105-A03. While evaluating, each
tested rubbing cloth was backed by three layers
of the identical rubbing cloth. The colour fastness
to washing was tested according to SNI ISO 105-
C06:2010 (Textiles — Tests for colour fastness — Part
C06: Colour Fastness to domestic and commercial
laundering). Two-single fabrics made of cotton and
wool were attached to the different sides of the test-
ed fabric, in accordance with relevant sections FO1
to F08 of ISO 105-F:1985. The washing conditions
followed the test number AIM in Table 2 in the
standard: at 40 °C for 45 minutes in 150 ml washing

Figure 4: Temperature control design [23]
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liquor containing 4 g/l ECE phosphate reference de-
tergent, without an optical brightening agent, and
10 steel balls. The test number A1M is equivalent to
five cycles of domestic washing. The evaluation was
carried out by assessing the change in colour of the
sample and the staining of the adjacent fabrics us-
ing the grey scale, according to ISO 105-A03. In or-
der to verify that the thermochromic effect was still
active, all the tested samples were re-evaluated in a
Peltier cooler box according to the aforementioned
procedures (2.2.3).

3 Results and discussion

The silica nanoparticles used in this study were a
product of rice husk ash, which was extracted from
the Baroma variety of rice using the sol-gel meth-
od. The result was in the form of a gel that was used
as an additional material in the printing process on
fabrics. Silica gel was an inorganic and amorphous
polymer formed by the condensation of silicate tet-
rahedrons using oxygen as a binding site, giving rise
to siloxane (Si-O-Si) bonds. The synthesis method
of the silica gel will be reported separately, so it is
not described in details in this study. The particle
size of the silica from the rice husk analysed by PSA
was distributed between 53.64-60.66 nm, while
the original size of the thermochromic dyes (TLC)
used in this study was 2.603 nm. The large size of
the dye was caused by aggregation during the anal-
ysis process. In the process of mixing silica gel and
dye, a stirring process was applied using a magnetic
stirrer at a speed of 500 rpm to allow movement for
the dye to fill the pores and stick to the silica sur-
face as illustrated in Figure 5. This followed one
of mechanisms described by Pilkington et al. [24]
about immobilization techniques, which were di-
vided into four major groups, i.e. based on the phys-
ical mechanisms of immobilization, adsorption to
a pre-formed carrier, physical entrapment within
a porous matrix, self-aggregation in floes and the
containment of cells behind a barrier. The result
of the particle size obtained after this process was
5.827 nm. The distribution of thermochromic dyes
filling the pores of the nano silica gel and making
a physical bonding with the silica surface could be
the reason for an increase in the particle size during
analysis.
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Figure 5: Illustration of immobilization of particles in
substance pores [25]

The mixture stability for each variation provided,
i.e. thermochromic liquid crystal dye (TLC) + bind-
er, TLC + silica, TLC + binder + silica, and TLC +
binder + silica + PDMS was observed as previously
explained for seven days. The predetermined time
interval was set to observe the stability of the mix-
tures. Sedimentation was not shown by all mix-
tures, as can be seen from the image in Figure 6. All
mixtures kept showing agglomerations after being
stored for seven days, which occurred because of
the Van der Waals forces between very reactive nan-
oparticles. This agglomeration must be maintained
until all the particles were dispersed in the entire
fluid. Although agglomeration has become one of
obstacles in the manufacture of mixed flow, stability
was demonstrated in this case.

Five printed fabrics with different composition of
chemicals were evaluated, in particular for their
thermochromic effects and fastness. As previous-
ly mentioned, the five printed fabrics were treated
differently, i.e. blank, V1), V2, V3 and V4. A Peltier
cooler box, equipped with a thermo-control in a
container, was used to observe the activation tem-
perature of each sample. To determine the typical
activation temperature (T) of the dye, the test was
repeated 30 times. From the test, it was determined
that the average temperatures to turn the dye
coloured and colourless were 24.13 °C and 29.37 °C,
respectively. These two activation temperatures
were then used as a standard temperature to verify
the thermochromic effect after each treatment. The
black fabric used for the application of thermochro-
mic dyes changed from colourless to red, green, and
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Figure 6: Visual appearances of fluid stability of various printing substance mixtures

blue and then turned colourless again at the opti-
mal temperature (29 °C). Reversibility was demon-
strated in this test due to the alternating changes
of the dyestuff structure, depending on the ambi-
ent temperature. As previously mentioned, based
on observations of the printed fabric, the colour
change of the TLC started at an average of 24 °C,
while the optimum temperature change was at
29 °C. This dye has the special feature of changing
the colour spectrum due to temperature. Colour
emerged from changes in the liquid crystal orien-
tation structure with regard to temperature and

the way light interacts with liquid crystals to pro-
duce coloured reflection by interference [26]. TLC
is capable of rotating the plane of polarization of
linearly polarized light and reflecting colours in the
visible light spectrum from the red to the blue spec-
trum, depending on temperature [5]. This explains
why TLC has an activation temperature range of
24-29 °C. Figure 7 shows the visual appearance of
each printed fabric with all variations with differ-
ent composition at ambient temperature (32 °C), as
well as the colour changing at their activation tem-
perature (24-29 °C).

Vi V2.

V3: V4.

(a) ambient temperature

(b) activation temperature

Figure 7: Visual observation of the thermochromic effect of the printed fabrics



Fastness Improvement of a Crystalline Liquid Thermochromic Print on Cotton Fabric

The evaluation of fastness to washing and rubbing
was carried out for all printed fabrics. The thermo-
chromic effect of each fabric after being washed and
rubbed was also observed. The results of the fastness
tests are presented in Table 1. It can be seen that the
addition of silica to the commonly used composi-
tion of the TLC printing process (V3) improved its
washing and rubbing fastnesses from 3 or 3-4 to 4.
The addition of PDMS resulted in further improved,
giving staining scales of 4-5 and 4 for washing and
rubbing fastness, respectively. Moreover, the re-
sulting thermochromic cotton fabrics presented
good thermochromic performances after washing
and rubbing. In other words, the washings did not
change the thermochromic capability of the TLC
applied to the fabrics. On the contrary, the washing
fastness of each fabric printed with TLC + binder
and TLC + silica alone (V1 and V2) did not show
better results. It appears that the binder and sil-
ica resulted in similar effects with regard to the
strength of the physical interaction between TLC
and the fabric, which in turn affected their fastness-
es to washing and rubbing. This is possible because
the diffusion of dyes into the pores of silica provid-
ed protection to the dyes from direct interaction to
washing and rubbing, but could not improve the
interaction with the fabric. Likewise, the binding
agent helped the dyes interact with the fabric. After
washing or rubbing, however, the interactions were
weakened, as there was no protection similar to the
silica-dye combination. When combined, both ef-
fects were obtained.

As observed, the silica had an -OH group that was
expected to help improve fastness properties against
both washing and rubbing. Silica is a material that
contains a large number of small ‘nano-sized’ pores,
making it possible to be used as a matrix material
to accommodate a variety of functional materials.
A thermochromic dye interacted with the surface of
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the silica matrix. The tiny pores of silica provided
free space for the dye molecules to fill. In the pres-
ence of -OH on the silica and -OH on the fabric, hy-
drogen bonds occurred together with the formation
of a physical bond (Van der Waals). These bonds
played a role by providing the effect of increasing
the fastness of the dye.

The addition of a binder in the printing process can
generally increase colour fastness. This is because
the binder is a film-forming agent composed of
long-chain macromolecules, which when applied
to the textile together with the pigment, produce
a three-dimensional network. However, this pro-
cess requires several supportive conditions such as
heat and change in pH value [27]. The TLC used in
this study was very unstable to an increase in tem-
perature. For this reason, heating to allow com-
plete polymerization and thus the formation of the
three-dimensional network was not applied. This
explains why the addition of a binder to the mixture
did not work optimally as expected. PDMS in this
study was added as a long chain alkyl agent and has
excellent water-repellent properties [28]. The addi-
tion of PDMS also had a good effect on the surface
of the printed fabric because it removed the white
effect of the added silica (see V4 in Figure 7). The
addition of these chemicals also reduced the surface
tension properties of the fabric. From the observa-
tions, it could be seen that printing only with dyes
gave the worst fastness results, in both washing and
rubbing, which was expected. The evaluation of the
fabric with the addition of binder and silica succes-
sively gave better fastness results than before. The
addition of PDMS to the mixture then gave the best
results in colour resistance to both washing and
rubbing. This is due to the long alkyl chain which
has a water-repelling effect that reduces the solubil-
ity of the dye during washing, as seen in Figure 8.

Table 2: Colour fastnesses of the thermochromic print fabrics

Colour fastness to washing Colour fastness to rubbing Thermochromic effect
Grey scale for staining Grey scale for staining
Samples Grey scale for On dry On wet Aftér Aft?r
on cotton | onwool | colour change rubbing loth | rubbing cloth washing rubbing
Blank 3 3 3 3 23 v -
Vi 3-4 3-4 3 3-4 3 v v
V2 3-4 3-4 3-4 3-4 3 v v
V3 4 4 4 4 4 v v
V4 4-5 4 4-5 4 4 v v
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cellulosic substrate

cellulosic substrate

Figure 8: Illustration of fabric surface scheme after the printing process with and without PDMS [29]

4 Conclusion

Durable, reversible colour-changing cotton fabrics
were successfully prepared using printing TLC with
silica nanoparticles. Moreover, the thermochromic
fabrics demonstrated improved colour fastness due
to the silica nanoparticle hydrogen and physical
bond structures among the fibres. Washing and
rubbing fastnesses all exceeded 3-4. The evaluation
of colour fastness to washing and rubbing gave bet-
ter results with the addition of silica than without
that addition, but variations of silica, binder, PDMS
and dye (in a ratio of 1:1:1:1) gave the best results.
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Abstract

The wet processing industry experiences various problems, such as the faulty and uneven shade of dyeing,
colour patch formation on the surface of dyed fabric, etc. during the dyeing and subsequent processing of
textile materials. Stripping is considered a process that helps to reuse faulty dyed fabrics by minimizing dyeing
faults. The aim of this paper is to evaluate the effectiveness of stripping agents and the quality of stripped cotton
knit fabrics that were coloured using bi-functional (monochlorotriazine/vinyl sulphone) reactive dyes. First, the
trichromatic combination of Drimarene Yellow CL2R, Drimarene Red CL5B and Drimarene Blue HFRL dyes was
used to dye fabrics in two different shade percentages, namely light shade (0.3% owf) and dark shade (3.0%
owf). Consequently, stripping was carried out using varying concentrations of stripping chemicals (hydrose
(Na,S,0,) and caustic soda (NaOH)) and process temperatures. Stripped fabrics were assessed after measuring
the weight loss percentage, strength loss percentage, whiteness index and stripping efficiency. The results of
that assessment showed a relatively better stripping performance with the chemical concentration of 5 g/L
hydrose and 5 g/L caustic soda at 100 °C. Under this condition, the value of the whiteness index and stripping
efficiency were adequate, with a minimum weight loss percentage and strength loss percentage. The stripping
performance for the light shade (0.3% owf) fabric was deemed to be better than that for the dark shade (3.0%
owf) fabric.

Keywords: reactive dye, reductive stripping, temperature, whiteness index, stripping efficiency

Izvlecek

Industrija mokre obdelave se sreCuje z raznolikimi teZavami, kot so napacni in neenakomerni barvni odtenki, barvni
madeZi na povrsini obarvanega blaga in teZavami, ki nastanejo med barvanjem in poznejso obdelavo tekstilnih ma-
terialov. Razbarvanje je postopek, ki zmanjsa napako pri barvanju in s tem omogoci ponovno uporabo barvanega
blaga. Namen tega ¢lanka je oceniti u¢inkovitost sredstev za razbarvanje in kakovost razbarvanih bombaznih pletiv
z uporabo bifunkcionalnih (monoklorotriazinskih/vinil sulfonskih) reaktivnih barvil. Prvic je bila za barvanje pletiv v
dveh razli¢nih odtenkih uporabljena trikromatska kombinacija barvil Drimarene Yellow CL2R, Drimarene Red CL5B in
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Drimarene Blue HFRL, in sicer za svetli odtenek 0,3 % barvila na maso pletiva in za temni odtenek 3,0 % barvila na maso
pletiva. Zato je bilo razbarvanje izvedeno z razlicnimi koncentracijami sredstev za razbarvanje (natrijev hidrosulfit in
natrijev hidroksid) in spreminjanjem temperature postopka. Razbarvana pletiva so bila ocenjena glede na odstotek
zmanjsanja mase, odstotek zniZzanja trdnosti, indeksa beline in ucinkovitosti razbarvanja. Ugotovliena je bila relativ-
no boljsa ucinkovitost razbarvanja s koncentracijo 5 g/L natrijevega hidrosulfita in 5 g/L natrijevega hidroksida pri
100 °C. Pri teh pogajih sta bili vrednosti indeksa beline in ucinkovitosti razbarvanja ustrezni ob minimalnem odstotku
zmanjsanja mase in trdnosti. U¢inkovitejse razbarvanje je bilo doseZeno pri pletivu s svetlim odtenkom (0,3 % barvila
na maso pletiva) kot pri pletivu s temnim odtenkom (3,0 % barvila na maso pletiva).

Klju¢ne besede: reaktivno barvilo, reduktivno razbarvanje, temperatura, indeks beline, ucinkovitost razbarvanja

1 Introduction

Reactive dyes are one of the versatile classes of dyes
containing a reactive group that makes a covalent
bond with the terminal hydroxyl group (-OH) of
cellulosic fibres, and act as an integral part of the
fibre [1-3]. Textile companies use over 10,000 dif-
ferent classes of synthetic dyes for colouring nu-
merous materials with a production of over 7 x
10° metric tonnes every year [4-6, 8]. During the
dyeing and finishing of textile products, certain
common faults are typically found, including un-
even dyeing, inappropriate dyeing and the forma-
tion of colour patches on the fabric surface [6-8].
During the colouration process of cellulosic fibres
with reactive dyes, undesirable errors and accidents
occur, such as colour dots, different colour hues,
and off shades that decrease fabric quality and val-
ue significantly. Various methods such as direct
levelling, lightening with auxiliaries, re-dyeing in
deeper shades or colour stripping can be employed
to rectify dyeing faults. These dyeing faults can be
overcome using the chemical stripping process of
reactive dyes. Though dyeing faults can be removed
by the stripping process, this process is compara-
tively difficult due to the presence of the covalent
bond formed between the fibre and reactive dyes.
Stripping is thus one of the reduction processes
that can be used to reduce the concentration of
dye in dyed fabric. These processes are also known
as “destructive stripping” or “back stripping”. In
destructive stripping, colours are chemically re-
duced, while only the depth of shade is altered in
back stripping. The stripping process aims to break
the bonds between the chromophoric groups and
the bridging groups of reactive dyes that are bond-
ed with the cellulosic fibres through the reactive
group, and thus creates discolouration [9]. For re-
duction purposes, strong reducing agents are used,
which are electro-positive elements that can lose

electrons in chemical reactions, known as electron
donors. An atom with a relatively large atomic radi-
us tends to be a better reductant or reducing agent.
In such elements, the distance from the nucleus to
the valence electrons is so long that these electrons
are not strongly attracted. This type of element,
such as hydrose, also tends to be a strong reduc-
ing agent for reductive stripping. The presence of
caustic soda in a boiling solution under a suitable
alkaline medium is created, and the alkaline aque-
ous solution helps hydrose to accelerate the release
of nascent hydrogen. This nascent hydrogen at-
tracts the covalent bond between the cotton fibre
and reactive dyes, which is mainly responsible for
the effective completion of the reducing reaction
of the stripping process [8, 9]. Chemical reduction
of an azo group (-N=N-) to an almost colourless
amine derivative is possible in the case of destruc-
tive stripping [6, 8]. Chromophore groups of reac-
tive dyes can be reduced, and an attempt is made
to break chemical bonds to remove colours from
fabric [10]. In order to increase the effectiveness
of a reducing agent’s ability to remove dyes from
fabric and reduce reactive dyes, a stripping assis-
tant is incorporated in addition to reducing agents
[8]. The purpose of using a reducing agent is to
promote the reduction process for the removal of
fixed dyes from fabric, while a stripping assistant
helps to promote the reduction capacity. A variety
of combinations of reducing agents and stripping
assistants are used to strip the dye from fabric [8].
The type of dyes, fibres, reducing agents, auxilia-
ries, stripping assistants and significant processing
parameters (time, temperature, and pH) basically
regulate the mechanism of reductive stripping. For
a proper reduction effect, the use of appropriate
time and temperature is mandatory. Treating fabric
in a boiling alkaline solution is necessary to ensure
an effective stripping process. Without boiling an
alkaline solution, stripping cannot be completed
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effectively. That is why a temperature of 100 °C is
employed. By conducting the stripping process at
80 °C, an attempt was made to determine whether
the stripping of fabric could be carried out proper-
ly at a lower temperature or not [10]. In this work,
stripping is carried out at temperatures of 80 °C
and at 100 °C separately. Reactive dyes cannot be
adequately removed from cellulose base fabric be-
cause a covalent bond has formed between the dye
and fibre [8, 9]. The quality of the fabric is impact-
ed and occasionally produces a harsh handle when
high temperatures are used in alkaline reductive
stripping [6].

By adjusting the reducing agent, alkali level
and temperature, the author of one study report
demonstrated the impact of reductive stripping
on the quality of cotton fabric that was coloured
using reactive dyes [7]. Another author discussed
in detail an analysis of the performance of strip-
ping chemicals on bi-functional reactive dyes [6].
The chemical colour stripping of cellulosic fabric
dyed using reactive dyes has been shown in certain
other studies. In this research work, the identical
nature of reactive dye was used to produce a com-
bination shade, while different shade percentages
were used for dyeing fabrics to establish stripping
processes. In addition, the whiteness index of
stripped fabrics was assessed in this work, which
was not found in other related studies. The aim of
this study was to develop more effective stripping
processes and to investigate the optimum concen-
tration of reducing agents and temperature, and
to assess the impact of stripping on the quality of
dyed cotton fabric [7].

2 Materials and methods

2.1 Materials

Single jersey cotton fabric of 152 g/m? was select-
ed to carry out the assessment. The pre-treated
(scoured and bleached) fabric samples were sourced
from Epyllion Knittex Limited, Banglabazar,
Gazipur. Three distinct reactive dyes — Drimarene
Yellow CL2R, Drimarene Red CL5B, and Drimarene
Blue HFRL - were used to produce trichromat-
ic shades for the assessment process and gathered
from Archroma (Bangladesh) Limited. Auxiliary
chemicals for the dyeing and stripping process, such
as Dekol 1097 (sequestering agent), Leonil EH (wet-
ting agent), Glauber’s salt (Na,SO, - 10 H,0), soda
ash (Na,CO,), acetic acid (CH,COOH), hydrose
(Na,$,0,), and caustic soda (NaOH), were also sup-
plied by the same supplier for research purposes.

2.2 Dyeing process

The pre-treated fabric was dyed with a trichromat-
ic combination to produce a light shade (0.3% owf)
and a dark shade (3.0% owf), using the exhaust
method in an IR sample dyeing machine for 40
minutes at a temperature of 60 °C. The liquor ratio
of the sample was maintained at 1:30, while the pH
value of the dye bath was 10.5 during dyeing pro-
cess. The study continued using the hot wash meth-
od after the dyeing process, and the specimens went
through the neutralization process with lcc/L of
acetic acid for five minutes and the soaping process
with 1 g/L of Dekol SN for five minutes at a temper-
ature of 80 °C. The dyeing of pre-treated fabric was
carried out according to the recipe given in Table 1
and using the dyeing curve in Figure 1.

Table 1: Recipe of the dyeing process to produce light shade (0.3% owf) and dark shade (3.0% owf) fabric using

reactive dyes

Shades of the dyed fabric Dyeing auxiliaries
No. Combined | Individual Glauber’s | Soda | Wetting agent | Sequestering
RUES e e salt(g/L) | ash(g/L) (cm?®/L) agent(cm?®/L)
(%owf) (%0owf)
Drimarene Red CL5B
1 Drimarene Yellow CL2R 0.3 0.1 20 12 1 1
Drimarene Blue HFRL
Drimarene Red CL5B
2 Drimarene Yellow CL2R 3.0 1.0 60 18 1 1
Drimarene Blue HFRL
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2.3 Stripping process
The assessment of the stripping performance of
eight different variations of stripping recipes was
60°C 40 min performed for each shade percentageusingan IR
60- exhaust sample dyeing machine with a material-to-
_ liquor ratio of 1:40. The timeframe required for the
S0~ Caudsnc stripping operation was 30 minutes. Details regard-
40 soda ing the recipes used for the stripping process are
Drain | given in Table 2, while the stripping curve is shown
25[;%‘_ in Figures 2 and 3.

Temperature (°C) —»

\ WIA, 2.4 Assessment of fabric quality

Dyes S/A Measurement of weight loss percentage

0 10 20 30 40 50 60 The reduction of fabric weight after stripping five-

grams of fabric sample was calculated by examining
Time (min) —» the weight of the fabric before and after the strip-

R/T = room temperature (25°C) ping process. Weight reduction after the stripping

process was measured using equation 1 [11].

10

Y

Figure 1: Time-temperature curve of dyeing

1 100°C 20 min
100 -
100 3 T
T 80°C o 804
~ 80- o
2 o
E 20 min 3 60 Drain
3 o0 :
o £
L
g . 2 40
9 40 Drain
25(R/T)
25(R/T) 20+
a0 4
1 1 I 1 = T 1 T 1 =
0O 05 10 15 20 25 30 0O 05 10 15 20 25 30
Time (mMin) —p Time (min) —p
R/T = room temperature (25°C) R/T = room temperature (25°C)

Figure 2: Time-temperature curve of stripping (80 °C)  Figure 3: Time-temperature curve of stripping (100 °C)

. (Fabric weight before stripping - Fabric weight after stripping)
Weight loss =

0
Fabric weight before stripping x 100 (%) M

Measurement of fabric strength loss percentage
The strength loss of the stripped fabrics was evaluated by a bursting strength tester, which was an indicator
of the effectiveness of the stripping process. The bursting strength of the dyed and striped fabric was evalu-

ated using ISO 13938-1:1999. Calculation of the bursting strength loss of the stripped fabric was executed by
the following mentioned equation 2 [11].

(Fabric strength before stripping - Fabric strength after stripping)
Fabric strength before stripping

Strength loss = x 100 (%) @)
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Table 2: Recipe of the stripping process with reductive stripping chemicals

No. | Temperature used in process (°C) | Concentration of hydrose (g/L) | Concentration of caustic soda (g/L)

1 5 2.5

2 5 5

80

3 10 5

4 10 10

5 5 2.5

6 5 5
100

7 10 5

8 10 10

The consequence of strength loss due to stripping
in the fibre surface was visualized using scanning
electron microscope (SEM) images for the dyed
and stripped fabrics of the light shade (0.3% owf)
and the dark shade (3.0% owf) at a magnification of
500x.

The strength factor with respect to hydroxyl groups
(-OH) was determined by Fourier transform infra-
red (FTIR) using PerkinElmer FTIR instrument
model MB 3000 manufactured by ABB Canada.
Assessment of whiteness index

Whiteness is associated with the region in the col-
our space where objects are recognized as white. The
whiteness index is measured by the degree of depar-
ture of the object from pure white [12]. It was meas-
ured using a Datacolor SF 600 dual-beam spectro-
photometer in accordance with CIE (Commission
internationale de ’éclairage) standards. The white-
ness index of pre-treated fabric was 70.74 (WI-CIE)
and whiteness index of stripped fabric was meas-
ured to assess the outcome of stripping.

Stripping efficiency

Stripping efficiency was assessed using the degree of
colour removal from dyed samples. Lightness val-
ues (L¥) were measured using a Spectraflash SF600X
machine in accordance with the method set out in
the CIE standards, under a D-65 light source with
the observer positioned at 10°. The stripping effi-
ciency of dyed samples was calculated using equa-
tion 3 below [6].

Lightness value of stripped sample

Stripping efficiency = x 100 (%) (3)

Lightness value of dyed sample

3 Results and discussion

After the assessment of all parameters of pre-treat-
ed, dyed, and stripped fabrics, data were recorded in
Table 3. Those data indicate various findings includ-
ing variation in weight loss percentage, strength loss
percentage, whiteness index and stripping efficien-
cy for light shade (0.3% owf) and dark shade (3.0%
owf) stripped at two different temperatures 80 °C
and 100 °C.

The stripped dyed samples were assessed accord-
ing to the weight loss percentage, strength loss per-
centage, whiteness index and stripping efficiency.
Of those samples, 18 were developed after dyeing,
stripping and the assessment of qualitative pa-
rameters, such as whiteness index and stripping
efficiency. The images of dyed and best-stripped fab-
ric areshown in Figure 4.

3.1 Weight loss percentage
of fabric due to stripping

Figures 5 and 6 illustrate the weight loss percentage
of the stripped fabric of light shade (0.3% owf) and
dark shade (3.0% owf), respectively. For both light
shade (0.3% owf) and dark shade (3.0% owf) fabrics,
the weight loss percentage increased linearly with an
increase in the stripping chemical’s concentration
and stripping temperature. The highest weight loss
percentage of the light shade (Figure 5) was deter-
mined at 100 °C, with a concentration of 10 g/L hy-
drose and 10 g/L caustic soda. The calculated weight
loss percentage due to stripping at a temperature of
100 °C with the maximum concentration was higher
than the weight loss percentage at a temperature of
80 °C with the minimum concentration. This occurs
because the use of a high concentration of chem-
icals accelerates the weight loss percentage due to
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Table 3: indicates values of weight loss, strength loss of dyed and stripped fabrics, while thevalues of the whiteness
index and stripping efficiency were given in Table by comparing the difference in the condition between pre-
treated and stripped fabric

Combined No. | Concentration of stripping | Temperature | Weight | Strength | Whiteness | Stripping effi-
shade : chemicals (g/L) (°C) loss (%) | loss (%) index ciency (%)
1 80 0.0 0.4 4.29 91.33
H-5,C-2.5
2 100 0.6 0.6 7.85 91.41
3 . . . .
H.-5,C-5 80 0.6 0.8 4.32 93.23
0.3% owf |4 100 0.9 0.9 8.17 92.87
Light shade |5 80 . . . 92.61
g H.10,C-5 0.8 1.25 4.57
6 100 1.2 1.4 17.39 91.32
7 80 . . . .
H-10, C-10 0.9 1.3 5.12 94.53
8 100 1.5 1.5 21.83 95.45
.6 4. -11.12 .
9 H.5,C-2.5 80 0 5 69.88
10 100 0.8 5.2 -7.71 78.26
11 80 0.9 5.66 -10.72 73.32
H-5,C-5
3.0% owf 12 100 1.1 6.5 -7.53 73.81
Dark shade |13 80 1.2 6.66 -9.0 72.54
H-10, C-5
14 100 1.4 7.5 -6.62 72.44
15 1. .2 -8. 4
H-10, C-10 80 3 7 8.36 78.46
16 100 1.6 7.7 -4.54 79.79

Figure 4: Images of (a) dyed light shade (0.3% owf) fabric, (b) best-stripped light shade (0.3% owf) fabric,
(c) dyed dark shade (3.0% owf) fabric, and (d) best-stripped dark shade (3.0% owf) fabric
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Figure 5: Percentage of fabric weight loss for stripped
light shade (0.3% owf) fabric

chemical effectiveness and an increase in tempera-
ture, and vice versa [13, 14]. Cotton fibre loses weight
because the alcohol group that contains the glucose
unit of the cellobiose unit (a repeating unit of cel-
lulose) functions as a weak acid [8]. The maximum
weight loss percentage was 1.5% and 1.6% for the
light and dark shade fabric, respectively, using the
highest concentration of stripping chemicals (10 g/L
hydrose and 10 g/L caustic soda) at 100 °C. For the
light and dark shade fabrics, the lowest weight loss
percentage was 0% and 0.6%, respectively, using the
lowest concentration of stripping chemicals (5 g/L
hydrose and 2.5 g/L caustic soda) at 80 °C.

Figure 6: Percentage of fabric weight loss for stripped
dark shade (3.0% owf) fabric

3.2 Strength loss of fabric due to stripping

Figures 7 and 8 illustrate the strength loss percent-
age of the stripped fabric of light shade (0.3% owf)
and dark shade (3.0% owf), respectively. For both
light shade (0.3% owf) and dark shade (3.0% owf)
fabrics, the percentage of strength loss increased
proportionally with an increase in the stripping
chemical’s concentration and stripping tempera-
ture. The highest strength loss percentage of the
light shade (Figure 7) occurred with a concentra-
tion of 10 g/L hydrose and 10 g/L caustic soda at
100 °C temperature. The calculated strength loss
percentage stripped at a temperature of 100 °C with

1,6
1,4
<12
[2]
3 1
c
5 08
8
5 0,6 T
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0,2 1+
0 T T r
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Stripping chemical concentration
080 °C =100 °C

9
8
7
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C
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n
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H5glL+ H5gL+ H10gL+ H10 gL +
C25glL C5gll  C5gl C-10gL

Stripping chemical concentration
080 °C =100 °C

H - hydrose, C - caustic soda

Figure 7: Percentage of fabric strength loss for
stripped light shade (0.3% owf) fabric

Figure 8: Percentage of fabric strength loss for stripped
dark shade (3.0% owf) fabric
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the maximum concentration was higher than the
strength loss percentage at temperature of 80 °C
with the minimum concentration. The use of a high
concentration of chemicals reduces the bursting
strength and damages the physical structure of fi-
bre due to chemical effectiveness and an increase in
temperature, and vice versa [13, 14].

SEM images were used to assess changes that oc-
curred in the fibre surface after the stripping pro-
cess. The SEM images presented in Figures 9a and
9b showed variations in the morphology of dyed
(light shade 0.3% owf) and stripped fabric in which
a magnification of 500x was used to examine the
surface properties. The SEM images of light shade
(0.3% owf) dyed fabric showed flat and smooth sur-
face characteristics, spirally twisted ribbon-like fi-
bre (Figure 9a), whereas the microfibril network of
the stripped fabric remained disordered (Figure 9b).
Stripped fabric showed a rougher surface than the
dyed (light shade 0.3% owf) fabric. During the
stripping process, the use of a reducing agent and

SEM images for

4 ¢

263

sodium hydroxide (strong alkali) attacked the crys-
talline region of cotton. Consequently, swelling oc-
curred due to increased amorphousness. This swell-
ing effect caused the cotton fibre structure to open,
while an untwisted condition was partially noticed
(Figure 9b). Fibre damage occurred as a result.
Similar effects were visualized by comparing
Figure 10a and Figure 10b, which consecutively ex-
amined the surface properties of dyed (dark shade
3.0% owf) and stripped fabric at a magnification of
500x.

Swelling occurs in cotton in the presence of an al-
kaline solution during stripping. The crystalline
region of cotton is converted to an amorphous re-
gion as the alkali acts as an intracrystalline swelling
agent, resulting in the strength loss of cotton fibre
when hydroxyl groups are reduced after stripping.
Moreover, loss of strength occurs when strongly
covalent bonded dyes with cotton are stripped
from fibre with an aqueous solution of strong alka-
li under high temperatures. As a result, the alcohol

Figure 10: SEM images for dark shade (3.0% owf) a) dyed fabric, and b) stripped fabric
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group containing the glucose unit of the cellobiose
unit (repeating unit of cellulose) acts as a weak acid.
The strength of cotton fibre thus decreases [8].
FTIR analysis was performed for selected fabrics to
analyze the presence of a hydroxyl group (-OH) in
the dyed and stripped fabrics to justify the strength
factor. The fabric with a higher stripping efficiency
and whiteness index was chosen for FTIR stripped
fabric analysis, where the chemical concentration of
hydrose and caustic soda was 10 g/L each and the
stripping temperature was 100 °C. The related light
shade (0.3% owf) dyed fabric was chosen to perform
the FTIR analysis of dyed fabric. The black line in-
dicates the dyed fabric, and the additional coloured
line indicates the stripped fabric in the FTIR spec-
trum in order to analyze absorbance.

Figures 11 represents the absorbance of IR radia-
tion through the dyed fabric and stripped fabric
for the analysis of the presence of an -OH group
in the fabric. Here, the peak found in the range
3550-3200 cm™ wave number of the frequency re-
gion indicates the presence of -OH groups in the
fabric. The graph shows higher and lower absorb-
ance of IR for dyed and stripped fabric, respective-
ly. Higher absorption indicates a strongly covalent
bonded -OH group, which in turn indicates a high-
er amount of -OH group in the dyed fabric. On the

0.2%
0.254
0.20
0.15-
0.10
0.0

U-UUWW!'“I
0,054

-0.104

Absorbance

.15
0,201

.25
-0.30,

other hand, lower absorbance was found in stripped
fabric, indicating a weakly bonded -OH group in
the fabric as -OH group significantly reduced after
stripping.

The highest strength loss percentage was 1.5% and
7.7% for the light and dark shade fabrics, respective-
ly, using a higher concentration of stripping chem-
icals (10 g/L hydrose and 10 g/L caustic soda) at
100 °C. The lowest strength loss percentages for the
light and dark shade fabrics were 0.4% and 4.5%, by
using a lower concentration of stripping chemicals
(5 g/L hydrose and 2.5 g/L caustic soda) at 80 °C.

3.3 Assessment of whiteness index

Figures 12 and 13 illustrate the whiteness index of
the stripped fabric of light shade (0.3% owf) and
dark shade (3.0% owf), respectively. For both light
shade (0.3% owf) and dark shade (3.0% owf) fab-
rics, the whiteness index was raised by increasing
the stripping chemical’s concentration and strip-
ping temperature. The highest whiteness index of
the stripped light shade fabric (Figure 12) was 21.83,
with a concentration of 10 g/L hydrose and 10 g/L
caustic soda at 100 °C temperature. The whiteness
index for stripping with the highest concentration
was higher than the whiteness index with the low-
est concentration of hydrose and caustic soda. A

| N
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0.3 . .
4000 3500 3000

2500

2000 1500 1000 450

Wavenumber (cmt)

Dyed fabric
Stripped fabric

Figure 11: FTIR examination of dyed and stripped fabric for analysis of absorbency
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change in temperature from low to high also affect-
ed the whiteness index slightly in the same man-
ner. As the shade percentage of dyes in dark shade
fabric was found to be higher, the whiteness index
value for stripped dark shade fabric was lower than
the stripped light shade fabric. Here, negative val-
ues of the whiteness index were seen for dark shade
stripped fabric, where the values were lower at 80 °C
than at 100 °C. The reason for this was the excessive
reddish appearance of stripped fabrics at 80 °C rel-
ative to fabric at 100 °C, while stripping at 100 °C
was found to be satisfactory. The highest whiteness
index was 21.83 and -4.54 for the light and dark
shade fabric, respectively, using a higher concen-
tration of stripping chemicals (10 g/L hydrose and
10 g/L caustic soda) at 100 °C. The lowest whiteness
index for the light and dark shade fabrics was 4.29
and -11.12, respectively, using a lower concentration
of stripping chemicals (5 g/L hydrose and 2.5 g/L
caustic soda) at 80 °C.

3.4 Assessment of stripping efficiency

Figures 14 and 15 illustrate the stripping efficiency
of the stripped fabric of light shade (0.3% owf) and
dark shade (3.0% owf), respectively. For both light
shade (0.3% owf) and dark shade (3.0% owf) fab-
rics, stripping efficiency increased proportionally
with an increase in the stripping chemical’s con-
centration and stripping temperature. The highest
stripping efficiency of the light shade (Figure 14)

265

was 95.45%, with a concentration of 10g/L hydrose
and 10 g/L caustic soda at 100 °C. The calculated
stripping efficiency at 100 °C with the highest con-
centration of stripping chemicals was higher than
the stripping efficiency at 80 °C with the lowest con-
centration of stripping chemicals. The use of a high
concentration of chemicals increases the stripping
efficiency due to chemical effectiveness and an in-
crease in temperature, and vice versa [15]. For light-
shade fabrics, the value of stripping efficiency was
found to be higher because the light shade fabric
absorbs less dyes than the darker shade of fabric.
For this reason, the same concentration of stripping
chemicals (hydrose and caustic soda) can easily
strip out the colours from the light shade of fabric
as it contains less dyes than the dark shade of fab-
ric, and vice versa. From achieved values, it can be
concluded that the stripping efficiency of the light
shade (0.3% owf) stripped fabric was higher than
the stripping efficiency of the dark shade (3.0% owf)
stripped fabric. The highest stripping efficiency was
95.45% and 79.79% for the light and dark shade
fabric, respectively, using the highest concentra-
tion of stripping chemicals (10 g/L hydrose and
10 g/L caustic soda) at 100 °C. The lowest stripping
efficiency for the light and dark shade fabric was
91.33% and 69.88%, respectively, using the lowest
concentration of stripping chemicals (5 g/L hydrose
and 2.5 g/L caustic soda) at 80 °C.
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Figure 12: Whiteness index of stripped light shade
(0.3% owf) fabric

Figure 13: Whiteness index of stripped dark shade
(3.0% owf) fabric
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Figure 14: Stripping efficiency of stripped light shade
(0.3% owf) fabric

4 Conclusion

This work was carried out for the purpose of stud-
ying alkali reductive stripping in cotton knit fabric
dyed with the Drimarene Yellow CL2R, Drimarene
Red CL5B and Drimarene Blue HFRL reactive dyes,
taking into account different concentrations of
stripping chemicals (hydrose as reducing agent and
caustic soda) and process temperatures as stripping
parameters.

Increasing the stripping chemical concentration
and process temperature resulted in a proportion-
ate increase in the weight loss and strength loss per-
centage of the fabric. The dyed fabrics with shade
percentages of 0.3% owf and 3.0% owf demon-
strated maximum weight loss and strength loss
percentage whenthey were treated with 10 g/L hy-
drose and 10 g/L caustic soda at 100 °C. The white-
ness index values of light shade (0.3% owf) stripped
fabrics were higher than that of dark shade (3.0%
owf) stripped fabrics. Similarly, the stripping effi-
ciency of the light shade (0.3% owf) stripped fabric
was higher than that of dark shade (3.0% owf).

To maintain the good effects of stripping on fabric
quality, it is recommended to use a lower concentra-
tion of stripping chemicals (5 g/L hydrose and 5 g/L
caustic soda) at 100 °C. Stripping performances
were improved by increasing the process tempera-
ture from 80 °C to 100 °C. The selection of standard
process parameters can ensure an effective strip-
ping process. As a result, the fabrics are readied for

Figure 15: Stripping efficiency of stripped dark shade
(3.0% owf) fabric

re-dyeing, which reduces the amount of waste and
makes the textile and garment industry eco-friend-
lier and more sustainable.
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Abstract

The article focuses on predicting the properties of textile materials intended for the treatment of wounds. The
main requirements for medical textile materials for liquid transportation were identified. Exudate from wounds
and therapeutic fluids from a dressing must move through material with the necessary efficiency. This ensures
that unwanted substances are removed from the wound and the necessary moisture is maintained. These
requirements can be provided using a mathematical model of the process. Such a model can be substantiated
by solving a non-linear differential diffusion equation. For this purpose, the function of changing the moisture
content inside a textile material was approximated using a polynomial function that satisfies the boundary
conditions. This approximation made it possible to reduce the problem to the solution of an ordinary differential
equation with respect to time. The obtained analytical solution of the change in moisture content with respect
to time and coordinate includes two diffusion constants. The results of macro-experiments, together with
analytical results, made it possible to determine the diffusion coefficient and the nonlinearity coefficient in an
explicit form. The results made it possible to predict the moisture content at a given point of textile material at
any given time, the total amount of absorbed liquid and the intensity of absorption. The resulting function can
recommend the geometric and physical parameters of medical textile materials for the treatment of wounds
with a given intensity of exudate sorption.

Keywords: Textile medical materials, diffusion coefficient, nonlinear equation, removal of exudate

Izvlecek

Clanek se ukvarja z metodo predvidevanja lastnosti tekstilnih materialov za zdravijenje ran. Oblikovane so glavne
zahteve za prenos tekocine skozi medicinske tekstilije. Izcedki iz ran in terapevtskih tekocin iz oblog se morajo ucinkovito
premikati skozi material, da zagotovijo odstranitev neZelenih snovi iz rane in ohranitev potrebne viaznosti. Te zahteve
Jje mozno dolociti z matematicnim modelom, ki temelji na resevanju nelinearne diferencialne difuzijske enacbe. V
ta namen je funkcija spreminjanja vsebnosti viage v tekstilnem materialu predpostaviiena s pomocjo polinoma, ki
izpolnjuje robne pogoje. Ta predpostavka je omogocila resitev problema s pomocjo navadne diferencialne enacbe v
odvisnosti od casa. Dobljena analiticna resitev spremembe vsebnostiviage v odvisnosti od ¢asa usklajuje tudi vkljucitev
dveh difuzijskih konstant. Rezultati makroeksperimentov skupaj z rezultati analize omogocajo dolocitev koeficienta
difuzije in koeficienta nelinearnosti v eksplicitni obliki. Rezultati omogocajo napovedovanje vsebnostiviage v doloceni
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tocki tekstilije v danem trenutku, skupne kolic¢ine absorbirane tekocine in intenzivnosti absorpcije. S pomocjo dobljene
funkcije se lahko priporo¢i geometrijske in fizikalne parametre medicinskih tekstilij za zdravljenje ran z dano intenziv-

nostjo sorpcije izcedka.

Kliucne besede: tekstilni medicinski materiali, difuzijski koeficient, nelinearna enacba, odstranitev izcedka

1 Introduction

Military actions in Ukraine have led to a significant
increase in the number of wounded people with
open wounds. This results in the need for research
related to their treatment. Traditionally, there are
two main processes in the treatment of gunshot
wounds. The first determines the emergency treat-
ment of a wound on the battlefield. This article dis-
cusses the conditions for the second stage of treat-
ment in hospitals.

Together with the predominantly medical aspects,
this process requires research in technical fields,
in particular textiles. Wound dressings remain the
primary treatment for wounds [1]. Indeed, in recent
years, the design of such bandages has developed
significantly, which has increased the eftectiveness
of their use [2]. It should be noted that such band-
ages are special textiles. In many cases, they act as
active multifunctional devices that remove harm-
ful substances from the wound and deliver medical
liquids in the opposite direction. Despite the large
number of publications on predicting the kinetics of
the passage of liquids through textile materials [3,
4], their results are difficult to use in practice for the
design of real textile medical devices.

The main requirements for textile materials for
wound healing relate to the need to regulate the
movement of fluids removed from a wound on the
one hand, and the healing fluids supplied to the
wound on the other. In particular, article [5] de-
fines the need for the permanent removal of exudate
from purulent wounds [6]. The condition of healing
is not merely the removal of exudate. This process
must be regulated. It is necessary to maintain the
necessary humidity, which can be provided by the
parameters of the bandage. Article [7] shows the ac-
tual humidity parameters in the area of the bandage
when removing exudate. It has been noted that, in
some cases, modern bandages do not provide the
necessary parameters for the removal of exudate.
There is also a need for the subjective control of
wound moisture.

It was noted [1] that wound dressings should sup-
port the local environment in the wound area. The

main process is fluid sorption. These processes can
be passive or active.

Research [8] focused on the development of ma-
terials that can effectively remove excess exudate
from wounds. It was noted that the cavities in such
materials should occupy 60-70%. Materials should
provide sorption of exudate in the parameters of
1700-1800 g/m?/day.

Article [9] states that an ideal dressing should ef-
fectively remove exudate from wounds. This is a
necessary condition for treatment. The structures
of nanofiber materials that can provide this process
are given.

Study [10] noted the difficulty of measuring the ef-
fectiveness of wound dressings in the treatment of
complex wounds. Measurements of moisture con-
tent and time, as well as treatment processes were
determined. The importance of preserving the pa-
rameters of the environment at the site of wound
healing was noted.

Modern bandages and foams do not always work
effectively for wound healing. Article [2] proposes
ways to create smart tools that can independently
regulate the healing process, in particular the pro-
cess of removing exudate.

The basic theoretical principles of wound healing
consist of several areas [11]. The first determines the
creation of the necessary moist environment for the
wound. Advances in the creation of special materi-
als have allowed us to focus on creating medical lig-
uids that can help heal wounds. All these processes
determine the need for fluid movement through
textile medical materials.

Study [12] identified methods for the parameters
of the passage of liquids through textile materials,
in particular with the help of coloured liquids and
real-time moisture content control. The desired
structural characteristics to ensure the required pa-
rameters of fluid flow were also noted. Article [13]
focuses on to the creation of materials that provide
the necessary filtering parameters.

Article [14] defines the parameters of the passage of
different liquids through fabrics and textiles for dif-
ferent times. The parameters of the moisture con-
tent of solutions are also determined.
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Nanoparticles of metal oxides improve the perfor-
mance of medical textiles [15]. These nanoparticles
can be located on the surface of such materials [16],
or be part of antibacterial liquids that need to be
transported with a given efficiency [15].

The creation of effective textile materials, for the
treatment of wounds in particular, depends on the
presence of a theoretical basis that describes the
movement of fluid through the material.

Article [17] focuses on the creation of a mass trans-
fer model through textile materials taking into ac-
count various parameters. Study [18] considered
comfortable conditions for the use of textiles in
terms of heat and liquid distribution.

Processes of filtration of liquid in technical textile
materials of water and various mixes are considered
in article [19]. Structures for control of filtration
process are offered.

The passage of high viscosity liquids through tex-
tiles is also described in the study [20].

It should be noted that all theoretical models of
medical textiles must use diffusion parameters that
in general are not absolute constants. They are de-
termined by the parameters of fluid saturation in-
side the material.

For these purposes, the values of diffusion coefhi-
cients of textile materials are estimated in Article
[21]. Hygroscopic experiments are presented. At the
same time, the real values of diffusion coefficients
raise some doubts. This is especially relevant for the
additional accumulation factor.

In study [22], the diffusion coefficient was deter-
mined based on the use of the finite element meth-
od in conjunction with computed tomography. It is
stated that comparisons were made using macro ex-
periments. In general, methods for determining dif-
fusion coeflicients are not very developed. It is thus
unclear which macro experiments are in question.
Deviations of diffusion parameters from the con-
stant value determine the transformation of differ-
ential equations of fluid propagation through textile
materials into nonlinear equations. The general
means of solving such equations are unknown.

In [23], attempts were made to solve nonlinear dif-
fusion equations using exponential and trigonomet-
ric series. Study [24] presents numerical methods of
finite differences, and study [25] proposes iterative
methods.

Analysis of research proves the relevance of de-
termining the parameters of the passage of fluid
through medical textiles. The proposed models

of the passage of fluid through such materials are
not general in nature and are very difficult to use in
practice. Existing methods for determining diffu-
sion coeflicients are very complex and do not guar-
antee real results.

The purpose of this study was to develop practical
methods for determining the parameters of the pas-
sage of liquid through textile materials for medical
purposes, while ensuring the determination of dif-
fusion coeflicients based on macro experiments for
these materials.

2 Methodology

The essence of the accumulation of fluid in the mid-
dle of medical materials is its moisture content in
the system of cavities of such materials. Such mate-
rials can be a textile weave of threads, or a system of
pores for foamed materials. Methods for adjusting
the pore parameters for such materials are shown in
[26]. The structure of materials with pores for fluid
retention is shown in Figure 1.

Figure 1: Porous material for medical purposes

The proposed methodology involves the use of gen-
eralized material characteristics that are used in the
treatment of wounds. Such characteristics allow the
data to be averaged and the methods to be applied
to various structures such as textiles, foams, and
nonwovens.

There are several approaches to determining the
parameters of the passage of fluid through medical
textiles. The first involves considering the material
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Figure 2: Discrete model of fluid passage through material

in the discrete environment model [4]. Such meth-
ods are able to solve complex spatial problems. For
example, Figure 2 shows the fluid moisture content
profile based on the solution of a discrete problem.
As already determined, each individual task re-
quires very large resources and is not suitable for
practical use. At the same time, its solution leads to
the conclusion that the dependence for fluid mois-
ture content can be approximated using a fairly
simple dependence.

Figure 2 shows an X coordinate, which is directed
along the surface of the material from the point of
penetration of the liquid, a Z coordinate, which is
directed from the surface of penetration of the lig-
uid deep into the material, and h indicating materi-
al thickness.

Despite the fact that the mechanics of fluid accu-
mulation in the material has a discrete nature, it is
more convenient to describe the diffusion process in
continuous functions using a differential equation.

Figure 3: Estimated scheme of fluid movement through
material

The passage of liquid through textile materials can
be described using the differential diffusion equa-
tion. Consider the calculation scheme in the form of
a uniaxial model. In this case, the propagation axis
is denoted by x, the propagation time ¢, and the liq-
uid moisture content U at the point.

The differential diffusion equation for such a
scheme takes the form [3]

U_3(pi0) o
ot Ox ox

where O is the partial derivative.

The diffusion coeflicient D in most sources is con-
sidered to depend on the liquid moisture content. In
particular, the dependence in the form is proposed
in[4] D=D, (1 +0o- U), where o - is the coefficient of
influence.

In this case, the differential diffusion equation will
be rewritten as

2 2 2
Y_p a(a[]j +0,2Y s pov?Y @

o o x> x>

The following facts should be

noted for this equation

The equation is nonlinear, while the general meth-
ods for solving such equations are unknown. The
coefficients characterizing the diffusion properties
of a textile material are generally quite difficult to
determine. You can use additional experiments
to determine them, which then require the use of
solutions of the equation. This means the desirabil-
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ity of analytically solving the diffusion equation. It
should be noted that the numerical solutions [24,
25] are insufficient because they require the numer-
ical values of the coefficients.

At the same time, attempts to determine diffusion
coeflicients on the basis of numerical modelling of
the structure of textile material [23] require a very
large amount of preparatory work separately for
each material.

It would be desirable to develop approximate ana-
lytical methods for solving the diffusion equation,
which can simultaneously help determine the diffu-
sion coeflicients and control the parameters of fluid
flow through textile materials.

Let’s move on to dimensionless coordinates: dimen-

U
sionless moisture content u=—, where U, is
0
determined by the liquid coming from the outside
to the material (the moisture content of the liquid at
zero moment of the absorption process); dimen-

. . X . .
sionless coordinate z = —, where h is the thickness

. . . . t
of the material; dimensionless time 7 = ——, where
max
t .. is the saturation time of the material.
Then functions and derivatives can be written as:

U=u-Ug; 8£= Oal;

o ™ "ot
ou _Uyou.  oU* _U,du
o hoz o na

In view of the above, equation (2) should be rewrit-
ten as:

ou DU, (ou) D, 0u DyoU, 0
Py o Bl B a yu——s
or t,,h \oz tooh~0z" ot h Oz
Let’s introduce additional definitions:
K, = i; _ D,oU,

e Pk
The equation can be obtained in the form:
Ou o’u 0’u ouY’
—=K,—+Ku—+K,| — 4
or "oz’ > o2 : [ oz j @

Note that the diffusion coeflicients in the equation
are still unknown. Therefore, it is desirable to solve

the equation analytically. Given the small thick-
nesses of the materials under consideration, we will
solve the equation for the centre point. Given the re-
sults of discrete modelling, a change in fluid mois-
ture content in the thickness of the material will be
determined as a power function of the second order
u=w,—w, -z+w, -z, where the coefficients can be
time-dependent only.

To analyse the parameters of the passage of liquids
through textile medical materials, an experiment,
shown in Figure 4 was also built.

Liquid was fed to the surface of material 1, from
dispenser 2. A sample of the material was located
on mobile device 4. The presence and moisture con-
tent of liquid on the upper and lower surfaces was
monitored by determining the brightness of the two
cameras 4 and 5.

w

:[‘\\\\HHW\HH\HW\HHHUHHHHW\HH

[

O

Figure 4: Research device

The parameters of the sample under study are
shown in Figure 5.

Figure 5: Prototype
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The experimental technique facilitates the deter-
mination of the time of appearance of liquid on the
lower surface of the material, as well as the intensity
of the brightness to determine the moisture con-
tent of liquid on the upper and lower surface of the
material.

3 Results and discussion

When searching for a solution to the equation, the
initial and boundary conditions must be taken
into account. For the zero-coordinate x = 0, the di-
mensionless moisture content on the surface at any
time is equal to one. For the opposite boundary,
the moisture content derivative in the coordinate is
zZero.

Given the relatively small thickness of the textile
material, the dependence of a change in moisture
content on the thickness in the form of a polynomi-
al of the second order is proposed.

_ 2
U=W,—W - Z+W, Z

Given the first boundary condition, it is possible to
rewrite

u=l—-w -z+w, -z’

In the following we will consider two stages of
liquid passage through material. The first stage
involves the moisture content of liquid inside the
material without going outside.

Let us denote the coordinate of the point s to which
the liquid inside the material has reached.

Then the equation for this stage will be rewritten in
the form

2

z z
u=1-2-—+—-

s s

in the centre of the layer at z=s/2 moisture content

uc = —

4

For this central point, the equation can be written
as

273

K
Once marked 8 =1.2 ", the solution can be found
in the form 2

s
s+1n(ﬁ€ ] =5K, -t
s

Given the real values of the parameter f, it is possi-
ble to write approximately

s~5K, -t

The moisture content inside the material can be
written as dependence

2
z

z
. +
5K,-t (5K, -t)
0,z>5K, -t

5,2 <5K,-t

The time the liquid reaches the opposite surface is

L]
’ 5K,

This dependence implies the possibility of determin-
ing at least one of the two diffusion constants, since
the time of appearance of the liquid can be recorded,
for example, according to the scheme of Figure 2.
The second stage of fluid distribution determines
the appearance of fluid on the outer surface.

Taking into account the second boundary condition
transforms the dependence for moisture content in
the form

u=1-w a2
2
In the centre of the layer at z=1/2
uc=1-w 2 =1--w
2 8

For the central point of the diffusion, the equation
can be rewritten as

%z_%](z. 4w, 1+£ —éwf

dt 3 K,) 3

Denoting a:B aUy+l , we can find
5{ o-U,

the solution of this equation in the form

lln C-w :—EK2 -t, where C is the integration
a a-w,

constant.
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This equation facilitates the explicit expression of
unknown function

at-exp(floTﬂK2 -tj

C+exp(—10T'0[K2 ~t)

w =

It can be rewritten as

a~exp(—m;lK2 ~tj ( )
u=1- —Zj

10 "2
C+ exp(— T.O!K2 ~tj

An unknown constant can be found from the con-
dition of equality of moisture content at the end of
the first stage and the beginning of the first stage.

u=

z

s
2-a 2-a 10-a k 2
—exp| ——— |+exp| ——K, ¢

9jxp[9jxp[9 )

a-exp(—loT.aKz-t 2]

1 exe - 2%
Saexp

We note two diffusion constants K2 and a, which
are clearly related to the diffusion coefficients D
and o.

If time is chosen as a constant, one can write for the
first stage

2
1-2. 2 + % ,z</
/ (t )2 lo
- ! .
“ o 4
t
O,Z>A

05 06 07 08 08 |

Figure 6: Change in thickness moisture content for
different points in time

For the second stage

u=

aoexpl 2L

i 1o (.=
1 [ 2~aj [ 2-0:) 2ot ) 2
—a-exp| ——— |—exp| — —— |+exp| - ———

2 9 9 9 1,

The dependence of a change in moisture content on
the thickness of the material for different moments
of time is shown in Figure 6.

The total amount of liquid inside the material can
be found as an integral of the moisture content
(Figure 7).

1
w(e)=[u(z,0)dz

0

The intensity of the increase in moisture content
can be found as a derivative (Figure 8).

Moisture content on the outer surface of the
material

2-at
L IS
0

a- exp(— z—aj -2 exp(— 2—0(] +2- exp[— MIJ
9 9 9 t,

Record the time that is twice the time of passage of
the liquid through the material. Then the moisture
content at this point on the surface of the material

o exp(_ Mj
9
a- exp[— 2—aj -2 exp[— 2—“) +2- exp(— 4—“)
9 9 9

u=1-

ul=1-

W 1
09
0.3}
0.7
0.6
0.5

2
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0

¢ 01 02 03 04 05 06 07 038 09 1

Figure 7: Placement of liquid in material
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Figure 8: Intensity of the increase in fluid moisture
content

The obtained dependence is approximated using the
expression

ul=1- e—o.zs(a-z)

Where it is possible to find

In(1-ul)
0.26

a=2

Where the nonlinearity coefficient is

12 12
o-U,= =
Sa—12 19.23-[In(1—ul) -2

Thus, the expressions obtained in the solution,
facilitate the determination of the diffusion co-
efficients for medical material on the basis of
macro-experiments.

After that, it is possible to predict the amount and
intensity of exudate removal from a wound using
L4 T - IR
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Figure 10: Experimental data of moisture content in
medical cotton wool
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Figure 9: Determination of the nonlinearity coefficient

medical material of arbitrary size. The resulting
function includes both time parameters and pene-
tration depth parameters. It is therefore possible to
determine the liquid content at any point along the
depth at any time.

Experimental studies of liquid for the material
medical cotton wool with a density of 15-17 kg/m’
(Figure 10) were conducted, which confirmed the
performance of the constructed mathematical
model.

In further studies, real experimental studies are plan-
ned to determine the diffusion coefficients of various
materials and the use of the above methods for the
design and functioning of real materials.

The difference in the determination of experimental
and theoretical data over time is graphically shown
in Figure 11. The deviation for a number of experi-
ments varies over time, but the average value of D
over all time does not exceed 3.4%.
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Figure 11: Deviation of experimental data
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4 Conclusion

A function that facilitates the determination of the
amount of exudate removed from a wound using
textile medical materials is obtained on the basis of
the approximate analytical solution of the diffusion
equation.

These results facilitate the prediction of the condi-
tion of a dressing at any time. These mathematical
equations take into account the geometric parame-
ters of the bandage. One can predict the process of
exudate movement for a dressing of any size or de-
termine the geometric and structural parameters of
the material to achieve a given intensity of exudate
movement.

The solution is obtained in general form. Indicators
of the porosity and hydrophilicity of the substrate,
and the density and viscosity of the liquid affect
the values of the diffusion coefficients, but not the
form of the equation. The solution has been exper-
imentally verified for one type of material (medical
cotton wool). Additional studies will focus on the
dependences of these coeflicients on the character-
istics of the material and liquid.

The obtained methods facilitate the determination
of the diffusion coefficients and nonlinearity coeffi-
cients on the basis of macroexperiments.

These results can have a positive effect on the effec-
tiveness of medical textiles.
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Abstract

This study attempted to produce a cheap polyester composite material using an agricultural waste banana peel
in the structure. Banana fibre has been used in composites as reinforcements, but banana peel has never been
used with polyester before. The possibility of improved thermal and flammability properties of a composite
due to increased moisture in the structure, and the char-forming ability of the cellulosic part of banana peel or
the production of highly flammable material due to the presence of carbohydrates in the structure were the
assumptions. To tackle the second assumption, aluminium trihydrate (ATH) was added. The handmade compos-
ites showed a drastic drop in tensile strength from 38.02 MPa to 16.72 MPa due to a lack of chemical bonding
between the constituents. The impact and flexural strength showed some improvement with the addition of
banana peel, along with ATH, to record results of 10.92 kg/cm and 49 MPa, respectively, after the initial drop that
occurred when only ATH was added. However, these results were still inferior to the properties of pure polyester.
The results of flammability and thermal resistance matched the second assumption, as flame retardancy was
kept under control by the presence of ATH. The absorbency properties remained almost unaffected.
Keywords: tensile strength, viscosity, hydrophobicity, flame retardancy, char

Izvlecek

V' tej raziskavi je predstavijen poskus izdelati poceni poliestrski kompozit z uporabo bananinega olupka kot kmetijskega
odpadka. Bananina viakna so Ze bila uporabliena v kompozitih kot ojacitev, bananin olupek pa do zdaj Se ni bil uporabljen
skupaj s poliestrom. Predvidena je bila moznost za izboljsanje toplotnih lastnosti in vnetljivosti kompozita zaradi povecane
vlage v strukturi in sposobnosti pooglenitve celuloznega dela bananinega olupka ali izdelava lahko vnetljivega materiala
zaradi prisotnosti ogljikovih hidratov v strukturi. VV zvezi z drugo predpostavko je bil dodan aluminijev trihidrat (ATH). Rocno
izdelani kompoziti so, ker ni kemicnih vezi med sestavinami, pokazali drasticen padec natezne trdnosti z 38,02 MPa na
16,72 MPa. Udarna in upogibna trdnost sta se nekoliko izboljSali z dodatkom bananinega olupka in ATH skupaj, kjer so bile
izmerjene vrednosti 10,92 kg/cm oziroma 49 MPa visje kot na vzorcih, kjer je bil dodan samo ATH. Vendar so bili ti rezultati
Sevedno slabsi od lastnosti Cistega poliestra. Rezultati vnetljivosti in toplotnega upora so potrdili drugo predpostavko, sajje
bila odpornost proti gorenju pod nadzorom zaradi prisotnosti ATH. Vpojnost je ostala skoraj nespremenjena.

Klju¢ne besede: natezna trdnost, viskoznost, hidrofobnost, negorljivost, zoglenelost
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1 Introduction

Bio-composites have recently gained significant
popularity because of advantages, such as biodeg-
radability, the reduction of carbon dioxide released
into the atmosphere and cost reduction due to the
use of cheaper bio-fibres [1]. Natural fibres or fibrous
materials from similar sources are the most com-
monly used component for producing fully or par-
tially biodegradable composite materials. Natural
fibre composites are used as a more or less compati-
ble alternative for replacing environmentally harm-
ful synthetic materials, which can be beneficial in
terms of controlling pollution problems. In addition,
these materials have the advantages of low cost and
reasonable mechanical properties. Most important-
ly, these composites require low-production ener-
gy consumption [2-4]. These natural bio-fibres are
collected from agro-waste, plants and trees [3]. They
also have some significant problems that can affect
the properties of final products when used as a rein-
forcement in composite materials. Bio-fibres are hy-
drophilic in nature and always tend to absorb water
or moisture. This can cause fibre swelling and im-
proper bonding between the fibre and matrix mol-
ecules. The different nature of the synthetic matrix
and hydrophilic fibres are also responsible for the
poor properties of composite materials. In addition,
the irregular size, shape, and density of fibres often
lead to the poor mechanical properties of the result-
ant bio-composites [5]. In addition to the above-de-
scribed drawbacks, the poor flame retardancy or
high flammability of bio-fibres can be considered a
more significant problem of composites produced
using bio-fibres due to the high flammability of
those fibres, especially cellulosic fibres.

The main advantage of bio-composites is that, even
though these materials can only undergo biodegra-
dation when dumped into the environment, only
direct exposure to environmental contents can
cause the biodegradation of these materials. For this
reason, bio-composites have often been used in var-
ious cars in door panels and body parts since 2000
[3]. However, the poor resistance of bio-fibres to ul-
traviolet (UV) rays limits their uses in the materials
that come under less exposure to UV rays. However,
the effect of UV rays on degradability is not that
significant on cellulosic materials compared
with lignin and hemicellulose [6]. The strength of
bio-composites is not affected that much, as the
strength mainly depends on the crystallinity of cel-
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lulose. From that point of view, the choice of fibre is
key for producing bio-composites of better strength
and durability. Considering all the advantages and
disadvantages, bio-fibres and other natural materi-
als are often used only to reduce cost, making the
composites lighter and more environment friendly,
rather than concentrating on improving any other
properties of the composite. According to recent re-
search results, surface modification and the use of
additional filler materials to improve or retain the
performance of composites are common ways of de-
veloping bio-composites [6].

Considering all the facts above, this study aimed
to develop a cheap bio-composite (partially degra-
dable) using cellulosic agricultural waste material.
Among common agricultural waste, banana peels
are produced in large quantities around the world.
About 1,200 million tonnes of bananas were pro-
duced in 2020 [7], and one-tenth of production was
determined to be the waste of bananas in the form
of the peel or skin [8]. The huge production of ba-
nana peels around the world needs to be utilized
more efficiently than the current trend. Banana
peels consist of various materials, including a very
high proportion of moisture (57-60%), a considera-
ble quantity of cellulosic fibre content (15-25%), car-
bohydrates (23—-35%), some amount of ash (6-9%),
different types of sugars (1-3%), etc [9]. The fibre
contents in banana peels can be extracted [8] and
used in different applications, which can be the sub-
ject of future studies. They have not, however, been
used in developing composite structures due to the
very low amount of fibre in banana peels and the in-
ferior mechanical properties of the fibres compared
to other natural fibres [2, 8]. The aim of this study
was to use banana peels in a different application,
focusing on its contents rather than its properties.
Since banana peels are waste products, not much
cost is expected for utilizing them in any structure.
Expensive polymers such as epoxy, polyester, etc.
are used daily in various applications. Using banana
peels along with these materials can be a good op-
tion for utilizing a waste product that is produced
in massive quantities worldwide and reduce the cost
of final products. However, the tensile properties
of composites are expected to be negatively affect-
ed by adding banana peels to the structure. This is
because natural hygroscopic contents are known
for making no chemical bonds with synthetic resin
materials, apart from mechanical bonds [10, 11].
The only way to improve this condition is to use
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surface modifying agents, which would increase the
cost of the material.

In addition to the last problem, the cellulosic and
carbohydrate materials of banana peels are also
highly flammable when favourable conditions ex-
ist, but this only helps to catch the fire at the begin-
ning relatively quickly and easily. Later, the formed
char from the cellulosic material is expected to help
reduce flames by absorbing the heat from them
[10]. This issue can be solved by using a very small
amount flame-retardant filler powder (to keep the
cost of the material in check), which can also im-
prove the tensile properties of polyester. Because
the addition of powder can increase the viscosity
of the resin, which may improve tensile properties
to a small degree when used in small amounts [12],
it would also reduce the flammability of the com-
posite at the same time. Even though the increased
viscosity of the resin is expected to result in a more
rigid and less flexible material, adding banana peels
is also expected to add pliability to the structure
and reduce the rigidity of the material. This would
neutralize the adverse effect of the increased vis-
cosity of the resin. On the other hand, the high
moisture content of banana peels might be useful
in keeping flammability in check and neutralizing
the highly flammable nature of the carbohydrate
and cellulosic content. The flammability may not be
adversely affected at all because cellulosic materials
that are known to be easily flammable are expected
to produce char that can stop the spread of flames
[10, 13]. The effect of banana peels on tensile and
especially the flame-retardant properties have not
been studied previously, but will be studied in this
article.

The resin selected for this study was unsaturated
polyester. There were reasons to select polyester as
the resin, even though there were other synthetic
polymers available on the market that are cheaper
than polyester. The superior tensile properties and
thermoset characteristics are the reasons why poly-
ester was chosen. Since the addition of banana peel
was expected to have a negative effect on tensile
properties, a resin of superior tensile properties was
required. Polyester is one of the cheapest thermoset
resins. For example, a kg of unsaturated polyester
resin was available at one-fifth of the price of epoxy
resin. Although epoxy has superior tensile and flex-
ural properties, and its thermal properties are also
quite good [10, 14, 15], polyester was chosen instead
due to the high price of epoxy.

In addition, a flame-retardant filler was intended for
the composite in small quantities to avoid or neu-
tralize the banana peels’ negative effect on the poly-
ester composite’s flammability. Fillers are generally
small particles that can be used for almost any func-
tion, but these mainly add special specific proper-
ties according to requirements [12]. Using a ther-
moset resin actually helps the cause of using filler in
the composite structure because the polyester resin
can be cured using an agent at room temperature
[10], and it helps the filler to keep its original chem-
ical structure, which is essential for performing its
specific role in the structure. A flame-retardant fill-
er was intended to be used in this study. There are
many flame-retardant filler materials available on
the market. For example, metal hydroxides work by
absorbing heat, boron-based materials form an in-
sulating layer, halogen-based materials produce gas-
es that help to reduce flames, and phosphorus-based
materials produce a high percentage of char [10, 14,
16-19]. The most commonly used flame-retardant
filler materials are boric acid, ammonium chloride,
zinc chloride, borate, phosphoric acid, aluminium
trihydrate, etc. [10, 14, 20, 21]. Among these, many
researchers have suggested that metallic hydrox-
ides, such as aluminium trihydrate and magnesium
hydroxide, are the most environment-friendly filler
materials [10, 14, 16, 22]. These are also not so cost-
ly. These chemicals absorb heat in an endothermic
type of reaction and produce water when decom-
posed as a by-product [17]. Among these, alumin-
ium trihydrate, also known as ATH, was preferred
for this study over magnesium hydroxide because
it is the cheaper of the two, and ATH starts to de-
compose at about 180°C, which is important when
used with polyester, which offers the least resistance
to high temperature. ATH can produce a reasonable
amount of char, which can help prevent flames from
spreading too quickly [23]. A flame retardant ma-
terial such ATH works at a relatively lower temper-
ature than other commonly used flame-retardant
filler materials. This might help banana peels keep
their limitations hidden if used in small quantities
by keeping the cost of the material in mind.

Thus, this study used dried and ground banana
peels in unsaturated polyester resin to produce a
composite structure. An additional filler materi-
al, ATH, was also used to control the flammable
nature of the composite or, more specifically, to
control the possibility of increased flammability of
the composite due to the addition of banana peels
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in the structure. The aim of this study was to find an
industrial application of banana peels in composite
materials. For that purpose, the mechanical prop-
erties of the composite were also checked, together
with absorbency and flammability, to determine the
suitability of the produced material for any real-life
application.

2 Materials and methods

This study did not require too many chemicals.
Only unsaturated polyester resin, crystalizing or
hardening agents, and filler materials were required
as chemicals. Other required materials were used
for making the composite, such as a mould, beakers,
weights, non-sticky paper, and a stirrer. The final
products were subject to several tests.

2.1 Materials

Unsaturated polyester resin (density: 1.12 g/cm?, gel
time: 8—11 minutes at 25°C (use of a 2% hardener))
of the Polynt brand, methyl ethyl ketone peroxide
(MEKP: active oxygen: 8—9%, density: 1.17 g/cm?)
of a local brand, and ATH in powder form (den-
sity: 2.42 g/cm?® molar mass: 78 gm/mol) of the
Qualikems brand was used. Banana peels were col-
lected from the local market, and then dried and
ground using a domestic grinder. The banana peels
were used in a small particle form where the parti-
cle sizes were about 1 mm in length. All the chem-
icals were bought from the local market. All other
materials were also collected from the local market.

2.2 Methods

Composite samples were made using varying per-
centages of ATH and banana peels (in terms of
weight). One sample of pure polyester was made as
the standard for comparison. The prepared samples
were conditioned at 25°C and 65% relative humidity
for several days, and all tests were performed under

Table 1: List of samples
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the same conditions. Average values were recorded
for all the tests.

2.2.1 Composite preparation

Banana peels and polyester were mixed by vig-
orous stirring for about 30 minutes in different
combinations, as shown below. Composite boards
of 8 mm in thickness were made. The prepared
mixtures were poured into the mould by hand. A
2.0% hardener was added to the mixtures for cur-
ing action, just before the mixture was poured into
the mould. Non-sticky plastic paper was used to
cover the mixtures in the mould, and a glass rod
was used to roll the mixture softly to remove any
air bubbles. A 10 kg or 98 N load was applied to
the mould during the curing process. The curing
took place at room temperature for two hours af-
terwards. When ATH was added, the same process
was followed while the ATH was added to the mix-
ture along with banana peels and polyester resin.
The combinations were calculated according to
equations 1, 2 and 3 [24].

The weight fraction of ATH:

Wa

Warh = 3 T Wh T wm

x 100 1)

The weight fraction of banana peels:

wf

Wer = o v wo + wm < 100 @

The weight fraction of polyester:

Wm

Woo = ——————
POL™ Wa + Wb + Wm

x 100 3)
where W, represents the weight of ATH, W, repre-
sents the weight of banana peels and W, represents

the weight of the polyester matrix

A list of samples is presented in Table 1.

. . Actual weight of components
Sample no. Weight fraction for 300gg of comp(I))site
ATH (%) Banana peel (%) Polyester (%) W, (g) W (g) W, (g)

1 0 0 100 0 0 300
2 4 0 96 12 0 288
3 6 0 94 18 0 282
4 4 2 94 12 6 282
5 4 5 91 12 15 273
6 4 10 86 12 30 258
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2.2.2 FTIR analysis

Fourier transform infrared spectroscopy (FTIR)
was used to determine the presence of different
functional groups using an infrared spectrum of
absorption, emission and photoconductivity [25].
FTIR spectrum analysis was performed within the
range of 4,000 cm™ and 400 cm™. This range is gen-
erally known as the mid-range of the FTIR spec-
trum. A Shimadzu FTIR Spectrometer (Shimadzu,
Japan) was used for this study. The machine works
by passing infrared rays through a specimen to a
detector screen. Different functional groups absorb
the infrared rays at different points of the wave-
number. The detector screen detects the percentage
of absorbance of the infrared rays by a specimen.
The degree of absorbance and the wave number at
which the absorption occurs is analysed to deter-
mine the specimen’s chemical specification. In this
study, FTIR was used to determine if any newly cre-
ated bonds were in the composite containing poly-
ester, ATH and banana peel.

2.2.3 Tensile strength test

The tensile strength of a material can be defined as
a material’s ability to resist forces that are applied to
pull it apart and its ability to stretch when put under
stress. It is determined by measuring the required
force to break a sample, and the modulus and elon-
gation percentage of a material before it is broken.
The calculation is performed based on the relation
between the required force to break a samples with
respect to the thickness and width thereof. For
this study, the tensile strength was measured us-
ing a universal testing machine (UTM, Hounsfield,
England) according to the ASTM D638 standard
method.

224 Impact strength test

The impact strength of a material its resistance to
any specific impact. This test was performed using
the Izod impact testing method according to the
ASTM D256 test standard. A universal impact test-
er (Qualitest, USA) was used for the test. The spec-
imens were placed against a pendulum weighing
634 kg. The initial angle of the pendulum was 150°.
The degree to which the specimen breaks when hit
by the pendulum was calculated. Impact strength
was then calculated from the resistance of the spec-
imen. The lower the degree to which the pendulum
breaks the specimen, the better the impact strength.
The pendulum hits the specimen and then tries to

reach the opposite end through the force (torque)
created by movement of the pendulum itself. If the
specimen offers high resistance, the pendulum fails
to reach the opposite end; instead, it reaches a mark
on the other end. That point is checked, and the an-
gle at which the pendulum reaches the mark indi-
cates the specimen’s impact strength.

2.2.5 Flexural strength test

Flexural strength is defined as the stress in a ma-
terial just before it breaks when being bent [26].
This test was performed according to ASTM D790
method using a UTM (Hounsfield, England). A
three-point bending system was used for this study.
The distance between the lower two points was set
to 100 mm. In this method, the two ends of the
specimen were bent upwards by applying pressure
at the middle of the specimen using the third point
that forced the midpoint to go down and eventually
break the specimen [27].

2.2.6 Flame retardancy test

Flame retardancy or resistance is the measure of a
material’s burning rate or its behaviour when ex-
posed to fire. This property was tested using three
methods: two burning behaviour tests and an ox-
ygen index test. The burn tests were performed
according to the ASTM D3801 and ASTM D635
standards using vertical and horizontal burning
method instruments. The oxygen index measure-
ment test was performed according to the ASTM
D2863-19 standard.

Vertical burning method

The burning rates of the materials and dripping ten-
dency were checked based on this test, which was
performed using a Horizontal and Vertical Flame
Test Apparatus (Testech, China). For the verti-
cal test, the sample size to be chosen was 13 mm x
125 mm, with 6 mm of the sample clamped inside
the clamp that held the sample vertically. A cotton
layer measuring 50 mm X 50 mm was placed 300
mm below the sample to detect any dripping of the
sample during burning. The specimen was initial-
ly exposed to a 20 mm high blue flame from a gas
burner for a maximum of 10 seconds. The specimen
was then removed from the flame and the self-ex-
tinguishing time of the specimen was measured, if
self-extinguishing occurred. In the case of self-ex-
tinguishing, the specimen was re-exposed to flames
according to the previous step and the duration of
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Table 2: Classification of materials in terms of flame retardancy in the vertical burning test
T Rating
Criteria
V-0 V-1 V-2 V-HB
Required time for burning of each individual test specimen
< < <
(In seconds after first and second application of flames) =10 =30 =30 N/A
Total required time for burning (In seconds) <50 <250 | <250 N/A
Time of burning and afterglow after second flame application (In seconds) <30 <60 <60 N/A
Dripping from burning specimens (Ignition of the cotton layer) No No Yes N/A
Combustion up to the holding clamp
(In case of the specimens being completely burned) No No No Yes

self-extinguishing was again calculated. If self-ex-
tinguishing did not occur again, the material was
put subject to the recommended horizontal burning
test. The cotton layer placed below the specimen was
checked to detect dripping. All of the results were
then compared with the material rating Table 2 to
categorize the specimen. The test was performed in-
side a closed box.

Horizontal burning method

The burning rate of the material in mm per minute
was calculated based on this test. The higher burn-
ing rate of a specimen means higher material flam-
mability and vice versa. The sample size for this test
was 125 mm x 12.5 mm. The samples needed to be
marked at 25mm and 100mm from one end. The
specimen was clamped horizontally at an unmarked
end. A 100 mm square wire gauze screen was placed
beside the specimen to check burning behaviour.
The marked end of a specimen was exposed to a 20
mm high blue flame from a gas burner for a maxi-
mum of 30 seconds or until the flame reached the
25 mm mark of the specimen, whichever occurred
first. The time required for the flame to travel from
one end to the opposite end where a mark was made
at a distance of 100 mm was measured [13]. The be-
haviour of specimens was then compared with the
following ratings shown in Table 3 for the purpose

of categorization. A Horizontal and Vertical Flame
Test Apparatus (Testech, China) was used for this
test.

Limited oxygen index test

A limited oxygen index test (LOI) was performed
to determine the required minimum oxygen level
to burn a material [28]. There is about 21% of ox-
ygen on average in the earth’s atmosphere. Thus,
if a material requires more than 21% of oxygen
to burn continuously, that material will not catch
fire or extinguish a fire itself, and can be labelled
self-extinguishable. Moreover, a material can be la-
belled as non-ignitable if it requires more than 21%
of oxygen to ignite [10, 28]. A higher LOI value is
therefore better [29]. The materials were exposed to
vertical flames under the combined flow of oxygen
and nitrogen. The required concentration of oxygen
to burn the material was then calculated as a vol-
ume percentage. A Testech Limited Oxygen Index
Tester (Testech, China) was used for the test. The
specimen size was 100 mm x 10 mm. The specimen
was ignited manually after being placed in a speci-
men holder. The burning took place using a nitro-
gen and oxygen gas flow. The fractional value of
required oxygen was calculated from the machine
reading.

Table 3: Rating of flame retardancy in the horizontal burning test

Rating | Criteria

1 No signs of combustion were visible after removing the ignition source.

2 The flame did not go beyond the 25 mm reference mark.

3 The flame went beyond the 25 mm reference mark but did not reach the 100 mm reference mark.

The flame reached the 100 mm reference mark, but the calculated linear burning
4 rate did not exceed 40 mm/min for specimens having a thickness of 3-13 mm
or 75 mm/min for specimens having a thickness of less than 3 mm.
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2.2.7 Thermal degradation test

Thermogravimetric (TG) analysis is a technique
used monitor the mass of a substance as a function
of temperature or time. In this method, the speci-
men is subjected to a controlled temperature regime
in a controlled atmosphere to check mass loss as the
result of an increase in temperature. For this study,
this test was performed using a SII Exstar 6000 TG/
DTA instrument (Seiko Instruments Inc., Japan).
The maximum temperature range was set to 600°C
at increments of 20°C/min. The temperature was
applied using a nitrogen gas flow. Aluminium was
used as reference material. Another thermal prop-
erty tested in this study was differential thermal
analysis (DTA), which is the ratio of the temperature
difference of the specimen and reference material
relative to time or temperature. This test is an indi-
cator of heat or energy absorption (endothermic) or
production (exothermic) during a specimen’s heat
treatment. A flame-retardant material will always
need to show an endothermic or heat-absorbing
ability, which was checked using this test method.
Derivative thermogravimetric (DTG) analysis is
another measurement technique that determines a
material’s weight change rate relative to temperature
[30]. The rate of weight change increases at a brisk
rate when the decomposition of the main compo-
nents takes place. This measure also indicates the
rate of decomposition and the range of temperatures
at which the materials decompose under heat.

3 Results and discussion

The samples were subjected to several tests. The
main concern was a composite’s mechanical prop-
erties after incorporating in the polyester resin
two foreign materials that do not match the poly-
ester polymer. First, a composite containing both
ATH and banana peels, together with polyester,
was compared with a pure polyester board to de-
termine if any new bonds were created during the
curing process of polyester using the FTIR method.
The materials were then subjected to mechanical
tests to determine the possible ratios used without
deteriorating the material’s mechanical properties
too much. Lastly, the materials were subjected to a
flame retardancy test to determine if the combina-
tions chosen from the previous test could maintain
the flame-retardant property within an accept-
able range. The final composite sample’s thermal
properties were also compared to the pure polyester

sample to see if the incorporation made any chang-
es to the two new materials.

3.1 FTIR analysis

Sample 1 (100% polyester) and Sample 6 (85% pol-
yester, 4% ATH and 8% banana peels) underwent
FTIR analysis in this test. The FTIR spectrum from
the tests is shown in Figure 1.
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Figure I: Spectrum of FTIR analysis

Here, the black line in the the FTIR spectrum refers
to Sample 1 and the red line refers to Sample 6. The
spectrum of Sample 6 showed no new bonds formed
between the polyester, ATH and banana peels. The
peaks were almost the same in the two graphs. The
peaks around 3000 cm™ indicate the presence of
hydrogen bonds or, more specifically, the presence
of -H and -OH functional groups. The presence of
both cellulose and aluminium trihydrate affected
this peak’s rise, as both contain a high percent-
age of -OH in the structure. A peak in the range
of 1700-1750 cm™ indicates the presence of ester
bonds or groups. The few peaks in the fingerprint
range (below 1500 cm™) are also almost the same in
the two graphs. The main differences between the
two samples are the intensity of peaks, especially
the ester bond’s peak. The significant reduction of
the peak in Sample 6 was because the newly includ-
ed ATH and banana peel materials resisted polyes-
ter molecules to form bonds in between them. Some
other peaks were also identified at a lesser intensi-
ty, reducing the bonds between the polyester mol-
ecules. This means the resulting materials are ex-
pected to show deteriorated mechanical properties.
Another point can be made: there are no new bonds
in the new material. This means that the ATH and
banana peels have remained more or less unaffect-
ed in terms of chemical properties. As a rule, this
will allow both the ATH and banana peels to resist
flames.
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3.2 Effect of ATH loading on the
tensile properties of composites

ATH and banana peels were mixed in the polyes-
ter in powder form and ground matter form, re-
spectively. Neither of the materials were dissolved
in polyester. Instead, they helped to produce a dis-
persion-like mixture. The viscosity of the solution
was increased with the increasing amount of ATH
powder. The tensile test results are shown below in
Figures 2, 3 and 4.
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Figure 2: Effect of the addition of ATH and banana
peels on tensile strength
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on tensile modulus
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Figure 4: Effect of the addition of ATH and banana
peels on elongation property

The results in Figure 2 show that using ATH with
polyester improved the tensile properties of the
samples at the beginning, only to see a deterio-
ration with the further addition of ATH. At the
same time, the introduction of ground dry ba-
nana peels reduced the tensile strength further.
Polyester resin became viscous with the addition
of ATH. The formation of a homogenous disper-
sion of polyester and ATH made the material vis-
cous and presented a more uniform and compact
structure at the beginning, which helped increase
the tensile strength. The dispersion was able to be
cured quickly into a hard and brittle material [21,
31]. The improved rigidity can also be confirmed
by the tensile modulus results of Figure 3, where
Sample 2 (containing 4% ATH) and Sample 3 (con-
taining 6% ATH) showed superior tensile mod-
ulus. The material’s hardness also improved the
tensile strength of the composite at the beginning
with the addition of 4% ATH. Later, however, the
too-high brittleness and reduced extensibility of
the material caused quicker breakage under stress
because in the test of tensile properties, stress is
applied uniformly onto the whole cross-section of
the structure, and every pore or impurity within
the cross-section affects the tensile properties of
the material. As a result, the tensile modulus in-
creased. The same trend can also be seen in the
elongation property of the material in Figure 4,
where a gradual decrement of elongation property
can be seen due to the addition of ATH. However,
when the granules of banana peels were intro-
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duced, the tensile strength fell further due to the
presence of more impurities within the cross-sec-
tion. The banana peels actually worked more like
a filler than a reinforcing fibre. However, the ba-
nana peels were not expected to improve mechan-
ical properties because fibres with a high lignin
content in their structure generally struggle to
make mechanically bonds with hydrophobic pol-
yester, which cannot impregnate fibres or fillers
containing lignin [32]. Although banana peels do
not contain that much lignin, dried banana peels
presented a surface that was difficult to be impreg-
nated with polyester. Moreover, when there were
no chemical bonds (as found in the FTIR analysis)
and strong mechanical bonds between the filler
and resin, the increased number of pores within
the structure due to the presence of banana peel
instead reduced the close bonds between polyes-
ter molecules. As a result, the composite gradually
became fragile. However, nature of the materials
did not help the tensile strength thereof. For this
reason, the tensile strength decreased with the ad-
dition of banana peels to the structure.

Tensile modulus and elongation properties fol-
lowed the same trend as tensile strength. Tensile
modulus depends on the stress and strain on a ma-
terial. Stress mainly depends on the required load
to break a material, while strain is an indicator of a
material’s extensibility or elongation property. The
strength of the samples increased with the addition
of ATH, while the elongation property deteriorat-
ed from the beginning to the end due to increased
hardness when ATH was added and then due to a
lack of bonds between polyester molecules when ba-
nana peels were added together with ATH. As men-
tioned earlier, the addition of banana peels made
the polyester a bit fragile due to a lack of bonding
action between the polyester molecules. It caused
the early breakage of materials when put under
stress. The modulus decreased gradually as a result.
On the other hand, the elongation property also de-
teriorated gradually and at a higher rate than tensile
strength.

3.3 Impact strength test

The impact strength of a composite depends heavily
on the aspect ratio of the reinforcing fibre and filler.
The bonding between the additional materials and
the resin is also essential. The results of the impact
strength test of the samples are shown in Figure 5
below.
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Figure 5: Effect of addition of ATH and banana peels
on the impact strength of composites

The impact strength of the composites was affect-
ed significantly by the addition of ATH and ba-
nana peels. Results show that the impact strength
decreased with the addition of ATH and improved
again when banana peels were added. Impact
strength is greatly affected by the bonding between
matrix molecules and a matrix’s fracture property
[33]. The addition of ATH and banana peels reduced
the bonds between the polyester molecules, but
ATH had the most negative effect. When ATH was
mixed with polyester at the beginning, it formed a
homogenous dispersion with increased polyester
viscosity, making the resulting composite material
harder and slightly brittle. It also affected the frac-
ture property of the composite negatively and re-
sulted in a gradual decrease in the impact strength
of the composites. When banana peels were added,
however, the strength improved. Both ATH and ba-
nana peels worked more like filler materials in the
composites. The fibrous materials helped reduce the
impact of ATH powder on the structure. The impact
strength test does not cover the full cross section of
the material, but instead depends more on the spe-
cific positions of the composite that comes under
the impact. The addition of rough fibrous materials
of various lengths resisted the production of homo-
geneous dispersion similar to the samples that con-
tained only ATH. The tendency of the powder to ad-
here to the rough fibrous surfaces also helped keep
the ATH powder around the fibrous materials more
than powder uniformly throughout the polyester
[34]. It allowed the polyester molecules to come
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closer to form stronger bonds. Moreover, an impact
test generally focuses on the surface of a material
where the initial impact is made, where the presence
of fibrous materials allows the polyester molecules
to cover the full surface. Since the entire test does
not depend on the whole cross-section of the mate-
rial, the number of possible pores per unit area on
average created by the presence of ATH fell. Instead,
the adherence of ATH powder to the surface of the
fibrous materials allowed the formation of typical
bonds between the polyester molecules that would
be suffice to increase the impact strength of the ma-
terials. The gradual increase in fibrous materials
helped increase impact strength for the above-stat-
ed reasons. The addition of banana peels improved
the impact strength of the composites. The same
trend was recorded for the addition of 10% fibre,
where the impact strength increased slightly. The
ability of the filler or fibre to absorb impact also
helps the process, as the low-density banana peel
materials covered more spaces and were able to
absorb the impact better than the brittle polyester
resin. The soft nature achieved by the addition of
banana peels was also played a role in this regard.

3.4 Flexural strength test
The flexural strengths of composites are shown in
Figure 6.
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Figure 6: Effect of the addition of ATH and banana
peels on the flexural strength of composites

The results show that flexural properties were very
significantly affected by the addition of ATH and
banana peels. The flexural strength was reduced
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drastically by the addition of ATH. On the other
hand, flexural strength improved a bit gradually
when the banana peels were added, together with
the ATH. The ATH and banana peels both acted as
foreign materials in polyester resin, which could not
impregnate the materials; both acted as filler ma-
terials instead. These materials thus reduced some
bonds between polyester molecules. To improve
the flexural property, the composite had to become
softer rather than hard and brittle. The addition
of the ATH, however, resulted in the formation of
a more homogeneous dispersion, where the dis-
ruption in bonds of polyester molecules took place
uniformly. On the other hand, adding banana peels
made the ATH adhere to its surfaces more thanin a
uniform dispersion in the mixture. It also resulted
in an increase in uninterrupted bonds between pol-
yester molecules in places, especially at the surface.
The high density of banana peels actually made the
materials remain inside the structure rather than
at the surface of the composite [35]. A three-point
flexural test initially puts the stress onto the surface
of a material, and then the stress spreads within the
structure. It allows the structure to withstand initial
stress due to the presence of intra-bonded polyester
molecules, resulting in better flexural resistance and
better elastic properties. When the stress spreads
within the whole structure gradually, and because
the presence of the fillers actually makes the materi-
al softer due to a lack of bonds within the structure
between polyester, the softness of the banana peels
helps to absorb stress put forth in the flexural test
better than pure polyester. The percentage of ba-
nana peels in this study is quite low, which is also
the reason for this type of material characteristic.
As a result, the addition of banana peels gradual-
ly increased the material’s flexural strength, which
could not surpass the flexural strength of pure pol-
yester, but showed better results than materials con-
taining only the ATH. The further addition of ba-
nana peels could have reduced the flexural strength
due to the extension of the molecular bonds of poly-
ester beyond the limit, but this concept was not test-
ed in this study.

3.5 Flame retardancy tests

The results of these tests are shown in four parts.
In the first part, the vertical burning behaviour of
the materials was checked. The materials that failed
the vertical test were then subjected to the hori-
zontal burning test. The first step of this part was
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to determine if the materials could be considered
flame retardant, even after the modifications made
by adding ATH and banana peels. These results are
shown in Tables 4 and 5, and in Figure 7. The LOI
was then tested for Samples 1, 5 and 6, and the re-
sults of that test are given in Table 6.

Since all the samples failed the vertical burning test,
the samples had to undergo the horizontal burning
test. Table 5 below illustrates the horizontal burning
test results.

All the samples self-extinguished within 10 seconds
when first exposed to flames. The second time, how-
ever, the samples could not self-extinguish, and the
entire samples were burned as a result. No dripping
occurred, but ashes were produced. Since the ma-
terials fell only into the UL 94 HB rating category,
all of these materials have the least flame-retardant
property, i.e. they were not very flame-retardant.
Instead, they burned slowly for quite a long period.
The degree of horizontal burn rate varied with the
specifications of the composite materials. The hori-
zontal burning rates of the materials during the test
are shown in Figure 7.

Table 4: Vertical burning behaviour of composites
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Figure 7: Effect of the addition of ATH and banana
peels on the burning rate of composites

The results presented in Table 4 show that all the
materials fell into the 4™ or last category of flame-re-
tardant materials (because they had a linear burn
rate below 40 mm/min). The results in Figure 7

UL 94 Rating
Burning stops with- | Burning stops with- | Burning stops with- Rating of samples
Sample | in 10 seconds with | in 30 seconds with | in 30 seconds with | Vertical burning | Recommended for
no. no dripping no dripping dripping rating horizontal burn test
UL 94 V-0 UL 94 V-1 UL 94 V-2 UL 94-V UL 94 HB

1 No No No No Yes

2 No No No No Yes

3 No No No No Yes

4 No No No No Yes

5 No No No No Yes

6 No No No No Yes

Table 5: Horizontal burning behaviour of composites

' Linear burn rate

C.ontlnuous Flame reached Flame reached 100 exceeded 40 mm/ | Rating of | UL 94
Sample no. | burning of samples 25 mm mark mm mark i ek samples | rating

(Yes/No) (Yes/No) (Yes/No) (Yes/No)

1 Yes Yes Yes No 4 ol
2 Yes Yes Yes No 4 HB
3 Yes Yes Yes No 4 HB
4 Yes Yes Yes No 4 HB
5 Yes Yes Yes No 4 HB
6 Yes Yes Yes No 4 HB




Table 6: Limiting oxygen index (LOI) of composites

Use of Banana Peel in the Development of a Less Flammable Polyester Composite

Sample no. ATH (%) Banana peels (%) Polyester (%) LOI (%)
1 0 0 100 19.1
5 4 5 91 19.5
6 4 10 86 19.2
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show that the addition of the ATH improved
flame-retardant properties, as flame spreading was
reduced by the action of the ATH, which resulted
in a reduction in the burning speed. However, the
addition of banana peels increased the burning
rate again gradually. The ATH was expected to im-
prove flame retardancy, as it releases water during
combustion and reacts endothermically during the
reaction [10]. The samples containing the ATH ab-
sorbed the fire’s heat and became hot, which result-
ed in the release of water molecules that delayed the
burning rate, as seen in Figure 7. When the banana
peels were added, however, the burning rate rose
as expected. Even though the presence of cellulose
could be useful for producing char and reducing the
burning rate, the easily flammable small amount
of cellulosic material could not produce a sufficient
amount of char to improve the flame retardancy of
the materials. The small amount of banana peels
caught fire more easily and burned very quickly, as
cellulosic materials are expected to be burn easi-
ly and quickly by nature. It could only help flame
retardancy by producing a high amount of char,
which did not happen. At the same time, the pres-
ence of moisture in the structure could have helped,
but the moisture was dried during the drying of the
banana peels and the heat produced during the cur-
ing of polyester. Instead, highly flammable carbo-
hydrate parts made the materials more flammable.
The percentage of ATH could have been increased
to improve flame retardancy, but to do so, the me-
chanical properties and the composite price had to
be sacrificed.

The expected results were thus achieved, as the ad-
dition of the ATH reduced flammability slightly, as
evident in Figure 7, where the burn rate was found
to be a bit lower for Samples 2 and 3. However, the

addition of banana peels increased flammability as
expected. If the banana peels had been added alone,
flammability would have increased more signifi-
cantly, but the presence of the ATH kept the flam-
mability of the composite below the original rate of
pure polyester. The LOI test results shown in Table 6
also support this concept. The increase in the LOI
value indicated the improved flame retardancy of
the material. The values are almost identical here for
Samples 1, 5 and 6. The LOI increased slightly after
the addition of the ATH and 5% banana peel, and
it decreased further by increasing the amount of
banana peels. Nevertheless, the results were slight-
ly better than pure polyester, but the difference was
too small. It can be said instead that the flammabil-
ity of polyester did not change due to the addition
of banana peels in the structure since cellulose and
similar materials (such as starch, carbohydrates,
hemicellulose, etc.) are generally very flammable
and have LOI values of around 18 [10]. This LOI
is lower than the polyester used in this study. This
means the newly formed composite would become
more flammable due to the addition of banana peels
in the structure. To stop that trend, a small propor-
tion of ATH was added to the structure, and it suc-
cessfully maintained flammability within a similar
range for the composite.

3.6 Thermal properties test

The thermal properties of TG and DTA were test-
ed for Samples 1 and Sample 3 to compare the re-
sults. The TG and DTA analysis results are shown in
Table 7 and Figures 8-10.

The results are almost the same in thermogravi-
metric analysis (TG), as shown in Table 7. The onset
and endset temperatures of all the samples were
almost same, while the peaks followed the same

Table 7: Thermogravimetric analysis results of the composites

Sample no. Tonnset (°C) Mt (CC)) Tonax (°C) Residue at 600°C (%)
1 390.6 430.1 418.4 0

2 388.2 429.5 408.2 0

6 387.2 436.6 415.8 4.19
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trend. However, there were a few differences as
the onset mark had only about 70% weight of the
material for Sample 1, containing polyester only,
while Sample 2 and Sample 6, containing polyester,
ATH and banana peels, recorded a material weight
loss of around 35-38%. The percentage of weight
loss increased due to the presence of moisture in
the banana peels, which evaporated during heat-
ing and resulted in a loss of weight in the samples.
In the beginning, moisture drying took place. The
thermal degradation of polyester then started at
around 390°C for all the samples. The addition of
the ATH or banana peels did not affect the onset
temperature much, but the weight loss percentage
decreased in Sample 2 and Sample 6, as both sam-
ples had a smaller amount of filler materials. The
ATH was also expected to evaporate by the time
the onset temperature was reached because the
ATH decomposed at about 180-200°C, resulting
in a further decrease in the weight of the compos-
ites in Sample 2 and Sample 6. In that sense, both
materials should record the same time and range of
temperature during decomposition, as both contain
a same amount of ATH. In reality, the weight loss
in TG curves showed similar trends in all the ma-
terials. The onset and endset temperature, and the
peak temperature all remained around same. This
occurred because the filler percentages were too
low to have any significant effect, but the difference
between the samples can be assessed by looking
closer look at the TG curve. Sample 1 is pure poly-
ester, which showed minimal decomposition until a
temperature of around 390°C, while the other two
samples contained the ATH and banana peels. Both
these materials are expected to decompose before
350°C. If the weight loss is assessed, it can be seen
that Sample 1 has undergone very few changes in
terms of weight until 350°C, with a weight loss per-
centage of around just 12%. In the case of Sample 2,
however, the weight loss percentage rose to around
20% due to the evaporation of the ATH from the
structure. Sample 6 contained banana peels, which
increased weight loss to about 22%, indicating the
decomposition of the cellulosic contents within the
structure. However, the difference between Sample
2 and Sample 6 is less than the percentage of ba-
nana peels being added to the structure because of
the formation of char, which is also evident in the
end of the cycle, as Sample 6 produced about 4% of
char. The results of TG thus confirm the presence
of all the materials as expected. The DTA curves of
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Sample 2 and Sample 6 showed an endothermic re-
action in the curve at around 200°C. Interestingly,
pure polyester also showed an endothermic curve
at the same temperature also later, while the sec-
ond dip is also an indicator of a more endothermic
than exothermic reaction. This means that polyes-
ter itself can absorb some heat and may not be too
flammable.

Meanwhile, the DTG showed a significant increase
in the rate of weight loss within the onset and end-
set temperatures, as expected, but there was a slight
increase in the rate of weight loss near 200°C for
Samples 2 and 6 relative to Sample 1 due to the pres-
ence of ATH in Samples 2 and 6. The banana peels
did not have a significant impact, while the rise in
the curve was lost with an increase in the weight
loss percentage during the subsequent degradation
of the polyester. However, the addition of the ATH
and banana peels reduced the rate of weight loss in
both samples drastically relative to Sample 1, where
the rate of weight loss in terms of time was relatively
high (more than 3000 pug/min), while it was around
1200-1500 pg/min in Sample 2 and Sample 6. Thus,
the addition of the ATH and banana peels did not
significantly affect the final properties of the com-
posite material relative to the pure polyester. At the
same time, there was no adverse effect. Instead, the
thermal resistance was slightly better in Samples 2
and 6 than in pure polyester. The main aim of this
study, which was to maintain unchanged properties
of polyester due to the addition of foreign materials
in the structure, was successfully achieved in terms
of thermal properties.

3.7 Comparative analysis of results

The results of this study indicate that success was
achieved to some degree, but there were also some
deficiencies. The mechanical properties began
to deteriorate drastically when fillers were add-
ed to the structure. To maintain the considerable
strength of mechanical properties, the amounts of
filler materials were compromised. The aim of the
study was to use banana peels in a composite with
polyester, without not affecting the properties of
the polyester. The resulting material of this study
showed a significant change in mechanical proper-
ties due to the addition of banana peels. However,
the thermal and flammability properties of the
composites were maintained almost unchanged
through the addition of the ATH, together with
banana peels. The absorbency property showed a
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slight but not significant improvement because the
polyester was an absolutely non-absorbent material.
The mechanical properties could not be maintained
unchanged because of the inability of the process to
form any chemical bond between the resin polyester
and banana peels. The different natures of the two
materials also played a part in this trend. The only
way to retain or improve the tensile properties of
the composite was the surface modification of the
banana peels to make them compatible with polyes-
ter. Since this was not done, the results in terms of
mechanical properties were more or less expected.
However, success was achieved in terms of main-
taining the thermal and flammability properties of
the composite unchanged relative to the pure poly-
ester. If the results are compared with some previ-
ous studies, it is possible to say that this study was
successful.

Many researchers have proven that it is very diffi-
cult to improve the tensile properties of a natural
fibre-reinforced synthetic resin composite because

of the lack of chemical bonding between fibre and
matrix molecules. Surface treatment, however, has
very often produced positive results [6, 36, 37]. On
the other hand, the use of flame-retardant type filler
materials also affected the tensile properties of com-
posites according to previous reports. A small com-
parison has been made in the two Tables (Table 8)
below to determine the reliability of these claims.
Table 8 compares the mechanical and flame-retard-
ant properties of a few composites. Many research-
ers have not used banana peels. For this reason, only
one similar type of composite by Luthra et al. but
made of polypropylene was selected in this compar-
ison part [38]. Another study was done by Sain et al.
using a similar product, sawdust powder, and me-
tallic hydroxide magnesium hydroxide as the filler,
was used in the comparison [13].

Two other studies were also selected for the effect
of flame-retardant filler materials only. He et al.
produced unsaturated polyester composites using
organic magnesium hydroxide as flame-retardant

Table 8: Comparison of mechanical and flame-retardant properties with other researches

Sample composition Properties
Researches . Pt Filler or reinforcement (F/R) | Tensile | Flexural UL 94V
Type of resin %) F/R1 | F/R2 | F/R3 | F/R 4 | strength | strength o LOI
%) | 6 | %) | % | MPa) | (MPa)
This study 100 --- --- --- --- 38.02 69.25 HB 19.1
Unsaturated | 96 | 4 | - | - | - | 3966 | 39.42
Polyester 91 4 5 --- --- 17.9 47.01 HB 19.5
86 4 10 --- --- 16.72 49 HB 19.2
Sain et al. [12] Polypropylene | 97.5 | --- --- --- --- 22.6 39.5 --- 25
47.5 25 25 --- --- 28.8 56 --- 35
47.5 25 20 5 --- 26.4 53.1 --- 26
47.5 25 20 --- 5 28.2 55 --- 30
Luthra et al. [38] | Polypropylene | 100 --- --- --- --- 33 37.9 --- ---
90 10 --- --- --- 27.8 36 --- ---
80 20 --- --- --- 26.3 38.8 --- ---
70 30 --- --- --- 24 38.2 --- ---
Chenetal. [39] | Unsaturated | o0 |1 ] | ] a1 52.1 HB 19.2
polyester
90 10 -—- -—- -—- 27.6 48.6 V-1 22.3
70 30 --- --- --- 20.5 40.4 V-0 27.8
70 --- 7.5 15 7.5 18.7 35.1 V-0 25.7
He et al. [37] Unsaturated |y |1 ] 35 20.5
polyester
9 | 4 | - | - | - 35 20.5
93 1 6 21 26.4
91 1 8 | - | - 20 28.5




Use of Banana Peel in the Development of a Less Flammable Polyester Composite

filler and expandable graphite for comparison [37].

Chen et al. produced microencapsulated flame-re-

tardant filler to improve the flame retardancy of

unsaturated polyester composites [39]. They used

Ammonium polyphosphate (APP), Diatomite

(Dia), and Triphenyl phosphate (TPP) as flame re-

tardant fillers. They also produced a microcapsule

of TPP filled with APP and Dia, and used that as a

flame-retardant filler material with good effect.

The results vary significantly in the studies men-

tioned above for various reasons. All the research-

ers used different combinations and contents. The
general points that can be made after reviewing the
above comparison in Table 8 are as follows:

i) Mechanical properties are generally affected
negatively by the addition of flame-retardant
filler materials, except when surface modifica-
tion of the filler material is performed.

ii) 'The percentage of filler must be much higher to
significantly impact the flame-retarding prop-
erty of the composites.

iii) The type of flame-retardant filler changes the
impact on flame retardancy, as not all fill-
ers have a similar flame-retarding or resisting
ability.

The addition of both reinforcements and filler ma-
terials has a significant impact on the mechanical
properties of the composites. Generally, that impact
is negative. Associating any material with polyester
is always difficult because it does not allow other
materials to create chemical bonding with its mol-
ecules. This is due to the thermoset nature of the
material. Creating any chemical bond requires the
application of heat and pressure to a much higher
degree. Instead, the thermoset polyester is cured
at room temperature or at a maximum of around
80-100°C [39, 40]. This temperature is insufficient
to initiate any chemical reaction that can create new
bonds with other materials. Moreover, its hydro-
phobic nature does not allow any materials to enter
its structure, while other materials are difficult to
associate with it. For this reason, mechanical prop-
erties always deteriorate with the addition of rein-
forcing or filler materials, which are always foreign
materials to the polyester molecules. These materi-
als cause a resistance between polyester molecules,
which results in the de-bonding of the polyester
molecules in the structure. This was the case in this
study and in other studies that were discussed ear-
lier [37, 39]. The only way to improve or retain the
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mechanical properties of polyester, even after the
addition of other materials, is through surface mod-
ification or the use of coupling agents, which helps
to make the additional materials more similar in
terms of surface characteristics [12, 40].

Compared to the other studies, adding a small
amount of filler generally found in powder or na-
noparticle forms does not have a significant effect
on mechanical properties. When higher percent-
ages are introduced, however, mechanical proper-
ties deteriorate drastically. The addition of fibrous
materials, which are generally more hygroscopic,
i.e. the opposite of the characteristics of polyes-
ter, has a greater effect on mechanical properties
than fillers [32, 41]. It also depends on the size of
the fibrous materials, if they are used without be-
ing converted into nanomaterials like in this study,
where the banana peels were ground but still took
the form of large particles because banana peels are
not finer materials (particle size varied from 150 to
400 um), while the aluminium trihydrate particles
were much finer (around 5 um). For this reason,
the negative effect was more drastic than the filler
materials, while aluminium trihydrate did not have
any adverse impact. According to some research-
ers, particle size is also an essential issue in terms
of the flame retardancy of a composite, as some re-
ports suggest that smaller filler particles fared bet-
ter than larger particles. This was mainly due to the
cover effect of smaller particles, which could cover
more area in the structure than larger particles and
helped to reduce flame resistance [42]. Moreover,
the smaller particles could produce a layer within
the polyester structure that served as a heat barri-
er. For this reason, smaller particles are preferred as
flame retarding agents for maintaining a compos-
ite’s mechanical properties.

Another reason for poor mechanical properties is
the curing agent used in this study, i.e. methyl ethyl
ketone peroxide, which is a powerful agent and per-
forms curing at room temperature within a mini-
mal duration. It helps to create more uniform and
stronger bonds between polyester molecules. At
the same time, however, this type of curing agent
gives very little time to form proper mechanical
bonds when foreign materials are inserted between
the polyester molecules. On the other hand, benzo-
yl peroxide is another curing agent used in several
studies that require around 80°C. It also requires
more than an hour to cure. It gives more time for
the foreign materials to settle in the structure. This
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problem can still be avoided by using proper pres-
sure during curing. Since the materials were pro-
duced using a hand lay-up process, the parameters
could not be maintained as well as required, which
caused a drastic deterioration in tensile properties
when fibrous materials were added to the compos-
ites. Nevertheless, due to the use of a small amount
of filler and fibrous materials, the mechanical prop-
erties remained similar to another research that was
within the relevant range.

The LOI obtained in this study was too low, and the
composites in this study cannot be deemed flame
retardant at all. This is due to the use of a very small
amount of flame-retardant filler, while one of the
few possible outcomes of the enhanced flame-re-
tarding property of the composite due to the high
percentage of moisture trapped in the banana peels
or the possible char forming ability of banana peels
did not materialize. Instead, the other expected out-
come of increased flammability materialized in the
composites in this study. However, the presence of
ATH as filler resulted in almost unchanged flamma-
bility, but did not have any further effect, either. For
this reason, the composites in this study could not
reach the level of a flame-retardant composite. The
studies reduced the polyester percentage by a con-
siderable amount to achieve the best results. Chen et
al. used only about 70% resin and introduced about
30% flame-retardant filler materials in the struc-
ture of the composites [40]. The resulting materials
fared considerably better when higher percentag-
es of flame-retardant fillers were introduced. The
composites in this study showed the least flame-re-
tardant property, as all the materials fell into the
horizontal burning category in the UL 94-V test. In
contrast, other studies recorded a significantly bet-
ter property, as V-0 and V-1 ratings were achieved
by Chen et al. in their respective studies [40]. The
minimum amount of filler required to attain a V-1
rating was 10% [39]. For further improvement,
about 30% of fillers were required by both Jiang et
al. and Chen et al. [40]. They introduced different
combinations to achieve that level. Also worth of
note is that they showed that combinations of differ-
ent fillers were required for the best results instead
of a single filler. A combination of several fillers
can give a synergistic effect and enhance the pow-
er of the fillers. Otherwise, more than 30% would
have been required to achieve a similar effect if the
fillers were used alone, as different studies showed
that more than 30% of fillers were required to have

any significant effect on flame-retarding properties
[43, 44]. On the other hand, char-forming ability
could also significantly improve the flame-retard-
ant property of a material, as shown by Sain et al.
[13]. The formation of a non-flammable layer by the
char can disrupt the flow of flame and can readily
reduce the flame. However, the banana peels used
in this study could not produce the amount of char
required, possibly due to the low percentage. Sain
et al. used surface modification to use a higher per-
centage of fibre without damaging the mechanical
properties of the composites. In this study, howev-
er, the fibre percentage could not be increased up
to the required level due to the drastic drop in the
tensile strength of the composites, which was not a
surprise. There was no other option due to the aim
of this study to keep the cost of the final material
down.

Another critical point to be discussed is the type of
filler used in the discussed composites. The ability
of the fillers differs from each other. The mecha-
nisms of different fillers likewise differ from each
other, as previously mentioned above. The main
designated flame-retardant filler used in this study
was aluminium trihydrate (ATH), which can be
classified as a medium-strength filler. Studies have
shown that quite a high percentage of aluminium
trihydrate is required (equal to or above 30%) to
have a better impact on the flame-retardant prop-
erties of a composite [43-46]. The thermal stability
of aluminium trihydrate is also on the lower side as
the 1% step of decomposition takes place at around
200°C when the water molecules are released [47].
Even though the 2" step of degradation or the full
degree of disintegration takes place much later, at
around 500°C, the main flame-resisting process
takes place during the 1% step of degradation when
aluminium trihydrate absorbs heat and releases wa-
ter molecules [10, 47]. Similar results in the compos-
ites were obtained when another metallic hydrox-
ide, magnesium hydroxide, was used as the filler. It
also follows a similar mechanism and gives more or
less similar results as aluminium trihydrate [13, 39].
From the above comparisons, it is possible to come
to some conclusions regarding this study. First, the
objective was to produce a cheap material contain-
ing banana peels and ATH. The results achieved in
the mechanical properties test showed a significant
loss of strength due to these modifications, while in
the flame retardancy test, the results were not of a
very high standard. However, the flame-resisting
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property was still improved to a lesser degree. The
reason for this was the use of a very small amount
of flame-retardant filler material, and because the
lignocellulosic banana peels used in this study
did not have the desired effect of a high percent-
age of char formation, as expected. To improve the
property further, the use of a higher percentage of
flame-retardant filler material than in this study,
or the use of cellulosic material containing a high-
er percentage of lignin than banana peels, or in-
creasing the amount of the cellulosic material or
replacing the filler material with a more effective
filler material or materials, is recommended for fu-
ture research. The true aim of this study was not to
produce a flame-retardant composite, but rather to
produce a cheap material using banana peels, and
to keep the thermal and flammability property of
the final material in check, even after modification.
The tensile properties were damaged more than ex-
pected, but the thermal and flammability properties
were kept within the desired range. This study can
thus be deemed successful.

4 Conclusion

This study was an attempt to use banana peels to
develop a polyester composite. Polyester was ac-
companied by ATH in different combinations. Due
to the absence of newly formed chemical bonds be-
tween banana peels and polyester, the mechanical
properties deteriorated drastically with the addi-
tion of ATH and banana peels. The tensile proper-
ties suffered the most with a reduction in strength
of more than 50%, while flexural strength was also
affected significantly for the same reason. However,
the addition of fibre improved the impact and flex-
ural properties to some extent after a drastic dete-
rioration when the composites were made using
only ATH and polyester. However, the results were
still inferior to the properties of pure polyester. In
terms of flame retardancy, the ATH did improve the
property to a small degree when added. The small
amount of banana peels proved insufficient to im-
prove the flame-retardant properties of the materi-
als because they produced some char. In contrast,
they did not worsen flammability significantly
because small quantities were used. More banana
peels could not be added because of the deteriorat-
ing mechanical properties. The thermal properties
proved the impact of both fillers on the composite,
but no significant changes were identified with the
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addition of banana peels or the filler, again due to
the presence of a very small quantity. In summa-
ry, the addition of banana peels and filler materials
caused a deterioration in mechanical properties rel-
ative to pure polyester, but flammability was kept
in check by incorporating filler material. The cost
of the final product has definitely reduced, but that
came at the cost of deteriorated mechanical prop-
erties. However, the banana peels were added in a
small particle form, which acted more like a filler
in this study. They can be altered in future studies
to determine whether banana peels in the form of
a reinforcing fibre can stop the deterioration of me-
chanical properties or if they can improve any of
the mechanical properties instead.
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Abstract

In the context of the energy transition to renewables, the spotlight is on large systems connected to the power
grid, but this also offers room for smaller, more specialized applications. Photovoltaics, in particular, offer the
possibility of the self-sufficient supply of smaller electrical appliances on smaller scales. The idea of making
previously unused surfaces usable is by no means new, and textiles such as backpacks, tent tarpaulins and other
covers are particularly suitable for this purpose. In order to create a non-toxic and easily recyclable product,
dye-sensitized solar cells (DSSC), which can be manufactured through electrospinning with a textile feel, are
an attractive option here. Therefore, this paper investigates a needle electrospun nanofiber mat, whose spin
solution contains polyacrylonitrile (PAN) dissolved in dimethyl sulfoxide (DMSO) as well es TiO, nanoparticles.
In addition to characterization, the nanofiber mat was dyed in a solution containing anthocyanins to later serve
as a front electrode for a dye-sensitized solar cell. Although of lower efficiency, the DSSC provides stable results
over two months of measurement.

Keywords: dye-sensitized solar cells (DSSC), long-term stability, electrospinning, polyacrylonitrile (PAN), TiO,
nanoparticles

Izvlecek

V okviru energetskega prehoda na obnovljive vire so v srediscu pozornosti veliki sisterni, povezani z elektri¢nim omreZz-
Jjem, vendar pa je tu tudi prostor tudi za manjse, specializirane aplikacije. Predvsem fotovoltaika ponuja moznosti za
samozadostno oskrbo manjsih elektricnih naprav z manjsim obsegom. Zamisel o uporabi prej neizkoris¢enih povrsin
ninova, za ta namen pa so Se zlasti primerni izdelki iz tekstilij, kot so nahrbtniki, ponjave za sotore in druga pregrinjala.
Za razvoj nestrupenega izdelka, ki ga je mogoce zlahka reciklirati, so tukaj priviacna moznost elektrokemijske soncne
celice, kijih je mogoce izdelati z elektropredenjem in ki imajo tekstilni otip. Zato je v tem ¢lanku raziskana nanoviaknata
koprena, izdelana v enoigelnem postopku elektropredenja iz raztopine poliakrilonitrila (PAN), raztoplienega v dime-
tilsulfoksidu (DMSO), z dodatkom nanodelcev TiO,, Poleg karakterizacije je bila nanoviaknata koprena tudi barvana v
raztopini antocianov, da bi bila pozneje uporabljena kot sprednja elektroda za elektrokemijsko soncno celico. Ceprav
Jje manj ucinkovita, pa je elektrokemijska elektroda pri dvomesecnem merjenju zagotovila stabilne rezultate.

Kljucne besede: elektrokemijske soncne celice, dolgotrajna stabilnost, elektropredenje, poliakrilonitril (PAN), nanodelci Tio,
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1 Introduction

Although the negative effects of conventional, pri-
mary methods of energy production such as coal
and nuclear energy are well known, the develop-
ment and expansion of renewable energy sources
are not progressing fast enough [1]. New energy
sources are not only suitable for replacing currently
used sources by large-scale installations with pow-
er grid feed-in, but also offer further, special ap-
plication areas for buildings or private use [2], for
example existing tablet-sized photovoltaic systems
for mobile use. Of course, the latter application will
not cover broader energy demand, but small, decen-
tralized devices for energy harvesting provide en-
ergy where otherwise previously charged accumu-
lators or batteries would be used or it is otherwise
difficult to install larger systems. This concept will
be addressed here with an attempt to make textiles
usable for energy production in everyday life. Here,
tent/pavilion tarpaulins, backpacks and sunshades
can serve as carriers for a dye-sensitized solar cell
(DSSC) with textile haptics [3].

In a DSSC, a dye with a suitable orbital structure
serves as a light absorber. The dye is classically
bonded to a semiconductor, which slightly shifts
the energetic structure and thus the colour of the
dye. The dye releases electrons through light ab-
sorption, whereby the dye becomes positive and no
longer active until its regeneration. Similar to nor-
mal silicon cells, this absorber layer is located on
a light-transmissive, conductive layer in order to
transport the current away. Usually, indium tin ox-
ide (ITO) on glass is used for the latter. Through an
external circuit, the electrons reach the back side of
the DSSC. There is a catalyst layer, usually graphite
or platinum, and an electrolyte matched to the dye.
Through a Redox reaction, the dye is regenerated
again and is once more available for energy absorp-
tion [4, 5].

As a further difference and advantage over con-
ventional silicon-based cells, these DSSCs should
be simple and inexpensive to manufacture and
non-toxic in order to simplify their recycling [6].
At the same time, refined textiles should provide
stability and contacting. A gel electrolyte with long-
term stability ensures the good regeneration of the
dye and hardly evaporates, which avoids the seal-
ing and possible negation of the textile properties
of the cell [3, 7-10]. However, the main focus here
is on the simple production of the front electrode.
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As an alternative to conventional layers, we want to
use nanofiber mats for this purpose, since they have
the desired textile feel, are stable and flexible, can be
customized with the appropriate materials and have
a large surface area [11]. Several approaches already
exist for producing a functioning front electrode for
a DSSC from a nanofiber mat. Kohn et al. describe a
multilayer needleless electrospinning process based
on polyacrylonitrile (PAN), starting with a catalyst
graphite layer, then a buffer layer on top, and finally
a nanofiber mat with titanium dioxide (TiO,) and
dye already in the spin solution. The multilayer mat
is subsequently impregnated with a conductive pol-
ymer, dried and then used as a DSSC [3]. However,
for simplicity in the development process, usu-
ally only one component of the cell is spun, as in
Mamun et al. [12]. They first spun a PAN nanofib-
er mat with TiO, content using needleless electro-
spinning, carbonized it for conductivity and then
dip-coated it in dissolved anthocyanins. It should
be noted that carbonization requires similar tem-
peratures as sintering, and therefore entails similar
problems, such as damage to the other layers.

Therefore, the electrospinning of the front electrode
was further investigated and its long-term perfor-
mance measured. In this work, PAN dissolved in
dimethyl sulfoxide (DMSO) with suspended TiO,
nanoparticles was spun using a needle electrospin-
ning system, in contrast to previous studies. For
this purpose, a previously mixed solution of poly-
mer, solvent and additive was filled into a syringe
pump and forced through a small nozzle under a
fixed pressure. A high voltage was applied between
the nozzle and a collector plate, usually made of
aluminium, which draws thin polymer filaments
to the collector. A characteristic Taylor cone was
formed at the nozzle and the nanofibers were de-
posited in random orientation on the collector. By
using a moving nozzle holder and a rotating collec-
tor, the fibres can be given the preferred orientation.
The nanofiber mat produced as such was measured
using optical and scanning electron microscopy
(SEM). In addition, a piece of the nanofiber mat
was analysed through thermogravimetric analysis
(TGA) to reach conclusions about the PAN to TiO,
ratio. The nanofiber mat was further dip-coated in a
solution of dissolved anthocyanins to dye the TiO,
particles via covalent binding and then assembled
as a component for a DSSC. In addition, a commer-
cially available liquid electrolyte was used in order
to investigate the rapid evaporation of the electro-
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lyte in the usual comparison cells. The prepared
DSSCs were subsequently measured over a period of
about two months.

It should be noted that neither the carbonization of
the nanofiber mat nor sintering of the TiO, was car-
ried out. Since the front electrode is to be spun di-
rectly onto existing components of the DSSC in the
workflow of future application, thermal treatment,
which is necessary for both carbonization and sin-
tering, would negatively affect or even destroy other
components of the DSSC.

2 Materials and Methods

A suspension containing DMSO (min. 99.9%,
obtained from S3 chemicals, Bad Oeynhausen,
Germany) as solvent, X-PAN as co-polymer (93.5%
acrylonitrile, 6% methylacrylate, 0.5% natrium-so-
dium-mythallylsulfonate, Dralon, Dormagen,
Germany; Mn = 90,000 g/ml, Mw = 250,000 g/mol)
and TiO, nanoparticles with an average size of
21 nm (P25 Titanium IV oxide nanopowder, 21
nm primary particle size, Sigma Aldrich, Saint
Louis, MO, USA) in a weight ratio of 8:1:1 was pre-
pared. For this purpose, the X-PAN was dissolved
in DMSO for one hour at room temperature while
stirring, TiO, was then added and mixed in. A ho-
mogeneous nanofiber mat was electrospun using a
SpinBox (Bioinicia, Spain) needle-based electros-
pinning machine with a horizontally moving nozzle
holder and a rotating collector. The spin parameters
were as follows: voltage: 25 kV; pump speed: 1000
ul/h; distance nozzle to collector: 20 cm; collector
rotation speed: 400 rpm; temperature 21.5 °C; rela-
tive humidity: 26%; outer nozzle diameter: 1.6 mm;

and duration: 72 min. In addition, a spinning solu-
tion of 16 wt% X-PAN dissolved in DMSO was pre-
pared and spun using the same parameters to pro-
duce a TiO,-free reference nanofiber mat.

To extract the anthocyanins, 17 g of Maqui berry
tea (Mayfair, Wilken Tee GmbH, Fulda, Germany)
was mixed with 150 g of deionized water and 50 g
of ethanol, stirred for half an hour and subsequently
filtered. The now filtered anthocyanin dye solution
was placed in a beaker that facilitated the sufficient
dip-coating of the nanofiber mats. For immersion
during dip-coating, the nanofiber mat was held with
metal tongs. This also prevented the nanofiber mat
from rolling up due to surface tension. To dye the
nanofiber mat, it was then immersed in the dye solu-
tion for about 30 s with gentle stirring and afterwards
placed on a commercial fluorine-doped tin oxide
coated glass slide (ManSolar, Petten, Netherlands)
and stored in the dark for drying. In the case of the
TiO, nanofiber mat, this then facilitated direct use as
a front electrode for a DSSC after drying.

The structure of the anthocyanin dye is shown in
Figure 1. Since there are always many different
anthocyanins present as colour, only the general
mesomers have been shown. Sugars or similar large
structures can be attached as residues, but mostly
these are hydroxy or hydrogen groups.

Similar glass slides were used for the counter elec-
trode. The slides were sprayed with a graphite
spray (CP-Graphitprodukte GmbH, Wachtberg,
Germany) for 1 s from a distance of 50 cm. In ad-
dition, the counter electrodes were heat treated for
30 min at 200 °C in a heating cabinet (B150 muffle
oven, Nabertherm, Lilienthal, Germany). This pro-
cedure is known to form a graphite catalyst layer in
the range of 2—4 um [13].

Figure 1: Mesomeric boundary structures of the anthocyanin backbone. Some of the residues may be bound
sugars, for example. However, most of the residues consist of hydroxy groups or hydrogen.
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For assembly, the two prepared glass plates were
placed on top of each other with a slight offset for
attaching the measuring clamps and fixed tightly
by means of adhesive tape. This design provides a
DSSC with a reactive area of 6 cm? which is quite
large compared to common cells in literature
[14]. A liquid, commercially available electrolyte
(ManSolar, Petten, Netherlands) was applied to the
cell by capillary force. A total of three DSSCs were
built according to this design.

For measurement, the DSSCs were placed under
a solar simulator LS0500 with an AM 1.5G spec-
trum (LOT-Quantum Design GmbH, Darmstadt/
Germany) with a power of 100 mW/cm” and a black,
non-reflecting background. The current-voltage
characteristics were recorded by a Keithley 2450
sourcemeter. The DSSCs were stored for the rest of
the time in the dark under laboratory conditions.
The macroscopic images were taken using a Sony
Cybershot DSC-RX100 IV camera. Light mi-
croscope images were taken using a Zeiss Axio
Observer Microscope in transmissive light mode.
To measure the nanofiber mat by means of SEM, the
nanofiber mat was stuck on a Stub via a graphite ad-
hesive pab and thinly sputtered with palladium. All
measurements were performed at a high voltage of
10 kV, and secondary electrons were detected.

TGA measurement were made using a Hi-Res
TGA 2950 Thermo-gravimetric Analyzer from TA
Instruments (New Castle, DE, USA) under a con-
stant air flow and a temperature increase of 10 K/min
from 40 °C to 800 °C.

3 Results and discussion

Figure 2 shows a) an untreated TiO, nanofiber mat
after the spinning process; b) a pure X-PAN mat
after dip-coating in an anthocyanin dye solution
and subsequent drying in the dark; and c) a TiO,
nanofiber mat dyed analogously. The white colour
of the untreated nonwoven is due to the polymer
and TiO,, which is also a known bleaching agent.
In clear contrast, the dyed nonwovens show a dis-
tinct coloration. Nanofiber mat c) with TiO, shows
a clearly darker coloration than sample b). This
indicates the expected bathochromic shift, also
known as red shift, in the spectrum due to the bond
between anthocyanin and TiO, [4]. The smaller,
even darker particles on the dyed nonwovens are
solid residues from the dissolution process of the
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anthocyanin from the tea, which could not be com-
pletely filtered out.

Figure 2: Photograph of differently treated electrospun
nanofiber mats: a) PAN-TiO, without further
treatment; b) pure PAN after dip-coating in a
anthocyanin dye solution and drying; and c) PAN-TiO,

after dyeing

Figure 3 shows light microscope images of the na-
nofiber mat in a) and b) untreated state and c) and
d) after dip-coating, and drying in transmitted light
mode with a magnification factor of around 10 be-
tween images a) and b) and ¢) and d). The thickness
of the nanofiber mat appears to vary in different po-
sitions, which is evident from the lighter and darker
areas in images a) and c), which acts as a background
for the much darker particles. In Figures 2 b) and d),
nanofibers are already visible, and have a diameter
of up to 1.6 um, although the diameter of most fibres
is less than 1 ym. In addition, large accumulations
of TiO, can be seen in the images, which in isolated
cases have diameters of up to 50 um.

In the optical comparison of the uncoloured nano-
fiber mats (Figure 3 a) and b)) with the coloured mat
images (c) and d)), it is clear that the colouring and
thus binding of the anthocyanin dye takes place on
the TiO, particles and nanofibers containing TiO,
nanoparticles.

Figure 4 shows SEM images of the untreated na-
nofiber mat containing PAN and TiO,, with in-
creasing magnification from a) to d). Here, TiO,
accumulations can also be seen in all four images,
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Figure 3: Light microscope images of the PAN-TiO, nanofiber mats
a) and b) before dyeing; and c) and d) after dyeing with different magnifications

and appear to be very disordered and vary greatly
in size. While the larger TiO, particles, which are
up to 10 pm in size, are in the nanofiber mat and
partly act as anchor and starting points for nanofib-
ers, the smaller particles are located around and on
the nanofibers, and do not interrupt the nanofiber
structure.

The diameter of the nanofibers varies greatly, from
90 nm to about 1.5 um, as previously suspected in
Figure 3. Here, it is possible that even thinner fi-
bres exist that either cannot be resolved or appear
thicker due to a TiO, cladding. Particularly in nee-
dle electrospinning, particles seem to negatively in-
fluence the spin behaviour and thus lead to a large

02.03. 2022 M L0 & . ST

Figure 4: REM images of the undyed PAN-TiO, nanofiber mat with increasing magnification from a) to d).
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variation in nanofiber diameter, while for a fixed
DMSO:PAN ratio, the fibre thickness varies little, as
described by Grothe et al [15, 16].

Due to the spinning process using a movable noz-
zle holder and rotating collector roll, the nanofibers
should have a preferred direction. This cannot be
identified with certainty on the basis of SEM images
of Figure 4 a) to d), although in image a) the diago-
nal from bottom left to top right can be assumed to
be the most probable.

Figure 5 shows the TGA measurement of the un-
coloured PAN-TiO, nanofiber mat. The first range
up to about 300 °C shows only a slight, steady de-
crease of 3 to 4 % due to the evaporation of water.
At 300 °C, the melting point of PAN is reached and
volatile gases are released, which lead to an abrupt
decrease in weight by 18% [17, 18]. In this range and
even up to 600 °C, the further combustion of organ-
ic components and evaporation of NH, and HCN
takes place, resulting in a steady decrease of 32% [19].
Subsequently, 46% of the initial mass remains, which
resembles the TiO, content, as this only melts and
evaporates at significantly higher temperatures. Thus,
the mass content of about 46% TiO, in the nanofiber
mat corresponds to the ratio of the mass proportions
of PAN and TiO, (1:1) in the spinning suspension.

weight b

Weight (%)
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0 100 200 %00 400 0 600 700 800
Temperature (°C)

Figure 5: TGA measurement of the undyed PANTIO,

nanofiber mat

40

Figure 6 shows the measured efficiencies of the three
constructed DSSCs, where instead of the individual
efficiencies per measurement day, the mean value of
these is given with a standard deviation. This plot
was chosen because there were isolated, presuma-
bly erroneous measurements of the respective cells
as is known for the conductive glass plates used [9].
However, these measurement errors are taken into
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account and are reflected in the occasionally very
large standard deviations. If the whole curve is con-
sidered in a physical context, a rather straight-line
progression can be assumed, supported by several
similar values with very small standard deviations.
Considering the pure mean values, efficiency in-
creases during the first week from around 0.0003%
to an average of 0.0012%, but fluctuates after three
weeks with efficiencies ranging from 0.0002% to
0.0007%. Including the standard deviation, an effi-
ciency of 0.0003% seems to be acceptable as a plau-
sible value for the later course and is thus equal to
the first measurement.

The fact that electrospinning can also be used to
produce DSSCs with higher efficiencies has been
shown several times in literature. Osfouri et al. de-
scribe a DSSC with electrospun TiO, nanofibers
doped by bio-Ca nanoparticles with up to 1.48%
efficiency [20]. DSSC efficiencies of a similar mag-
nitude have been reported by Al-Alwani et al. [21]
(0.23% effectivity) and Prabavathy et al. [22] with
0.99% to 1.17%. The impact of the pH value during
extraction was shown by Ekpunobi et al. [23], with
a pH value of three leading to an efficiency of 0.98%.
Higher efficiencies can also be achieved with ruthe-
nium dyes. Nien et al. [24] achieved efficiencies of
between 3.11% and 7.92%, varying the light intensi-
ty on the one hand and the addition of ZnFe,O, on
the other.

In the work of Kohn et al. [3], DSSCs spun with
dye and subsequently made conductive with
PEDOT:PSS achieved efficiencies on the order of
107 %. A similar procedure to that described here
by Mamun et al. [12], but in which the nonwovens
were carbonized and then dyed, resulted in an effi-
ciency of 0.0001%. In these two tests, however, the
DSSC was measured at most up to the seventh day
and no long-term stability was proven. We were able
to confirm comparable efficiencies with the nee-
dle electrospinning and simpler production of the
DSSCs over a period of 60 days. Furthermore, the
efficiency is low compared to DSSCs with complete-
ly nontoxic, inexpensive materials that are known
to have low efficiencies, whereby the measurement
issues already mentioned above will have some in-
fluence in this regard [8, 9, 25]. To the best of our
knowledge, this report is the first to show DSSCs
that are made of a TiO, nanofiber mat that has not
been subsequently sintered, carbonized or other-
wise made conductive. In particular, the sintering
of the TiO, layer is necessary for conventional cells.
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It can be assumed that the future optimization of
the nanofiber mat, especially with regard to contact
to other layers of the cell, will lead to significant im-
provements in efficiency.

It is interesting to compare this with DSSCs that use
the same commercial electrolyte and also have the
same materials as components. With these normal
cells, the efficiency is generally higher due to the
fact that they were built as a comparison to other
DSSCs, in which various aspects were changed and
investigated. As a rule, these cells are significant-
ly higher in terms of efficiency at the beginning of
the measurements than other DSSCs, which, for
example, test other electrolytes. However, these
DSSCs with the commercial electrolyte already
drop sharply after a few days and are sometimes no
longer active after two months [9, 10, 25]. In con-
trast, Figure 6 shows a very low but nearly constant
efficiency. In the optimum case, this could indicate
that the evaporation of the electrolyte is reduced by
this type of front electrode. As a negative interpre-
tation, it would also be acceptable that the effect of
evaporation would not play a major role at such a
low efficiency. In any case, this is an observation
that should be investigated through further long-
term measurements.
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Figure 6: Mean values and standard deviations over 61

days of the three manufactured DSSCs with a needle

electrospun and dyed nanofiber mat as front electrode

4 Conclusion

The electrospun nanofiber mat containing PAN
as a polymer and TiO, nanoparticles was charac-
terized via optical microscopy and REM, which
showed that the nanofibers and TiO, nanoparticles

varied greatly in size and distribution. The nano-
fiber mat was then dyed using a solution of water,
ethanol and extracted anthocyanin. A comparison
with a TiO,-free, dyed nanofiber mat shows a clear
red shift, confirming the bonding of the dye to the
semiconductor material. The DSSCs built with the
nanofiber mat as the front electrode showed a low
but roughly constant efficiency over two months of
measurement. Given that the nanofiber mat was not
sintered and only low cost, non-toxic ingredients
where used, the results are promising, but still re-
quire significant optimization.

For future studies, a comparison with a needleless
electrospun nanofiber mat, whose spin solution has
similar concentrations, would also be conceivable.
The alignment of the nanofibers was not detected in
anyway by the constellation used here.
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Abstract

3D printing is a well-known technology for producing 3D objects by depositing successive layers of material.
Among its many applications, the fashion industry has taken advantage of this technology to revolutionize its
brands. Due to the unique properties of textiles, such as comfort, flexibility, etc,, attempts have been made to
create textile-like structures. Structures with different geometries were designed and printed using different
materials ranging from rigid to flexible. In this study, three different basic geometric structures were designed
using the Blender program (a free open-source 3D modelling software). Each geometric structure was designed
in two different sizes with smaller and larger basic structural elements. In this case, six different models were
created. The aim of this study was to compare the textile-like surfaces of different basic geometric shapes pro-
duced with 3D printers. It also aimed to investigate the use of surfaces designed with basic geometric shapes
in the textile-like material for fashion industries. In the production phase, the fused deposition modelling (FDM)
process was chosen, and ABS and TPU materials were used. Various tests were performed, such as mass tests,
and tensile and flexural strength tests on models with different basic geometric shapes and sizes. An exami-
nation of the test results showed that the different geometric shapes of the various basic structures and the
different materials used have an overall effect on the final properties of the structures. It was concluded that
the obtained results can be used as a reference and could be helpful for researchers in the use of 3D printers
in the textile-like material and fashion material industries.

Keywords: 3D printing, geometric structures, textile-like material design

Izvlecek

3-D tiskanje je Ze dobro poznana tehnologija za izdelavo 3-D objektov z nanosom zaporednih slojev materiala. Med
Stevilnimi aplikacijami je tudi modna industrija to tehnologijo izkoristila za revolucioniranje svojih blagovnih znamk.
Zaradi edinstvenih lastnosti tekstilij, kot so udobje, fleksibilnost itd,, se poskusajo ustvariti tekstilu podobne strukture.
V raziskavi so bile oblikovane strukture z raznovrstnimi geometricnimi vzorci in natisnjene z uporabo razli¢nih mate-
rialov, od togih do fleksibilnih. S programom Blender (odprtokodna programska oprema za 3-D modeliranje) so bile
modelirane tri razlicne osnovne geometricne strukture. Vsaka geometri¢na struktura je bila zasnovana v dveh razlicnih
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velikostih z manjsimi in vecjimi osnovnimi konstrukcijskimi elementi. Tako je nastalo Sest razli¢nih modelov. Cil Studije
Jje bil primerjati tekstilu podobne povrsine razlicnih osnovnih geometricnih oblik, izdelanih s 3-D tiskalniki. Prav tako
Studija Zeli raziskati uporabo povrsin, oblikovanih z osnovnimi geometrijskimi oblikami, v materialih za modno indu-
strijo. Za izdelavo geometricnih struktur je bil izbran postopek modeliranja s spajanjem slojev (FDM) in uporabliena
materiala ABS in TPU. Na modelih z razlicnimi geometri¢nimi oblikami in velikostmi so bile opravijene razli¢ne meritve,
kot so meritve mase in meritve natezne in upogibne trdnosti. Analiza rezultatov testiranja je pokazala, da razlicne
geometrijske oblike razli¢nih osnovnih struktur in razlicni uporabljeni materiali mocno vplivajo na koncne lastnosti
omenjenih struktur. Ocenjujemo, da so dobljeni rezultati lahko dobra referenca in pomoc raziskovalcem pri uporabi
3-Dtiskalnikov na podrocju oblikovanja tekstilu podobnih materialov v modni industriji.

Kljucne besede: 3-D tisk, geometricne strukture, oblikovanje tekstilu podobnih materialov

1 Introduction

The use of computer technologies in the design
stages of the textile sector, as well as the use of new
materials and production methods in design, bring
a new approach to the design creation process.
Textile surface designs have been developed by us-
ing new developments in design and production ar-
eas and materials developed for different purposes.
3D printers are one of the innovative processes that
are claimed to lead to the industry 4.0 revolution.
3D printers allow the production of objects with-
out the use of tools [1]. Textile and apparel designs
developed in recent years have been influenced by
technology and all the developments in design and
production and have been produced using many
materials and techniques developed for different
purposes [2].

Various 3D production methods can be used for
printing textile-like materials in the fashion indus-
try. The most preferred methods are SLA (stereo

lithography), SLS (selective laser sintering), FDM
(fused deposition modelling) and Polyjet 3D [3].

We focused primarily on FDM as the most frequent-
ly used technology, as we found many interesting
articles about the aforementioned process. It has
been shown that the choice of pattern and material
affects the properties of material surfaces. This study
showed that the larger the pattern, the harder the
textile-like surface becomes (Figure 1). The size of a
repeating pattern also has a significant impact on the
printing time of the pattern. The smaller the pattern,
the longer the printing process will take. The flexi-
bility of the surface can also be affected by the num-
ber of layers and especially the number of connect-
ing wires. The more connecting wires a structure
contained, the harder the surface became (Figure 2
A-C), while the tensile strength of the structure in-
creased. In this study, a good compromise between
the flexibility, elasticity and tensile strength of the
textile-like surface was identified with a compres-
sion model consisting of 11 layers (Figure 2C) [4].

Figure I: Illustration of various repeating patterns: A) polygon pattern, B) rectangle pattern, C) floral pattern, D) fabric-
like curtain with polygon pattern, E) fabric-like curtain with rectangle pattern, F) curtain with large patterns [4]
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Figure 2: Different flexibilities based on the number of layers: A) five layers (three layers of PLA,
two layers of LAY-FOMM 40), B) seven layers (four layers of PLA, three layers of LAY-FOMM 40),
C) 11 layers (six layers of PLA, fives layers of LAY-FOMM 40) [4]

An important aspect of this work was to ensure the
comfort of use of the textile-like surfaces. These
properties can be achieved with the flexible and
elastic printing material LAY-FOMM 40. Since
LAY-FOMM 40 is harmless and food-safe accord-
ing to the manufacturer, four layers of LAY-FOMM
40 are printed on each model (Figure 3). Basically,
this is a printed lining layer that is also incorporat-
ed into conventional clothing. Special effects can be
achieved by manually intervening in the Z-height of
a layer during the printing process [4].

In collaboration with a PhD project at the
University of Central Florida in Orlando, a glove
with integrated sensors based on textile-like struc-
tures was printed (Figure 4). Sewing patterns were
developed for the glove that are also used in the
textile industry to produce garments (Figure 4A).
It was printed using a X400 3D printer and PLA
and LAY-FOMM 40 materials. As Figures 4B and
4C show, the surface of the glove was partially
printed with polygons [4].

Figure 4: 3D printed glove: A) sewing pattern printed from two materials, B) surface design of the glove, C)
flexible sewing pattern with inner lining, D) pattern parts sewn together to form a three-dimensional garment [4]
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In the glove pattern, several layered structures were
achieved using FDM technology [5]. Figure 5 shows
a test structure used to investigate whether individ-
ual strings can be applied to relatively open struc-
tures without support structures [5].

The results of the FDM print in Figure 6 show that
while this approach is mostly successful, the threads
can sometimes break, even when a minimum diam-
eter of 0.4 mm is maintained. Therefore, lace-like

N

2N
N
) \

L

Figure 6: Results of the 3-layer structure printed using
FDM (size 8 cm x 8 cm) [5]

structures were created that also start with a par-
tially open base layer but do not contain free-float-
ing regions as the next approach to creating tex-
tile-based 3D printed patterns [5].

Based on the well-known Plauen lace, lace patterns
were designed, usually containing floral and circu-
lar elements on a base layer connecting these parts.
One such pattern is shown in Figure 7a. Since there
are no free-floating areas, printing using the FDM
process is not problematic if all connecting lines
have a sufficiently large diameter (Figure 7b) [5].

In addition to soft PLA, which was used for most
of the lace patterns to avoid potential mechanical
problems with harder material that could cause base
joints to break, an experimental polymer was used:
Lay Tekkks, one of four different types of porous
filament from the PORO-Lay line. Lay Tekkks is a
hard filament manufactured by Kai Parthy of CC-
Products (Cologne, Germany) that can be trans-
ported to the nozzle without the transport prob-
lems that too-soft filaments can cause in some FDM
printers. However, after printing is complete, it can
be placed in warm water for a period of minutes to
hours, which causes the hard part of the material
to dissolve. The resulting sample thus becomes in-
creasingly softer the longer it is immersed in water
(Figure 8) [5].

b)
Figure 7: Multi-layer lace pattern shown in ‘netfabb’ (a), and the resulting 3D print (b). Detail size ~ 4 cm x 7 cm [5]
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Figure 8: Lace pattern from Lay Teks before (a) and after dissolving the hard material
in warm water for three hours (b). The size of the pattern is 8 cm x 8 cm [5]

The aim of this study was to print textile-like sur-
faces with different geometric structures using 3D
printing technologies based on thermoplastic ex-
trusion. A fused deposition modelling (FDM) was
used as the 3D production method. In this study, 6
different models were designed using 3 different ba-
sic geometric structures. These are small size hole
square, large size hole square, small size hole trian-
gle, large size hole triangle, small size hole hexagon,
large size hole hexagon. All of the modeled samples
were printed in the same size. Only the hole sizes
and shapes of the models were different. These 6 dif-
ferent models were printed with ABS and TPU ma-
terial. Three different tests were applied to total 72
samples. The effects of these basic geometric shapes
on textile-like surfaces were investigated using
mass, tensile and flexural strength measurements.
In the study, it was also investigated which basic
geometric shape is more useful and flexible in tex-
tile-like materials; which basic geometric structure
could be more durable and what could affect the test
results; and which thermoplastic material and basic
geometrical structure can exhibit properties like a
textile-like fabric.

2 Materials and methods

2.1 Sample preparation

2.1.1 ABSand TPU

ABS (also known as acrylonitrile-butadiene-sty-

rene) has high hardness, good impact strength even
at low temperatures, good insulating properties,

good wear and tensile strength, high dimensional
stability, and high surface gloss [6, 7].
Thermoplastic polyurethane (TPU) is a melt-pro-
cessable thermoplastic elastomer with high du-
rability and flexibility. TPU offers a wide range of
physical and chemical property combinations for
the most demanding applications, e.g., automotive,
wire and cable, breathable films for leisure, sports
and textile coatings, wearable non-yellowing films,
etc. Its properties are between the characteristics
of plastic and rubber. Thanks to its thermoplastic
characteristic, it has several advantages that oth-
er elastomers cannot offer, such as excellent ten-
sile strength, high elongation at break and good
load-bearing capacity [8, 9].

2.1.2 Modelling of geometric structures

In this study, textile-like surfaces were printed
based on three different basic geometric shapes:
square, triangle and hexagon.

2.1.3  Printing

The printed models in this project were made us-
ing a Zmorph FAB 3D printer (Zmorph, Poland)
(Figure 9), which uses the fused deposition model-
ling process. This high-quality semi-professional 3D
printer processes thermoplastic filaments by melt-
ing them in the extruder immediately before print-
ing. The maximum operating temperature at the ex-
truder tip is 260 °C, while the maximum extrusion
volume is 40 mm/s. The maximum working volume
of the printer is 235 mm x250 mm x165 mm. The
printer uses Voxelizer printing software. A file in
Voxelizer format is transferred to the printer via a
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USB memory stick or Wi-Fi. FDM is a process based
on the formation of a new layer on another layer by
melting the fibrous thermoplastic material.

The printing material used in this project was an
ABS (acrylonitrile butadiene styrene) filament
(AzureFilm, Slovenia), which is a lightweight,
high-impact and high-creep polymer [10]. TPU
(thermoplastic polyurethane) (AzureFilm, Slovenia)
with high tensile strength was also used.

This system is based on the principle of extruding
molten plastic from a heated injector onto a heated
moving bed [11]. To obtain the model after print-
ing from the pressure bed, the temperature of the
bed must be lowered to a minimum temperature of
30 °C degrees.

The parameters used to print the models in this
study on the Zmorph 3D printer are shown in
Table 1 for ABS material and Table 2 for TPU
material.

Table 1: Printing parameters for printing with ABS

Figure 9: Photo during printing

Table 2: Printing parameters for printing with TPU

material material
Settings Value Settings Value
Extruder settings Extruder settings
Default print speed 24 mm/s Default print speed 20 mm/s
Travel speed 90 mm/s Travel speed 120 mm/s
Layer settings Layer settings
First layer speed 40% First layer speed 100 %
First layer height 0.42 mm First layer height 0.25 mm
Maximum adhesion ratio 2.5 Maximum adhesion ratio 2.25
Height minimum multiplier 0.4 Height minimum multiplier 0.3
Height maximum multiplier 0.75 Height maximum multiplier 0.85
Temperature Temperature
Hotbed temperature 100 °C Hotbed temperature 60°C
Extruder temperature 255°C Extruder temperature 250°C
Fan speed 40% Fan speed 30 %
Other Other
Filament diameter 1.75 mm Filament diameter 1.75 mm
Extrusion diameter m Extrusion diameter m
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2.14 Software

The models created in this study were modelled
using the 3D Blender program. The modelled pat-
terns are saved as *.stl files and transferred to the
Voxelizer software for 3D printing. A *.stl file is easy
to use for printing with this program. A G-code file
is also created to transfer the models to the print-
er with the Voxelizer program for special head and
print movements.

2.1.5 Models printed with ABS and TPU

To ensure the comparability of the test results, the
sizes of the models were designed in basic geomet-
ric shapes that were most similar to each other. The
models were designed on the basis of the dimen-
sions 50 mm X 150 mm X 2 mm, so that they could
be easily tested in a tensile and bending testing ma-
chine. The width of the lines forming the geometric
shapes was 0.8 mm.
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Figure 10: Structures printed with ABS small size hole
square
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Figure 12: Structure printed with ABS large size hole
square
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2.2 Samples

Sample 1

(a) Small size hole square

The width of all lines forming the figures in the pat-
terns was 0.8 mm. The dimensions of this pattern,
created in the form of small squares of horizontal and
vertical lines, were 49.4 mm x 151.42 mm x 2 mm.
The inner dimension of each square was 4.5 mm x 4.5
mm. A real, printed ‘small size hole square’ example is
shown in Figure 10, while the 3D model drawing made
using Blender software is shown in Figure 11.

(b) Large size hole square

The size of this model was 49.4 mm x 153.9 mm X 2
mm. However, in this example, the dimensions of the
square holes were larger than in the previous model. In
this model, the x and y length of the inner square was
8.8 mm x 8.8 mm. A real ‘large size hole square’ exam-
ple is shown in Figure 12, while a 3D model drawing
made using Blender software is shown in Figure 13.

LL A 1|

Figure 11: Screenshot of the 3D modelled square
structure with small holes in Blender software
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Figure 13: Screenshot of the 3D modelled large size hole
square structure in Blender software.
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Sample 2

(a) Small size hole triangle

In this model, small triangles with only one di-
agonal were formed on the small squares of the
first example (Figure 14). The dimensions of this
model were 49.4 mm X 151.2 mm x 2 mm. The 3D
model prepared using Blender software is shown
at Figure 15.

Figure 14: Structure printed with ABS small size hole
triangle
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Figure 16: Structure printed with ABS large size hole
triangle

Sample 3

(a) Small size hole hexagon

This model had a large diagonal dimension of
6.11 mm. The dimensions of this model were
51.8 mm x 147.7 mm x 2 mm. The real structure is
shown in Figure 18, while the 3D model prepared
using Blender software is shown in Figure 19.

(b) Large size hole triangle

The size of this model was 49.4 mm x 153.9 mm x
2 mm. This model is similar to the small size hole tri-
angle model. The model size was made larger and is
shown in Figure 16, while 3D the drawing model using
Blender software is shown in Figure 17, The difference
in size and triangular area was obtained by adding a
diagonal to each square.

Figure 15: Screenshot of the 3D modelled small size
hole triangle structure in Blender software
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Figure 17: Screenshot of the 3D modelled large size hole
triangle structure in Blender CAD software

(b) Large size hole hexagon

This model was designed with large hexagonal shapes
with a large diagonal length of 12.22 mm. The di-
mensions of this model were 54.7 mm x 150.7 mm x
2 mm. This is similar to the small size hole hexagon
model, but with larger sized holes. The real structure
is shown in Figure 20, while the 3D model prepared
using Blender software is shown in Figure 21.
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Figure 18: Structure printed with ABS small size hole
hexagonal

Figure 20: Structure printed with ABS large size hole
hexagonal

2.3 Methods

A mass of samples that were designed in similar di-
mensions was tested to understand effects of print-
ed ABS and TPU materials in six different ways. The
mass of the samples was measured with precision
balance Mettler Toledo AE 200.

Mechanical properties have been tested on a dy-
namometer Instron 5567 (Instron, GB) (Figure 22a).
The distance between the clamps was 5 cm. Tensile
test applied to the samples with six different tex-
tile-like surfaces with three different basic geometric
structures produced using ABS and TPU materials to
investigate which basic geometric surface and which
material would be more suitable for textile-like mate-
rials in the fashion industry. This test was performed
to measure the wearability of a fabric or surface.

The aim of the flexural strength (Figure 22b) test
was to examine the drape on the human body
when a textile-like surface is worn. In this test, six
different samples were printed with ABS and TPU
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Figure 19: Screenshot of the 3D modelled small size
hole hexagonal structure in Blender software
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Figure 21: Screenshot of the 3D modelled large size hole
hexagonal structure in Blender software
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materials using three different basic geometric pat-
terns, followed by the relevant research.

While applying these tests, the dimensions of spec-
imens of 150 mm X 50 mm X 2 mm were accept-
ed as adequate for testing on the dynamometer.
Therefore, all samples were designed to be closest
to these dimensions. Laboratory values of ambient
temperature was 23 °C + 2 °C and relative humidity
of 45% + 10%. Measurements were made according
to the ISO 13934-1 test standard.

3 Results and discussion

In this study, mass, tensile stress and flexural
strength of samples with different geometric sur-
faces produced in the same dimensions with ABS
and TPU materials was analyzed, compared and
interpreted.
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Figure 22: Photos of a) tensile test and b) flexural test

72 printed textile-like surfaces were obtained from
12 different models for tensile strength testing. The
obtained surfaces were compared in two different
ways with different geometric surfaces and different
materials.

3.1 Production times of models and mass
measurement results
For all 3D-printed geometric structures presented,
the manufacturing time and mass of the structures
were first analyzed.
Table 3 shows that the printing times of the de-
signed models vary depending on the model and
material. This is because ABS and TPU materials
have different printing parameters. For this reason,
an exact comparison of the printing times is not
possible.
Table 4 and Figure 23 clearly show that all models
printed with TPU are heavier than those printed
with ABS. Although the models with TPU and ABS
materials are all made in the same dimensions, the

Table 3: Production times of models

reason why the models printed with TPU are heav-
ier is that TPU and ABS materials have different
specific densities. TPU material has a higher spe-
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Figure 23: Average mass of models

Geometric structure Marked as Prodlj:;iglzr:ilg)e wilt Pmdl,lrc}t,il(j)rzr:imn; il
Small size hole square SS 173 141
Large size hole square LS 77 87
Small size hole triangle ST 111 306
Large size hole triangle LT 163 139
Small size hole hexagon SH 164 126
Large size hole hexagon LH 99 129




Table 4: Average weight of models
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Geometric structure Average weight and STDV Average weight and STDV
of ABS models (g) of TPU models (g)
SS 5.0+0.21 53+0.20
LS 31+0.25 345+0.21
ST 7.55+0.28 8.15+0.17
LT 4.85+0.23 5.05+0.20
SH 4.35+0.27 4.8+0.04
LH 3.4+0.19 52+0.26

cific gravity than ABS material. The density of TPU
material is 1.15-1.17 g/cm?, while the density of ABS
material is 1.03-1.10 g/cm’ [12, 13].

It is clearly seen that the large size hole square is the
lightest and the small size hole triangle is the heavi-
est of samples produced using both materials.

Mass determination results provide important in-
formation on many performance properties, such
as the strength, density, and softness of the mate-
rial. At the same time, mass determination tests
provide information about the density of textile
surfaces [14].

3.2 Tensile strength test results

Maximum force applied to the samples, percentage
of tensile strain (displacement) at maximum force
and amount of displacement at maximum force are
given in the Table 5 and 6, and Figures 24-26.

The tensile stress test results of six different sam-
ples printed with TPU material and created based
on three different basic geometric patterns clearly
shows that under maximum strength, hexagonal
structure specimens have higher tensile stress per-
formance than specimens produced in other struc-
tures. This is the same for hexagonal structures
produced using both TPU and ABS materials. Since
TPU material is more flexible than ABS material,
the displacement percentages of the samples pro-
duced using TPU material under maximum force
are quite high compared to ABS material. In the
samples produced using TPU material, the highest
displacement percentage was 317.53% under maxi-
mum force, while the highest value was obtained for
ABS material, at 6.212%.

The displacement of the specimens at maximum
force, tensile strain (displacement) at maximum
force and maximum force at tensile stress were
measured in this test. The speed of the measuring
device was 025 mm/s.

Tensile strength results vary according to materials
and sample structures. Since the material and ba-
sic geometric surface structure were investigated in
this study, the samples were produced in the same
dimensions and on the same model surfaces. The
test results clearly show that the tensile stress (dis-
placement) of TPU material at maximum strength
demonstrated much higher values than ABS
material.

Moreover, Figure 26 shows that the maximum force
applied to ABS material is much higher than the
maximum force applied to TPU material, since ABS
material is much less flexible than TPU material.
Comparison of tensile strength results of samples
with basic geometric structures produced using ABS
material: LH > SH > ST > SS > LS > LT (Table 5).
Comparison of tensile strength results of samples
with basic geometric structures produced using TPU
material: LH > ST > SH > SS > LT > LS (Table 6).

It is clear that the hexagonal specimens have the
highest tensile strength at both materials.
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Figure 24: Displacement at maximum force
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Table 5: Tensile strain test results applied to models produced using ABS

ABS models Maximum force (N) Tensile strain (displacement) Displacement at
at maximum force (%) maximum force (mm)
SS 674.858 + 35.448 4.569 £ 0.704 2.284 £0.352
LS 435.340 £+ 35.922 4.165 + 0.407 2.083 £ 0.204
ST 766.462 + 17.023 5.601 = 0.402 2.801 £0.201
LT 437.367 £ 15.954 4.125+£0.448 2.062 +0.224
SH 310.827 £ 6.015 12.296 + 1.824 6.148 £ 0.912
LH 194.244 + 12.765 12.424 + 1.872 6.212 £ 0.936

Table 6: Tensile strain test results applied to models produced using TPU

TPU models Maximum force (N) Tensile strain (displacement) Displacement at
at maximum force (%) maximum force (mm)
SS 382.696 + 10.966 525.280 + 10.448 262.640 = 5.224
LS 231.116 £ 37.769 468.180 + 76.292 234.090 * 38.146
ST 556.948 + 54.403 601.900 = 69.924 300.450 £ 34.962
LT 273.418 + 34.962 482.420 + 4.052 241.210 + 2.026
SH 331.192 £ 7.305 608.520 £ 25.904 304.260 = 12.952
LH 355.691 + 25.423 635.060 + 16.080 317.530 + 8.040
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Figure 25: Tensile strain (displacement) at maximum
force

Textile-like surfaces produced using different ge-
ometric shapes

According to Tables 5 and 6, the smaller the repeat-
ing pattern units on printed textile-like surfaces, the
higher the tensile strength and vice versa: the larger
the pattern, the harder the textile-like surface pro-
duced. If the patterns were printed in small repeat
units, the mass of the models increased (Table 4).

Figure 26: Maximum force at tensile stress test

As a result of the tests conducted in this study,
the order of tensile strength of different geometric
models made with both ABS and TPU materials is
as follows: SH > ST > SS, LH > LT>LS.

Tables 5 and 6 clearly show that textile-like surfaces
printed with a hexagonal pattern have a much high-
er tensile strength.



Hexagons are ubiquitous in nature, from the larg-
est planets to microscopic compounds. The reason
for this prevalence, however, is not because hexa-
gons have a special edge, but because the simplest
shape that can be created in nature is the circle, and
flexible circles spontaneously transform into hex-
agons under pressure. From honeycombs to giant
clouds on planets, from geological formations to
snowflakes, every hexagon can be illuminated using
purely scientific explanations. For millennia, sci-
entists and philosophers thought the hexagon was
the shape that would most efficiently fill a plane.
However, this idea was discussed earlier. Moreover,
at the end of the 19" century, the Belgian physicist
Joseph Plateau was able to calculate that the forces
on 120-degree foils are all in equilibrium and that
this geometry is the most mechanically stable ar-
rangement [15].

3.3 Flexural strength test results

Flexural strength test results are given in Tables 7
and 8, and on Figures 27-29.

TPU material has a higher flexibility than ABS ma-
terial. For this reason, Figure 28 clearly shows that
TPU material requires much less force to bend than
ABS material.
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When evaluating the flexural strength of models
made using the two different materials, no direct
correlation can be established between the flexural
strengths of different shapes.
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Figure 27: Compressive displacement at maximum
force

Table 7: Flexural strength test results applied to models produced using ABS material

Models of Maximum force (N) Compressive displacement Force at break (Standard) (N)
ABS at maximum force (mm)

SS 9.112 £0.19 24.208 +2.24 8.364 £ 0.28

LS 5.341 £ 0.17 27.042 + 3.96 5.140 + 0.31

ST 12.743 £ 0.53 26.138 +2.83 11.933 + 0.68

LT 8.386 + 0.42 28.154+£0.72 7.438 +0.37

SH 5.744 + 0.15 28.358 £ 3.84 5.297 £0.16

LH 4.786 = 0.10 25.124 £ 1.09 4.537£0.23

Table 8: Flexural strength test results applied to models produced using TPU material

Models of Maximum force (N) Compressive displacement Force at break (Standard) (N)
TPU at Maximum Force (mm)

SS 0.185 +£0.01 27.042 £ 3.07 0.159 £ 0.01

LS 0.135 £ 0.01 29.250 + 1.47 0.119 £ 0.00

ST 0.274 £ 0.01 30.000 + 3.86 0.272 £0.03

LT 0.141 + 0.00 27.656 £ 2.46 0.125+0.01

SH 0.109 £ 0.01 24.822 + 1.86 0.100 £ 0.01

LH 0.133 £ 0.01 25.536 £2.03 0.118 £2.03
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4 Conclusion

3D printers are appearing in all aspects of our lives,
including the textile and fashion industries. 3D
printers, which have the potential to facilitate per-
sonalized production, are gaining momentum as
the technology evolves. Manufacturing with 3D
printers is an alternative to traditional manufactur-
ing methods.

Defined as the manufacturing method of the 21st
century, 3D printers allow the body to be wrapped
like fabric, weaving together different shapes in dif-
ferent sizes. Textile designers can work with this
technology as an alternative working method in-
stead of traditional production methods.

For this article, six different patterns were designed
using three different basic geometric shapes. A total
of 72 patterns were made using six different models
with two different materials. These patterns were sub-
jected to mass, tensile strength and flexural strength
tests. From the results of the tensile strength tests, it
was determined that different geometric shapes affect
tensile strength. Hexagonal structures have high val-
ues, while square structures have lower values. The
hexagonal structures showed the highest resistance
to the force applied to them when the tensile stress
test was performed. This is due to the fact that the
hexagons, because of their angle of 120°, were able to
equally resist the force applied by all arms. Different
models have an impact on the comfort of the prod-
ucts used in the textile-like material in fashion indus-
tries. The result in this case was that the hexagonal
structures are more comfortable than others.
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Figure 29: Force at break (standard)

The results show that the tensile strength of TPU
material is much higher than that of ABS material.
In addition, textile-like surfaces made using TPU
material have more flexibility and drape than tex-
tile-like surfaces made using ABS material.
Textile-like surfaces printed using TPU material
have a softer feel than those made using ABS mate-
rial. Therefore, textile-like surfaces made using TPU
material are more suitable in terms of wearability.
ABS material’s hard handling, lower flexibility, and
lack of drapability limit its use in the material in
fashion industries.

However, ABS material can be used in the manu-
facture of accessories as an alternative material for
the textile material and fashion industries, such as
buckles, crown buttons, zippers, walking sticks,
umbrella bags, fans, watch straps, etc.

The order of bending strength of the models made
using ABS material according to their values under
compression displacement at maximum force was
as follows: shapes with small holes and shapes with
large holes; triangle with small holes > square with
small holes > hexagon with small holes, square with
large holes > triangle with large holes > hexagon
with large holes.

The order of bending strength of the models made
using TPU material according to their values under
compression displacement at maximum force was
as follows: shapes with small holes and shapes with
large holes; triangle with small holes > square with
small holes > hexagon with small holes, square with
large holes > triangle with large holes > hexagon
with large holes.
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No conclusion could be drawn from the results of the
applied flexural strength tests, since the impact of
shapes on flexural strength was not stable. However,
comparing two different materials, the difference
between the maximum forces can be clearly seen.
According to the results of the bending strength test,
we can conclude that the properties of the materials
impact these test results rather than the moulds.

It can be seen from this study that, in the production
of a wearable textile-like surface using 3D printers,
the geometric shape of the unit patterns that form
the surface and the size of the unit patterns affect the
properties of the textile-like surface. In this study,
three basic geometric shapes and two different mate-
rials (ABS and TPU) were used. It is therefore likely
that the data from this study can serve as a reference
for new studies when a textile-like surface with a ge-
ometric unit pattern is to be obtained.
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Abstract

A mathematical model is presented to simulate the electric resistivity of leather samples as a function of humid-
ity. It will be shown that absolute and not relative humidity is the crucial parameter. The model assumes that
the leather includes channels that can absorb water from the surrounding environment. This effect primarily
determines the electric conductivity of the leather samples. The theoretical results from the model are quite
closely in line with experimental measurements.

Keywords: electric resistivity, leather, humidity, modelling

IzvleCek

Predstavlien je matematicni model za simulacijo elektricne upornosti vzorcev usnja kot funkcije viaznosti. Poudariti je
treba, da je odlocilni parameter absolutna in ne relativna zracna viaZnost. Model predvideva, da usnje vsebuje kanale
(kapilare), ki lahko absorbirajo vodo iz okolice. Ta ucinek predvsem doloca elektricno prevodnost vzorcev usnja. Teoreticni
rezultati modela se dobro ujemajo z eksperimentalnimi meritvami.

Kliucne besede: elektricna upornost, usnje, viaga, modeliranje

1 Introduction

to increase the electric capacitance in a certain area
of the screen. If gloves are worn, they should also be

Due to 21* century technology, we must adapt to
smart products offered by the market where tablets,
computers, most mobile screens and smartwatches
operate with a capacitive touch screen (finger-touch
method) [1]. One practical application is the use of
a touch screen when wearing leather gloves. These
screens use the electric conductivity of the fingertip

electrically conductive. It will be shown later that pure
leather is a poor electric conductor. Leather will how-
ever, become conductive by absorbing water from am-
bient humid air or by diffusion from the finger. This is
also true, depending on weather, climate or different
conditions, where the finger-touch method is not pos-
sible and a conductive glove is very important [2-4].
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Furthermore, the rapid growth of electrical and elec-
tronic devices and accessories that emit electromag-
netic energy in different frequency bands has led to
an increase in exposure to EM radiation, which can
be harmful for human health. It was determined from
literature that electrically conductive textiles are pre-
ferred for shielding applications primarily due to their
good shielding properties and numerous advantages
[5]. Although there are different studies about elec-
tromagnetic shielding textiles in literature, there is an
urgent need to develop electromagnetic interference
(EMI) shielding materials [6].

Moreover, different groups have worked on textile
antennas [7-10] and leather antennas [11] for wear-
ables, in which the conductivity is a prerequisite.
Therefore, in order to make resistive traditional
leather conductive, different groups have worked
with different methods [2-4, 12-14].

In previous contributions, sheep crust leather was
coated with polypyrrole using the double in-situ
polymerization method and the electrical resistiv-
ity of conductive leather using the “multiple-step
method” [15-16] in different air temperature and
humidity conditions was measured [17].

In this paper, a theoretical analysis of the influence
of humidity on the electric resistivity of leather was
performed. The mathematical theory of this meth-
od will be outlined in the next section.

2 Mathematical model

In order to set up a mathematical model, a clos-
er look must be taken at the experimental results

o(S2m)
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shown in Figure 1. If the two figures (Figures la and
1b) are compared, it is clear that relative humidity
RH is no longer a suitable parameter. On the oth-
er hand, Figure 1b shows a good relationship with
absolute humidity. In a previously published paper,
these data were fitted to H*%* or H"%, depending
on whether sheets were included or only strips were
taken into account [17]. The measuring technique
was especially designed for textile samples and has
been described extensively in literature [15-16].
These results are not surprising at all. Relative hu-
midity is used to describe the environmental ef-
fect of air on the human body. Moreover, relative
humidity is rather easy to measure. However, this
paper deals with the electric conductivity of leather.
Electric conductivity is determined by the intrinsic
conductivity of leather and the amount of absorbed
water molecules. The latter is simply absolute hu-
midity usually expressed in g/kg or grams of water
per kilogram air. We must therefore limit our inves-
tigation to modelling electric resistivity as a func-
tion of absolute humidity H.

If we extrapolate the fitting H'*? or H** [17] to low
values of H, it is clear that the resistivity of intrinsic
leather must be very high. We would expect it should
be at least one order of magnitude higher than the
maximum value of 500 Qm shown in Figure 1b.
Firstly, the experimental fittings H*%4? or H*% [17]
suggest that, theoretically speaking, it could be just
1/H. Secondly, a closer look at Figure 1b tells us that
humidity H has a tremendous influence on resistivi-
ty. The values vary between 65 Qm and 437 Qm. The
conclusion is obvious: electric conduction is mainly
determined by the amount of absorbed water, and the
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Figure 1: Variation of resistivity p vs. (a) relative humidity RH and (b) absolute humidity H [17]
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conductivity of completely dry leather must be very
low. These results also prove that there must be chan-
nels inside the leather filled with water. These chan-
nels provide electro conducting wires between the
two electrodes. The word “channel” should be inter-
preted in a broad sense. A surface layer of water will
also conduct electricity between the two electrodes.
A simple model is shown schematically in Figure 2.
The two rectangular electrodes, with an area ex-
pressed as S = b x d, are at distance a. Conducting
channels now connect the two electrodes. Each
channel has a cross section of AS and a length of
a. It is obvious that the conductivity of the channel
is proportional to absolute humidity: 0, =« H.
Conductance G between the two electrodes is then
given by the equation:

AS
G = Gleather + GChannels = Oleather 7 + Nachannel 7 (1)

Conductivity o, which is the inverse of resistivity
(0 = 1/p) is then found using the equation:

a AS NaAS
g=G w = Oleather T NOchannet E = Oleather T WH (2)

Resistivity p is then the inverse of equation (2):

1 — Pieather (3)
AS 1+ ﬁH

g
leather +No channel bd

_1_
p=—=

Wherep, . =1/o

eather Parameter f is given by the
equation:

— NaASpleather

i @)

As already stated, resistivity p, . is very high, so
that (3) can be approximated using the equation:

area: AS

Pieath
Papprox = elr;lt_ler ()

This result is quite close to the fittings H%*?or H*%**
used in [17]. Although this mathematical model is
very simple (all channels have an equal length and
cross section), it will help us explain the experimen-
tal results, as will be seen below.

The experimental results shown in Figure 1b have been
redrawn in Figure 3 on a double logarithmic scale. A
1/H curve, such as (5), is then represented by a straight
line. The experimental data can be fitted quite well to
the equation 6, where the resistivity p is expressed in
(Qm and the absolute humidity H in g/kg:

Papprox = 11H£ - pleaﬁther =1148 (6)
A second fitting using (3) was only possible for
Proaiier Values > 10000 Qm, as also shown in Figure
3. We can thus conclude that the fitting using (3)
helps us to achieve a lower limit for the resistivi-
ty of intrinsic leather. If we assume for a moment
Proatney = 10000 Qm, we can determine the param-
eter B to be given by p = 8.7108. Note that higher
values of p, . also provide good fittings with the
measurements.

3 Conductivity plot

Equations (2) and (3) suggest that it might be more
obvious to plot conductivity o as a function of abso-
lute humidity H. We should then expect a straight
line in a linear plot as shown in Figure 4. A linear
fitting has been performed using the least squares
approximation. The result is:

top electrode

leather

conducting channel

A

b

bottom electrode

Figure 2: Model used to explain the electric resistivity of leather samples
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Figure 3: Double logarithmic plot of resistivity p vs. absolute humidity H

S
Oapprox = —0.0001975 + 0.00090883 H (E) ?)

As in the previous section, an extrapolation to-
wards H > 0 should inform us about the intrinsic
conductivity of the leather. However, the fitting (7)
gives us a negative number, which physically makes
no sense. However, a closer view of Figure 4 re-
veals that the negative number in (7) is caused by
inevitable errors due to the fitting procedure. We
can also interpret these results as the zero conduc-
tivity of completely dry leather. Nevertheless, the
conductivity plot is not suitable for obtaining a lim-
iting value of leather conductivity.

For higher values of H, we can omit the negative
number so that:

S
Oapprox = 0.00090883 H (;) (8)

from which we get easily:

1 10 11003
Oupprox  90833H  H (@m)

©)

which is very close to the approximation 1148/H
found in (6).

The conclusion is thus obvious: the conductivity plot
is suitable for finding a simple relation such as (7), but
we cannot find an upper limit for the conductivity of
pure intrinsic leather. Using the resistivity plot pre-
sented in the previous section, it was possible to find a
lower limit for leather resistivity of 10000 Qm, which
corresponds to a conductivity of 0.0001 S/m.

4 Discussion

In order to set up a mathematical model, a clos-
er look must be taken at the experimental results
shown in Figure 1. If we compare the model out-
lined so far, it is a highly simplified version of the
real situation. In practice, not all conducting chan-
nels will connect two electrodes by a straight line.
Some channels will be wider, and thus able to ab-
sorb more water from the surrounding air. We as-
sume, for example, that half of the channels have a
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o(S/m) =
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length of a and the other half have a double length
of 2a, as shown schematically in Figure 5.

I I

/

Figure 5: Channels with different lengths: a and 2a
Equation (1) must then be replaced by the equation:

G = Gieather + Gehannels =

bd N AS N AS
Oleather 7 + 5 Ochannel 7 + z Ochannel E

(10)

Equation (3) still remains valid. The difference is
that coefficient P is now given by the equation:

— 3NaASpleather

4bd ()

H(g/kg)
Figure 4: Plot of conductivity o as a function of absolute humidity H

This proves that the theory outlined above remains
valid, and only the numerical value of B must be
adjusted.

Obviously, the actual situation is much more com-
plicated than channels with lengths of a and 2a. In
practice, channels are randomly distributed, may
have different lengths and sections, and are oriented
in all possible directions. Only channels connecting
two electrodes can contribute to detectable resistiv-
ity. Even when probability distributions are intro-
duced for channels lengths as the cross-sections in
equation (2), we still arrive at the same result (3),
except that the expression for coefficient p will be
much more complicated than (4). The only assump-
tion that may not be changed is: 6, = a H.In
other words: electric conductivity o,  is propor-
tional to absolute humidity H, and remains the ba-
sic assumption of our model.

5 Conclusion

A theoretical investigation of the electric conduc-
tivity of leather samples as a function of the abso-
lute humidity is presented in this paper. In order to
set up a mathematical model, a closer look must be
taken at the experimental results. A mathematical
model was presented to explain the electric con-
ductivity of leather samples as a function of abso-
lute humidity. It was also made clear that there is
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no direct correlation between resistivity and rel-
ative humidity. Moreover, it was possible to find
a lower limit for the resistivity of intrinsic leather
samples. It is clear that the same approach can be
used to model the resistivity of other solid materials
with channels that can absorb water from ambient
humid air. Alternatively, such a method can also be
used to indicate the porosity of a material.
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