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Abstract

The research focuses on the quality of colour reproduction when using different light sources, often used to
illuminate scenes in a photo studio, and different types of fabrics as lighting shapers. With the latter, the light
can be converted into softer and more diffuse light, but the properties of the fabrics used affect the colour
impression and thus the quality of the reproduced colours. This was evaluated by analysing the colour differences which were calculated from the colorimetric values of the colour patches of the X-Rite ColorChecker
Passport test chart. Test chart was photographed in a controlled environment and illuminated with different
combinations of light sources and tested fabrics. The results confirmed that not all combinations of variables
are suitable for use if the goal of the photograph is to achieve high quality colour reproduction.
Keywords: photography, light, fabrics, colour reproduction, light shaping attachments

Izvleček

Raziskava se osredinja na kakovost barvne reprodukcije pri uporabi različnih svetlobnih virov, ki se pogosto uporabljajo
za osvetljevanje scen v fotografskem studiu, in različnih vrst tkanin kot nastavkov za oblikovanje svetlobe. S temi lahko
svetlobo preoblikujemo v mehkejšo in bolj razpršeno, vendar lastnosti uporabljenih tkanin vplivajo na barvni vtis
in posledično na kakovost reproduciranih barv. Le-to smo vrednotili z analizo barvnih razlik, ki smo jih izračunali iz
odčitanih kolorimetričnih vrednosti barvnih polj testne tablice X-Rite ColorChecker Passport. Ta je bila fotografirana v
nadzorovanem okolju in izpostavljena različnim kombinacijam svetlobnih virov ter testiranih tkanin. Rezultati potrjujejo,
da niso vse kombinacije spremenljivk primerne za uporabo, če je cilj fotografiranja kakovostna barvna reprodukcija.
Ključne besede: fotografija, svetloba, tkanine, reprodukcija barv, nastavki za oblikovanje svetlobe

1 Introduction
For photography, light is of crucial importance as it is
needed for the ability to represent a subject/object. In
a photo studio, the photographer himself controls the

various properties of the light emitted by the lights
on stage. These are usually the intensity and colour
temperature, but we can also control other properties, such as softness and dispersion of the light beam,
which is achieved by using light shaping attachments.
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These attachments can be of various shapes, which affect the angle of the dispersed light. The consequence
of the attachment’s material is the quality of light, it
being soft or hard [1]. Often used attachments are
softboxes, which soften the original light by transmitting it through a white fabric.
Studio lighting continues to evolve with technological progress. Today, xenon studio flashes (stroboscopic lights) and continuous LED lights are increasingly
used in studio photography. Unlike halogen lamps,
they do not generate high temperatures between
400 °C and 1000 °C [2]. By reducing the operating
temperatures of the lights, it is no longer necessary
to use special fabrics with a high melting point to
soften the light. Instead, fabrics of organic origin can
be used, whose structure begins to change at temperatures around 150 °C [3]. We can also use polymer
fabrics with lower melting points, since the working
temperatures of available lights are now lower and
will not melt the fabrics.
With a wider range of light shaping attachments, the
amount of final light shapes also increases. By using
light shaping attachments we transform also the colour of the original light emitted by the light source.
Therefore, the light illuminating the scene cannot be
described precisely.
This research focuses on the quality of colour rendering and correlation between five different lighting conditions and the use of five different types of
fabrics as light shaping attachments. The findings
of this research will benefit the understanding and
describing light used in researches, since no prior
research has been found addressing the problem of
the effects of fabrics as light shaping objects on the
quality of colour reproduction.
The study included three types of lights that are commonly used to illuminate the photographic scene, but
are very different from each other, since they emit
light of different intensity and colour temperature
while producing different amounts of heat.
A photographic studio flash that illuminates the scene
with a xenon lamp was used. Its light flashes are extremely short therefore this type of lighting does not
involve high operating temperatures. The second type
of light source that does not produce high temperatures
are LED lights (light-emitting diodes), with which colour temperature and light intensity can be adjusted.
The third type of lighting is the illumination with a
tungsten halogen lamp (hereinafter referred to as halogen lamp). This type of light source generates higher
temperatures during illumination, so when staging
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the scene, we must pay attention to the distance of the
flammable materials from the light head [2].
Textile fibres rarely melt, as their change at high
temperatures does not necessarily mean a change in
physical state from solid to liquid. Exposure to a suitable temperature ensures a change in the crystalline
structure, which is also referred to as melting in the
literature [4]. Synthetic fibres such as polyamide and
polyester therefore have a melting point at temperatures between 223 °C and 270 °C, depending on the
properties of the fibre polymers. Natural fibres, such
as cotton, linen and wool, do not melt but carbonize
at a certain temperature, i.e. such changes begin to
show at temperatures around 150 °C [4, 3].
In order to compare the influence of natural and
synthetic fabrics on the quality of colour reproductions when used as light shaping attachments, five
types of fabric were tested, made entirely from one
of the five fibre types, cotton, linen, wool, polyamide
or polyester. A series of natural and synthetic fibres
has been chosen, since it has been studied that light
reflects differently depending on the fibre structure
[5]. A colour test chart has been illuminated using
five different lighting conditions with alternating
use of five fabrics as light shapers. Photographs of
the scene were measured and the quality of colour
reproduction assessed.

2 Experimental
For research purposes, a special cube that allows control over the tested light and limits the influence of
its reflections has been created. With five different
lights, the colour chart has been photographed and
then the process repeated five more times, changing
the fabric that served as the light shaping attachment.
The combinations of variables and their labels are
shown in Table 1.
Each combination of variables was photographed
three times, making a total of 90 photos. By adjusting
the whiteness and brightness of the photos, the variables that would affect the colour differences caused by
using different light shaping attachments, in this case
fabrics, were eliminated. After these adjustments, the
RGB values of all the colour patches were measured.
The average values measured from three photos of
the same combination of variables were converted
to CIELAB values, and then the colour differences
between the values without and with fabric as the
light shaping attachment were calculated.
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Table 1: Combination of fabrics and lightning conditions used in the research and their labels
Fabric

Xenon

Halogen

LED 3230 K

LED 5000 K

LED 6260 K

Cotton (CO)

X/CO

H/CO

L3/CO

L5/CO

L6/CO

Linen (LI)

X/LI

H/LI

L3/LI

L5/LI

L6/LI

Wool (WO)

X/WO

H/WO

L3/WO

L5/WO

L6/WO

Polyamide (PA)

X/PA

H/PA

L3/PA

L5/PA

L6/PA

Polyester (PES)

X/PES

H/PES

L3/PES

L5/PES

L6/PES

2.1 Scene

The test cube
The photographs were taken in a photo studio
where there is no influence of outside light. A 60 cm
cube was made, lined on the inside with black felt
(Figures 1 and 2), in order to prevent the reflectance
of the light, which could affect the reproduction of
the colour of the test chart.
There are two round holes 20 cm in diameter in the
centres of the two opposite sides of the cube, which
serve as openings for illuminating the test chart
(Figure 1a). This ensures that the angle of the incident
light on the test plate is always constant. Test chart
was mounted on the holder in such a way that it was
always evenly illuminated from the left and right at
an angle of 45° (Figure 1b).
The tested light source was 30 cm from the sides of
the cube and positioned so that the centres of the
light source were aligned with the centres of the
round cut-outs on opposites sides.
If a light shaping attachment was used, it was placed
on the side of the outer part of the cube so that it
completely and evenly covered the opening in the
side (Figure 1c).

Figure 2: A photograph of the set

At the level of the illumination holes, there is an additional hole with a diameter of 10 cm which allows
the camera to be mounted so that the lens reaches
into the cube (Figure 1d). This limits the possibility
of additional reflections in the lens and prevents the
capture of light outside the test area.

Figure 1: Test cube: a) illumination opening, b) test
chart, c) fabric sample, d) camera opening

9

Different Textile Materials as Light Shaping Attachments in Studio Photography and Their Influence on Colour Reproduction

Colour test chart
To evaluate the quality of colour reproduction
with different light shaping attachments, an X-Rite
ColorChecker Passport Photo 2 test chart was photographed, which consists of twenty-four colour patches from the ColorChecker Classic colour plate [6, 7].
The RGB values of the colour patches on the test chart
were measured with an X-Rite i1 Pro spectrophotometer and Argyll software, using the spotread command to perform the measurement. A two-degree
observer and a standard D50 illumination were used.
The CIELAB values obtained were converted to RGB

values of the sRGB colour space, whose white point
is D65. This is the same conversion method that is
stated in the X-Rite manufacturer’s specification for
the values in the test chart used [8].
The measured RGB values of the colour patches deviate from the values given in the specification of
the test plate [8], which has no influence on the final
results of the study, since the values under different
lighting conditions were compared, and not the colour differences between reproduction and original.
The measured and reference RGB values are shown
in Table 2.

Table 2: Comparison of the measured RGB values of colour fields and the values according to specification [6]
Patch
number

Colour patch

According to specification

Measured

R

G

B

R

G

B

82

68

119

84

68

1

dark skin

115

2

light skin

194

150

130

201

145

129

3

blue sky

98

122

157

98

138

150

4

foliage

87

108

67

91

107

64

5

blue flower

133

128

177

130

127

172

6

bluish green

103

189

170

90

187

169

7

orange

214

126

44

222

125

44

8

purplish blue

80

91

166

71

90

168

9

moderate red

193

90

99

201

91

94

10

purple

94

60

108

96

60

102

11

yellow green

157

188

64

157

198

63

12

orange yellow

224

163

46

229

161

35

13

blue

56

61

150

43

65

149

14

green

70

148

73

66

150

73

15

red

175

54

60

183

52

56

16

yellow

231

199

31

241

203

7

17

magenta

187

86

149

198

85

148

18

cyan

8

133

161

52

133

166

19

white (.05*)

243

243

242

251

246

238

20

neutral 8 (.23*)

200

200

200

204

202

200

21

neutral 6.5 (.44*)

160

160

160

163

161

161

22

neutral 5 (.70*)

122

122

121

120

120

119

23

neutral 3.5 (1.05*)

85

85

85

83

81

81

24

black (1.50*)

52

52

52

51

50

50

Light sources
A photographic studio flash Elinchrom ELC500 PRO
HD was used. The intensity of the light flash was regulated depending on the textile material tested, as
these transmit different amounts of light and require

uniformly illuminated images for each measurement.
The light flashes at four intensities used, namely 8, 38,
53 and 75 J, lasted 1/2940, 1/4650, 1/5000 or 1/2740 s.
Rotolight Anova PRO ECO FLOOD lights have been
used as LED source, with which colour temperature
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and light intensity can be adjusted. 100% intensity
and three colour temperatures (3230 K, 5000 K and
6260 K) were used for testing, as the latter is due to
the switching on and off of individual light emitting
diodes that emit light in the cold or warm part of the
visible part of the electromagnetic wave spectrum.
A Kaiser studio lamp H with maximum intensity and
the Osram No. 64575 lamp with a power of 1000 W
and an electrical voltage of 230 V were used to light
the scene with halogen light.
An X-Rite i1 Pro spectrophotometer in light emission
measurement mode and Argyll software were used to
measure the light emission spectrum of applied lighting conditions. Each scene was measured three times
in steps of 10 nm representing the brightness of the
emitted light at wavelengths from 380 nm to 730 nm.
The values of the measured emission spectra have
been normalized for easier comparison and analysis.
Light shaping attachments (fabrics)
Images of fabrics were taken with a digital stereo microscope Leica S9i at 40-times magnification. Warp,
weft and weave of the materials were determined.
Thicknesses of materials was measured with micrometer Metrimpex 6-12-1/B and with measuring unit
Mitutoyo ID-C125XB, while colour properties with
a Spectraflash 600 Plus CT spectrophotometer, measuring reflected light under measuring conditions of
ten-degree observer and a D65 white point. Measured
CIE xyY values were used to calculate whiteness of
the materials and were converted to CIELAB for further comparison.

2.2 Photographic equipment and settings

Nikon D850 DSLR camera and a Nikkor AF-S 50
mm 1:1.4G lens with a HOYA Pro1Digital 58 mm
MC UV(0) filter were used to photograph the
ColorChecker Passport Photo 2 test chart. The filter
serves only as a protection for the lens and does not
affect the quality of the colour reproduction.
Photographs were captured in the RAW output format (file type NEF) in order to obtain as much data
as possible. The ISO value or sensor sensitivity setting
was set at 100 for all the photographs in order to cause

as little noise as possible. The white balance setting
was changed according to exposure using camera
presets and manual white balance settings as shown
in Table 3 [9]. An aperture value of f/4.5 was used,
due to the sharpness of the lens is at its best at this
aperture and the degree of colour distortion (chromatic aberration) is among the lowest [10]. The shutter speed was adjusted according to other settings so
that the photo exposition was ideal. Shutter speed was
monitored using a camera light meter and histogram
analysis of each photo. The exposure time required
was influenced by the type of lighting, as not all lights
provide the same intensity of light emitted, and by
the tested fabric, as each allows a different amount
of light to pass through, thus affecting the brightness
of the scene.

2.3 Method of analysis

All photos were imported into Adobe Lightroom
Classic CC 2019 where we used the Crop tool to crop
the edges of the photographed test charts (Figure 3).
This reduced the size of the photos per area, resulting
in a smaller file size. However, the data important
for analysis is retained. The dimensions of the final
photos are approximately 1500 px × 1000 px (pixels), with minor size variations, and a resolution of
300 ppi (pixels per inch).
For all cropped photos the whiteness was set to colour field no. 22, in order to colour match the photographs. The white balance adjustment was made in
the largest possible range of 15 px × 15 px.
The NEF photo format is no longer suitable for further processing of photos and the information they
contain. Therefore, they were exported to a 16-bit
TIFF format, which is the least lossy export format
available. The exported photos were opened in the
ImageJ program. Since the photos are 16-bit TIFF,
the program displays them as grayscale values of each
colour channel (red, green and blue). Therefore, they
were converted to a 32-bit RGB colour image using
the Image - Type - RGB Colour command [11, 12].
It was also necessary to unify the brightness of the
photos, as it was not possible to ensure exactly the
same light intensities due to the lighting conditions.

Table 3: Setting the white balance for all used light sources

White balance
setting

Xenon

Halogen

LED 3230 K

LED 5000 K

LED 6260 K

preset Flash
(5400 K)

preset
Incandescent
(3000 K)

Choose colour
temp. – 3230 K

Choose colour
temp. – 5000 K

Choose colour
temp. – 6260 K

Different Textile Materials as Light Shaping Attachments in Studio Photography and Their Influence on Colour Reproduction
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Figure 3: Photo of the test chart after cropping with marked colour patches regarding to Table 2
For the control area the colour field no. 22 was chosen, which has RGB values of 120/120/119. With the
RGB Measure plug-in [13] average RGB values in the
area of 100 px × 100 px in the colour field were read.
Since the colour adjustment was already provided for
when the white balance was set, the ratios of the read
RGB values match, but in some photos, it was necessary to lighten or darken by adjusting the brightness.
The measurement of the RGB value was repeated and
the procedure was repeated until a sufficiently good
adjustment was made to reach the reference RGB values of 120/120/119. The corresponding brightness was
checked on all 90 photos and adjusted it if necessary.
All 24 colour patches in 90 photos were then converted to RGB values, measuring areas of 100 px × 100 px.
The same combination of variables was photographed
three times, so in the next step we calculated the average RGB values of the individual colour fields in three
photographs of the same combination of variables.
CIELAB values were needed to calculate the colour
differences and thus determine the impact of using
fabrics as light shaping attachments.
The conversion was first done between RGB and
CIEXYZ then between CIEXYZ and CIELAB [14,
15]. The average R, G and B values of the colour
patches were normalized and the inverse sRGB
compression function (Equation 1) was used to
obtain the linear values of r, g and b. These were
multiplied by the matrix M (Equation 2) with respect to equation (Equation 3). The matrix M considers the sRGB colour space and the white point
D65 [16]. The result are normalized values of X, Y

and Z which are divided by the corresponding Xr,
Yr and Zr values of white point D65 (Equation 4)
[17] according to equations (Equation 5), (Equation
6) and (Equation 7) to obtain the values of x r, y r
and zr. From this f x , f y and f z with respect to the
values of Equations 8, 9 and Equations 10, 11 and
12 were calculated. The spectral distribution functions f x , f y and f z are used to calculate the values
of L*, a* and b* with respect to Equations 13, 14
and 15. To calculate the colour differences, the
equation CIE 1976 (Equation 16) was chosen [18].
According to Equation 17 [19], the colour purity C
was calculated for each colour field under different
test conditions and then the differences between
the illumination without and with fabrics as light
shaping attachments were determined.
𝑉𝑉/2.92
23 567.71718
(1)
𝑣𝑣 = #
((𝑉𝑉 + 0.055)/1.055)/,1 23 597.71718
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where (L1, a1, b1) are first and (L2, a2, b2) second colour

𝐶𝐶 = #𝑎𝑎% + 𝑏𝑏%

(17)

The colour differences for each colour field of the
test chart were calculated, describing the influence
of the use of different fabrics and lighting types on
the colour reproduction. The colour difference value
is described by the perception of a standard observer,
where:
0 < ΔE*ab < 1 – the observer does not notice the difference between the colours,
1 < ΔE*ab < 2 – only an experienced observer notices
the difference between the two colours,
2 < ΔE*ab < 3,5 – even an inexperienced observer
notices the difference between the colours,
3,5 < ΔE*ab < 5 – an obvious difference between the
colours is observed,
5 < ΔE*ab – the observer perceives the colour as two
different [20].
To make the results easier to interpret, the mean values of the colour differences for each test combination from 24 colour differences of individual colour
patches were calculated.

3 Results and discussion
3.1 Light sources properties

Figure 4 shows the emission spectrum of the light
flashes at the four intensities used, namely 8 J, 38 J,
53 J and 75 J, which lasted 1/2940 s, 1/4650 s, 1/5000 s
or 1/2740 s. The spectral distributions are similar.
The variability of the curve of the emission spectrum
increases with the intensity of the flash, which is due
to the greater amount of light and thus the possibility of a more accurate reading of the measuring

Figure 4: Normalized emission spectra of all used light sources

13

Different Textile Materials as Light Shaping Attachments in Studio Photography and Their Influence on Colour Reproduction

device. The normalized emission spectra of the emitted lights from halogen source (H) and three LED
sources with colour temperatures 3230 K, 5000 K
and 6260 K (L3, L5 and L6, respectively) are shown
in Figure 4 as well.
Spectral distributions differ depending on the used
light source (Figure 4). A light source X with a xenon
bulb emits the most uniform spectrum, because its
maximum is indistinct in the blue part of the spectrum but shows less emitted light in the purple part.
A light source H with a tungsten halogen bulb emits
the greatest amount of light in the orange-red part of
the spectrum, while LED light sources vary according to colour temperature. L3 shows a smaller fall in
the blue part of the spectrum, while the curve rises
sharply in the yellow-orange spectrum. This indicates
the warm light from the light source. Standard light
at 5000 K represents the light source L5, which has a
maximum in the blue part of the spectrum and corresponds to the maximum of the light source L6. They
differ from each other by the emitted light between
the wavelengths 530 nm and 780 nm, with white light
having higher values.

3.2 Fabrics properties

The values of fabrics’ variables are shown in Table 4.
In Figure 5 the images of fabrics are represented,
showing the differences in fabric density and weave.
The calculated colour properties in CIELAB are pictured in Figure 6, while in Figure 7 the differences
can be observed visually.

The differences in the measured colorimetric values
are mainly due to the yarns used, which are derived
from the raw material composition. Twisted yarns
are used in natural fiber fabrics, i.e. CO, LI and WO,
while synthetic fabrics, i.e. PA and PES, are made
from multifilament yarn. The uniformity of the yarn
structure has a significant influence on the perception of light passing through it. In the case of wool
and polyester fabrics, where the yarns used are the
most voluminous (Figure 5), the pores are the smallest and consequently the differences in light colour
are the greatest (Figure 6). The passage of photons
through the pores has no effect on their transformation, whereas the passage of photons through the
yarn significantly transforms them, resulting in a
greater change in colour (Figure 6). The degree of
whiteness varies significantly, where wool has the
lowest level of whiteness and poliester the highest, the
latter being a consequence of high amount of optical
brightening agents.

3.3 Colour differences

Colour differences ΔE*ab of individual colour patches
are presented in Figure 8. A red line indicates the
value 2, which illustrates the boundary between the
colour differences that can be recognized by any
observer. Figure 9 shows the average values of all
measurements according to the tested light sources
and fabrics.
The average colour differences (Figure 8) show that
the greatest differences occur with the halogen

Table 4: Specification of tested fabrics. Temperature of change is taken after [3, 4].
Weave density
(cm−1)

Fabric

Label

Cotton

CO

Warp
40

Linen

LI

20

Wool

WO
PA
PES

30
90
20

Polyamide
Polyester

Weft
40
20
20
40
20

Weave

Thickness
(mm)

CIE x

CIE y

CIE Y

plain
plain
plain
plain
plain

0.228
0.435
0.359
0.140
0.445

0.318
0.327
0.338
0.317
0.294

0.336
0.345
0.358
0.334
0.306

91.57 79.71
80.80 46.44
69.84 (4.58)
90.29 82.63
86.95 145.29

Figure 5: Images of tested fabrics under 40× magnification

W

Temperature
of change
(°C)
150
150
150
223–265
270
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Figure 6: CIELAB values of tested fabrics

Figure 7: Colour comparison of tested fabrics

Figure 8: Average values of the colour differences ΔE*ab of twenty-four colour patches for each tested light source
and fabric combination

Different Textile Materials as Light Shaping Attachments in Studio Photography and Their Influence on Colour Reproduction

Figure 9: Average values of colour differences for each
light source and fabric
light source (marked H) and independently of the
fabric used. The values are between 2.86 and 3.37,
indicating a recognizable difference between the
colours. The other four tested light sources give
better average results, as the average colour differences according to Figure 8 are between 1.99 and
2.27. Xenon light (marked with an X) causes the
smallest colour differences when using different
fabrics, however, we observe a large difference in
the illumination through polyester (PES). The LED
light sources L3, L5 and L6 give similar results,
but individual differences are noticeable, i.e. in the
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combinations L5/LI and L3/WO. The smallest colour differences were measured when using linen
(LI) and polyamide (PA), followed by cotton (CO).
Wool (WO) is the least suitable, due to the large
colour difference reflected by all tested light sources. The same applies to PES, which however shows
completely different deviation tendencies than WO
under different light conditions.
When comparing the colour differences in xenon
flash illumination, it was noticed that PES causes a
large colour difference, which is also perceived by an
inexperienced observer. The use of wool also results
in a colour difference greater than 2, but an excess
of 0.02 is neglected. From Figure 10 we can see that
the PES fabric in combination with xenon light X is
different from the other four combinations of this
light with other fabrics. It shows a greater colour shift
towards green and blue and a lower brightness. The
difference in colour hue can be related to the whiteness of the fabric (Figures 6 and 7), as the only fabric
tested did not show any yellowing. The PES fabric
is also sparsely weaved, which means that a lot of
transmitted light is undeformed, so that the colour
reproduction is affected by the cold light from light
source X. ΔC* also shows the deviation of X/PES from
other combinations with light X, as it gives the lowest
value, which means that the colours reproduced are
less pure. We conclude that the fabrics CO, LI, WO
and PA in the tested composition and weave density
are suitable for use as light shaping attachments when
using xenon light.

Figure 10: Display of colour deviations ΔC*, ΔL*, Δa* and Δb*, which occur when using different types of lighting
and fabrics
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The same trend as X/PES is shown by H/CO, i.e. a
combination of halogen light with cotton fabric. The
similarity of the mean values of the colour differences from Figure 8 is then also observed in Figure
10, where the same colour deviation is shown along
the axes L*, a*, b* and C*. CO is a slightly yellowed
fabric with a higher weave density, which means that
it reflects most of the yellow spectrum of electromagnetic waves. The rest is absorbed by the fabric, and
some of it travels on, as the textile fibres are not completely opaque and allow light to pass through. The
tested cotton fabric has a high weave density, which
means that it transmits less unshaped warm light.
This may justify the colour shift towards a greenblue hue, despite the use of a warm light source.
For comparison, we can take H/LI, whose weaving
density is half that of CO, and the yellowing is even
higher. As more unformed light is transmitted, the
colour hue differences shift towards yellow-red. Even
though some shifts in hue are similar for both X and
H lighting, the colour differences are large because
the ΔE*ab equation takes all three parameters L*, a*
and b* into account. From the results, it can be therefore concluded that the tested fabrics are not suitable
for use in combination with halogen light sources, as
the influence on the quality of colour reproduction
is too great.
The test combinations in which LED light sources
were used show similar changes in colour hue and
brightness, the only significant deviation occurs in
the L3/WO combinations, which represent warm
light at 3230 K and the use of woollen fabric. The
sparse weave density of the wool fabric causes a higher light transmission and, in combination with its
yellowing, the degree of which is the highest of all the
fabrics tested, causes the greatest shift in colour hue
towards yellow-red. Figure 10 shows that the same
trend of colour shift when using WO also occurs with
the other two LED light sources (L5 and L6). Despite
the colour shift and therefore poor colour reproduction, WO in combination with warm and cold LED
light (L3 and L6) produces cleaner colours. A third
such example is the L5/PES combination, which is
in complete agreement with the findings made in
this paragraph for wool and LED light combinations.
Other LED lighting combinations and the use of the
other four fabrics show similar results without particular variations with respect to the values L*, a*, b*
and C*. It can be concluded that the fabrics CO, LI,
PA and PES are suitable for shaping the light from

LED light sources, apart from the combination L5/
PES, which represents LED light at 5000 K and polyester fabrics.

4 Conclusion
Colour differences are influenced by the interaction
of light and fabric. Since the latter differ in colour
and weave density, they transmit different amounts
of light and absorb different parts of the visible spectrum of electromagnetic waves. Research has shown
that the quality of colour reproduction is influenced
by light sources and different properties of fabrics
used as light shaping attachments, as the final colour
impressions depend on their whiteness and weave
density. It is assumed that the opacity of textile fibres
also plays an important role, which opens new possibilities for further research.
Considering the variables of the light source and the
density and whiteness of the tested fabrics, it can be
concluded that not all combinations are suitable for
use if we want to achieve good colour reproductions.
If xenon light is used as the light source on the photographic scene, they are suitable for the use of CO, LI,
WO and PA with tested properties, whereas there are
large colour differences when PES is used. Not only
are most fabrics not suitable for use near halogen light
sources due to the high operating temperatures of the
lamps, it also turns out that the colour differences are
the largest of all tested combinations. This leads to the
conclusion that halogen lamp types, regardless of the
fabric used, are not suitable for high-quality colour
rendering. LED light sources allow the widest range
of fabrics, as the colour rendering is satisfactory when
using all but WO. An exception is the combination of
a light LED source with a colour temperature of 5000
K and the use of PES, so the use of such combination
is not recommended.
The research led to the conclusion that the most significant impact on the quality of colour reproduction
is a consequence of the whiteness of the fabric used as
light shaping attachment on the light source. The type
of the fabric has not shown itself as significant, while
its weave density plays an important role. The denser
the fabric, less opening are in it and less light is transmitted undeformed, therefore the change is lower.
While fabrics with higher weave densities transform
the light in a higher manor, resulting in more obvious
changes, in our case wool and polyester.
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Abstract

The size and distribution of the photoluminescent pigment particles within the selected binder may affect the
quality and appearance of the final print significantly. Yet, the techniques for precise evaluation of size distribution of the pigment particles within a 3D fabric space are rather limited, based on their intrinsic fluorescent
properties. The presented work demonstrates a simple screen-printing process for the sustainable application of
three different types of commercial fluorescent pigments on polyester (PES) fabric, using polydimethylsiloxane
(PDMS) as a binder. A comprehensive toolbox was used to compare and study different commercial photoluminescent pigments and their corresponding prints, by means of size distribution and concentration effect
of emission intensity, including Confocal Fluorescence Microscopy (CFM) and Scanning Electron Microscopy
(SEM) in combination with complementary spectroscopic techniques, i.e. Energy Dispersive X-ray Spectroscopy
(EDX) and Ultraviolet-visible (UV-vis) spectroscopy. The focus is on CFM utilised as a non-destructive tool, used
for the evaluation of photoluminescent pigments´ spatial distribution within printing pastes, as well as on/
within the PES fabrics.
Keywords: Photoluminescent pigments, polyester fabric, confocal fluorescent microscopy, spectroscopy

Izvleček

Velikost in porazdelitev fotoluminiscenčnih delcev pigmenta v izbranem vezivu lahko bistveno vpliva na kakovost in
videz končnega tiska. Vendar pa so tehnike za natančno oceno porazdelitve velikosti delcev pigmenta v 3-D prostoru
tkanine na podlagi njihovih notranjih fluorescenčnih lastnosti precej omejene. Predstavljeno delo opisuje preprost postopek sitotiska za trajnostno nanašanje treh različnih vrst komercialnih fluorescenčnih pigmentov na poliestrno (PES)
tkanino z uporabo polidimetilsiloksana (PDMS) kot veziva. Uporabili smo kombinacijo orodij, s katerimi smo primerjali
in proučevali različne komercialne fotoluminiscenčne pigmente in njihove ustrezne tiske s porazdelitvijo velikosti in
učinka koncentracije na intenzivnost emisij, vključno s konfokalno fluorescenčno mikroskopijo (CFM) in vrstično elek-
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tronsko mikroskopijo (SEM) v kombinaciji z disperzno rentgensko spektroskopijo (EDX) in UV-vis spektroskopijo. Glavni
poudarek je bil na CFM, ki se uporablja kot nedestruktivno orodje za oceno prostorske porazdelitve fotoluminiscenčnih
pigmentov v tiskarskih vezivih in na PES-tkanini ali v njej.
Ključne besede: fotoluminiscenčni pigmenti, poliestrna tkanina, konfokalna fluorescenčna mikroskopija, spektroskopija

1 Introduction
Textile materials with minimum utility are far off
today`s people`s needs and expectations; to this end,
functional textiles, among which the photoluminescent textiles belong, have attracted significant attention in the textiles consumers’ end-user segment [1].
Photoluminescent textiles are obtained either by
fixing pigments in the fibre or onto the polymer fibrous surface using chemical binders, by coating or
printing diverse patterns onto textile fabrics [2]. The
photoluminescent pigments as ˝glow-in-the-dark˝
powder particles are used as textile pigments for creating high-resolution patterns [3], as an alternative to
LEDs, electro-luminescent wires and optical fibres for
designing light-emitting fabrics, decoration, military
facilities, communication and transportation, fire
emergency systems, etc. One of the interesting, and
cost-acceptable applications of luminescent pigments
is the protection of the original products` originality
[4]. In general, photoluminescent pigments are immobilised onto textile fabrics by means of printing as
the most affordable and simple procedure, fostering
its use by 80% of printed merchandise [5]. Recently,
the aqueous pigment-binder spray-coating technique
was used as a facile method for production of coated
garments hosting luminescent pigments [6].
A photoluminescent pigment consists mainly of
crystals of aggregated elements and photonic traps,
where, upon light source exposure, the crystals stay
excited and keep discharging light, being supported
by photonic traps (rare elements), which extend their
phosphorescence time until the entire exhaustion
of the stored light photons. Besides their chemical
composition, the dimensions of photoluminescent
pigments and their distribution within binders, influence the print quality and final appearance of printed
material. Techniques used for precise assessment of
pigments` size and pattern distribution when printed
on fabric (s.c. in situ evaluation) are rather limited.
Instead, the segmental and micro destructive sampling is mainly utilised, followed by extensive laboratory analysis [7]. In art works and cultural heritage
examination of photoluminescent pigments` distribution, several in situ identification techniques are

in use, limited mostly to single point analysis such
as vibrational spectroscopy, laser-induced breakdown
spectroscopy and x-ray spectroscopy for atomic–level
analysis, as well as diffuse reflectance imaging, fluorescence and fluorescence lifetime imaging [7], etc.
The latter are not yet reported as relevant for evaluation of printed textiles. When only particles are considered (excluding the printed fabric), Dynamic Light
Scattering (DLS) methodology is applicable for nano
pigments, preferably for monodisperse and, ideally,
circular particles, and, as such, it is not completely
applicable for the fairly heterogeneous (photoluminescent) pigment used in textile printing. The precise
microscopic tools (such as SEM and TEM microscopy) give distribution of patterns easily; however, the
obtained information is limited to relatively small
surfaces being examined, as well as costs of equipment and the examination itself. When commercial
pigments with unknown composition and properties (particles` sizes and their distribution, excitation
wavelength, emission time, etc.) are utilised, together
with additives (binders, brighteners), the complexity
of pigments` evaluation may increase exponentially.
In the presented work, a facile procedure for
screen-printing of luminescent pigments on polyester (PES) fabrics is presented, using three types of
commercial luminescent pigments and polydimethylsiloxane (PDMS) as a binder. Commercial pigments
and their respective prints on PES fabrics were examined by complementary microscopic (SEM and CFM)
and spectroscopic (EDX and UV-vis) techniques.
Special focus in this research work is the utilisation
of CFM as a non-destructive tool for simultaneous
examination of the morphological and optical properties of photoluminescent pigments, and respective
fabric prints in a 3D spatial manner. CFM is already
used for micro particles [8−10] and auto fluorescent
pigments` assessment [11], and recently our group introduced it for assessment of pigment prints on cotton
fabric [12], wherein this work presents the translation
of a similar procedure to PES fabric. Nonetheless,
examination of the spatial distribution of photoluminescent pigments is of high relevance, since the
same was found to affect the propagation and external emission of light highly, through mechanisms
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such as charge diffusion, re-absorption, or changes
in the mean free path of the emitted photons [13].

2 Materials and methods
2.1 Materials

PES fabric in plain weave was used, with a mass of
165 g/m 2, thickness of 0.505 mm, warp density of
19 threads/cm and weft density of 21 threads/cm.
Polydimethylsiloxane (PDMS), a two-part liquid
elastomer kit, Sylgard 184 (Dow Corning, USA),
that consists of a pre-polymer base and crosslinking
curing agent in the ratio 10:1, was used as a binder.
Three (violet, blue and yellow-green) commercially
available photoluminescent pigments Sirius (Samson,
Slovenia) were utilised in the printing procedure.

2.2 Fabrication of luminescent samples by
screen-printing

Before printing, the PES fabric was washed at 40 °C
for 30 min, using a solution of 2 g/L of standard neutral non-ionic washing agent, without optical bleacher, water rinsed, and dried at ambient temperature.
Individual luminescent pigment in concentrations:
1%, 5%, 10% and 30 wt.% (per weight of PDMS) was
admixed in a PDMS binder for 5 min, using a highspeed paddle-stirring apparatus, to acquire homogeneous pigments` distribution. The prepared dispersions were applied onto PES fabric according to the
flat screen-printing procedure using a semiautomatic
printing table (Johannes Zimmer, Austria). In order
to achieve an even coverage over the entire sample, a
PES 125 mesh was used, as well as the following optimal parameters: A roll-rod diameter of 15 mm, speed
of 1 m/min, max magnet pressure, and 2 application
layers. To cross-link the PDMS, printed PES fabrics
were dried for 48 hours at ambient temperature.

2.3 Scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) spectroscopy

Morphological analysis and elemental composition of
three commercial photoluminescent pigments were
accomplished by the SEM-EDX system, using a Zeiss
Gemini Supra 35 VP Microscope (Carl Zeiss NTS
GmbH, Germany), equipped with an X-ray energy
dispersion spectrometer (EDX, Oxford Instruments,
model Inca 400). Pigments in powder form were positioned onto the holder by double carbon tapes, and
sputter coated with Palladium (Pd). 500 X magnification and 1.00 kV setting were applied.

2.4 Confocal fluorescent microscopy (CFM)

Square pieces of (non)printed PES fabric were positioned on a transparent glass holder above the 20 x
(dry) objective of an inverted CFM Leica TCS SP5
II, equipped with an LAS AF software program.
The photoluminescent pigments were excited with
an argon laser (λex = 458 nm), while the obtained
signal was detected by two hybrid detectors, with
a pre-set emission range from 500 nm to 550 nm.
High-resolution images (1024 pixels x 1024 pixels)
were obtained by image adjusted light gain and 8 x
line averaging. Each sample was depicted at several
positions, in order to check the printing uniformity
in the x-y direction, while in the z-direction (sample thickness), the confocal mode with 10 µm stack
thickness was applied, and assessed additionally by
the depth (colour) codding function. By moving the
focal plane in the z direction, up to 30 optical slices
were obtained, and combined further in a 3D image
stack for digital processing. The bright field images
were captured in parallel, to depict the pigment-lean
areas of printed PES fabrics, using a Dodt detector.
The images from both the fluorescence and bright
field channels were used in split or overlaid mode
for further assessment by the ImageJ program, an
image processing program, designed for scientific
multidimensional images, in particular, the z-project
function (for tracking of pigments` distribution within the PES fabric). In parallel, the pigments`-PDMS
binder dispersion was also coated onto the thin glass.
The particle analysis plug-in (Image J) was employed
for the assessment of the size and distribution of pigments within the PDMS binder on the glass. Pure
PES fabric and PDMS were analysed as controls.

2.5 UV–Vis spectroscopy: luminescence
decay assessment

A qualitative assessment of the luminescence decay
of the PES samples, printed with a combination of
PDMS and individual photoluminescence pigment in
different concentrations, was performed by initial, 5
min exposure of samples under UV light with a wavelength of 366 nm, within a UV chamber. Afterward,
samples were exposed immediately to deep dark
within the chamber, and after 20 seconds and 1 min,
the photos were taken. For relative quantification of
time-dependent luminescence decay, the same samples were also evaluated on a Tecan Infinite M200
Pro microplate reader in luminescence mode, without using emission filters. Printed PES fabrics were
again excited under the same conditions as for the
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qualitative assessment, and loaded immediately into
the instrument, to commence measurement. Each
decay curve was normalised by its initial intensity.
Before testing, all printed PES fabrics were exposed
to darkness for a 2-day period, to attenuate any afterglow illumination completely.

3 Results and discussion
The SEM micrographs on Figure 1 (left) depict luminescent pigment particles with irregular shape and
large heterogenicity in terms of size in all three types,
which we anticipate to be a consequence of their conventional solid-state bulk synthesis, sintering and
powdering procedures [14]. The morphologically
distinct regions, as well as large size scattering (i.e.
the presence of fine powder particles up to merged
aggregates) are present in all pigments. This is expected to affect the luminescent properties, influencing
the amount of light absorbed, and, consequently,
the emission intensity. In contrast to SEM, the CFM
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resolved a larger number of particles due to the lower magnification used. Moreover, CFM has the advantage of generating high contrast images through
optical sectioning, resulting from the superposition
of sharp features from the focal plane and blurry
features coming out of focus [15]. The CFM images
(Figure 1, middle) depicture particles embedded into
the binder, thus, excluding the necessity of examination of pigment powders, the latter having a shortage
of presenting real state spatial distribution within
the applied printing binder. The CFM data (Figure 1,
right) demonstrates wide size distribution within all
pigments in a range of 3−80 µm, which is reported
for commonly used pigments containing Eu-doped
strontium aluminates [16]. In the yellow-green pigment, the smallest fraction (d ~ 3 µm) is missing,
the same being dominant in the other two (blue and
violet) pigments, which can be one of the factors contributing to the highest glowing intensity over the
other two types at the same concentration. The size
distribution of the violet pigment differs significantly
when compared to the other two pigments in terms

Figure 1: SEM micrographs (left), CFM micrographs (middle) and size distribution extracted (right) from
CFM images of a) violet, b) blue and c) yellow-green luminescent pigments. The scale bar in the CFM images
corresponds to 250 µm.
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Table 1: EDX data of violet, blue and yellow-green photoluminescent pigments
Violet pigment
Element
OK

Blue pigment

Atomic
Weight
percentage percentage

Element

Yellow-green pigment

Weight
Atomic
percentage percentage

Element

34.82

65.54

OK

31.68

73.21

OK

Al K

17.72

19.78

Mg K

3.69

5.62

Sr L

34.28

11.78

Cl K

1.84

1.92

Pd L

5.10

1.44

Sr L

29.76

Eu M

8.08

1.45

Ta M
WM

Weight
Atomic
percentage percentage
34.82

65.54

Al K

17.72

19.78

Sr L

34.28

11.78

12.56

Pd L

5.10

1.44

17.67

3.61

Eu M

8.08

1.45

15.36

3.09

of count, which is approximately three times higher
for particles in the 3-30 µm range, yet the presence of
larger, irregular particles in this pigment is expected
to decrease the luminescence intensity [17].
The EDX data, gathered in Table 1, identify the presence of the rare earth element europium (Eu), in the
yellow-green and violet pigments. Eu is known as
a photoluminescent pigments’ dopant [18]. Besides
Eu, the yellow-green pigment contains strontium
(Sr), aluminium (Al) and oxygen (O), which suggest
the presence of strontium aluminates, also having
phosphorescent properties, long afterglow at room
temperature, and broad spectrum distribution of
luminescence from the blue to green region. In the
case of the violet pigment, the calcium aluminate
elements were identified, presumably as mixed compounds rather than a particular phase. As relatively
diverse compositional profiles were identified for
each pigment, we can speculate on the combined
effect of composition, and size/distribution profile
of pigments, the latter seeking further investigation
involving fractionation and comparison of effects of
by size-resolved components.
As promising for identification of pigments` size and
distribution within the PDMS binder, the CFM was
used further for the investigation of the 3D spatial
distribution of pigments when printed on PES fabric.
Indeed, CFM permits depiction and localisation of
the fluorescing compounds unambiguously at light
microscopy resolution [8], offering a non-destructive
method for in-depth imaging, without demanding
preparation [19], sometimes even without the need
of additional fluorescent labelling [20, 21] which is
also the case for PES fabric. This is due to the point
by point illumination of samples, and rejection of out
of focus light, which enables acquisition of z- stack
(thickness) images and construction of 3D micrographs [22, 23]. The same imaging parameters were

applied for both pigments and PES fabrics. Under a
specified excitation wavelength (λex = 458 nm), the
particles were visualised clearly and distinguished
from the PES fabric (Figure 2), which itself exhibited a fluorescent signal tracked by a parallel detector.
Image collects the maximum intensity signal from
the consecutive images. Interestingly, the increase
in pigment concentration from 1 up to 10 wt.% does
not supplement the fluorescence signal significantly; the same can also be observed in the fluorescence
emission photographs (Figure 4). Relatively homogeneous distribution of pigments was observed from the
maximum intensity image, like within single pigment
analysis, which points-out the suitability of the selected pigment-binder-printing procedure, allowing
homogeneous distribution. At the same concentration
(5%), the yellow-green pigment provides the largest
filler pores´ blocking effect, due to the domination of
large particle fractions over the other pigments.
Printed pigments were observed within an inspected thickness (< 300 µm), and not through the whole
fabric thickness, as the thickness value is in the function of an objective aperture. To visualise the distribution of pigments in the z axis better (thickness),
a colour-coded projection is presented in Figure 3,
demonstrating the inclusion of printed particles in
deeper regions of the PES fabric. Bonding of pigments
on individual PES yarns is pronounced in the case of
the blue pigment (Figure 3a), which is not the case
with the yellow-green pigment (Figure 3b), where the
presence of fibrous, fibre-like glowing impurities and
significantly different pigment particles by means of
structure and size are observed.
For the macroscopic investigation of printed PES
fabrics, the same were illuminated with UV at 254
nm and 366 nm, and further depictured (Figure 4)
and evaluated by means of afterglow decay kinetic
(Figure 5).

Confocal Fluorescence Microscopy as a Tool for Assessment of Photoluminescent Pigments Print on Polyester Fabric
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Figure 2: CFM micrographs of PES fabric a) without (reference) and with 5% of b) violet, c) blue and d) yellowgreen pigment; obtained by fabric excitation by argon laser at λex = 458 nm and signal accumulation by two
hybrid detectors, with a pre-set emission range from 500 nm to 550 nm range. The white scale bar corresponds
to 250 µm in all CFM micrographs.

a)

b)

Figure 3: CFM micrographs of PES fabric with 5% of a) blue and b) yellow-green pigment; obtained by fabric
excitation by argon laser at λex = 458 nm and signal accumulation by two hybrid detectors, with a pre-set
emission range from 500 nm to 550 nm. The white scale bar corresponds to 250 µm in all CFM micrographs. The
colour scale bar refers to the image colours presenting the relative z depth, where glowing particles are positioned.
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Figure 4: Photographs of screen-printed PES with 1%, 5%, 10%
and 30 % of a) yellow-green; b) violet and c) blue
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pigments in PDMS; excited within a UV chamber at 254 nm3,00E+07
and 366 nm for 5 min
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Figure 5: Luminescence decay curves
of screen-printed PES with 1%, 5% and 10 % of a) yellow-green; b) violet
PES + 5% blue pigment
and c) blue pigments in a 180 min
period
PES + 10% blue pigment
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From the photographs in Figure 4, an expected increase in luminescence intensity could be observed,
with the increase in pigment’s concentration (irrespective of pigment type), while, among different
pigments, the intensity decreased in the order yellow-green > blue > violet at the same concentrations.
Luminescence decay curves, presented in Figure 5
were obtained from the relatively wide time span
measurement, i.e. from 1 up to 180 min. The presence of rare earth aluminates activated by Eu brought
the highest emission intensity in the yellow-green
pigment, as well as the longest afterglow, compared
to the other two pigments.

4 Conclusion
Three commercial photoluminescent pigments
were evaluated by complementary microscopic and
spectroscopic techniques, before and after being
screen-printed onto PES fabric by use of a PDMS
binder. Herein, we identify CFM as an advanced,
non-destructive visualisation tool for pigments` assessment by means of their size distribution, as well
as 3D (spatial) distribution, within a binder and PES
textile fabric. The proposed assessment procedure
can be applied further in analysis related to the conservation of artefacts. In this preliminary work we
speculate on the potential size and distribution effect of particles onto their glowing intensity, and it’s
complementing with the effect of their composition.
Yet, further investigation and analysis are needed
(e.g., including pre-fractionation of pigments) before
providing a solid statement for our findings.
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Abstract

The protective shield effectiveness (SE) of copper-coated polyamide and polyester interlining fabrics at frequencies of 1.8 GHz, 2.1 GHz and 2.4 GHz are presented in this study. These fabrics were treated through 10 cycles
of dry and wet cleaning. After the characterization of shield effectiveness, fabrics were stored in a dark and
dry place. On the basis of the SE values at all measured frequencies, it was confirmed that the copper-coated
protective polyester fabric had better SE durability under storage conditions than the copper-coated polyamide
fabric. Accordingly, the copper-coated polyester interlining fabric is more suitable for integration into functional
clothing due to its use cycle.
Keywords: interlining copper-coated fabrics, electromagnetic shield, storage, dry cleaning, wet cleaning.

Izvleček

V raziskavi je predstavljena učinkovitost z bakrom prevlečenih poliamidnih in poliestrnih tkanin pred elektromagnetnim
sevanjem (EMS) pri frekvencah 1,8 GHz, 2,1 GHz in 2,4 GHz. Tkanine so bile 10-krat kemično čiščene in prane. Po karakterizaciji učinkovitosti zaščite pred sevanjem EMS so bile tkanine shranjene v temnem in suhem prostoru. Na podlagi
izmerjenih vrednosti zaščite pred EMS pri vseh proučevanih frekvencah je bilo potrjeno, da je z bakrom prevlečena
poliestrna tkanina pri skladiščenju obstojnejša kot z bakrom prevlečena poliamidna tkanina. Iz teh ugotovitev izhaja,
da je zaradi načina uporabe z bakrom prevlečena poliestrna tkanina primernejša za vgradnjo v funkcionalna oblačila
kot medvloga.
Ključne besede: medvloga, prevlečena z bakrenim premazom, elektromagnetna zaščita, skladiščenje, kemično čiščenje,
pranje
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1 Introduction
Mobile technology has made significant progress in
recent decades and it is difficult to imagine everyday
activities and tasks without mobile phones, tablets
and laptops. Wi-Fi has become a “must have”, resulting in an increase in exposure to radio frequency electromagnetic (EM) fields. Base stations offer
good signal coverage that cannot avoid the impact
of electromagnetic radiation, even in the open [1, 2].
It is assumed that the pathogenic electromagnetic radiation of various modern technologies surrounding
mankind is 100 to 200 million times stronger than
100 years ago [4].
The intensive technological development of new electric and electronic devices and gadgets resulted in
demand for increased control of technology’s negative impact and a way to prevent that impact. This
is why limits on EM emissions for all electric and
electronic devices were set to minimise the possibility
of radio and wireless communications interfering
with human and other organisms. Among other numerous solutions, textile materials and products have
attracted considerable attention, primarily due to
their diversified and comprehensive application [5].
The intensive development of textile products with
EM shield effect properties has attracted considerable
interest of researchers, and the textile and garment

industries, which have been trying to manufacture
woven and knitted fabrics, as well as garments with
EM shield effect properties [6−8].
The research in this paper focused on monitoring the
durability of shield effectiveness (SE) of the S1 and
S2 copper-coated interlining fabrics, the purpose of
which is protection (shielding) against electromagnetic microwave radiation. The impact of 10 cycles
of professional care processes, dry and wet cleaning, and storage time over a period of seven years on
SE properties was evaluated at frequencies 1.8 GHz,
2.1 GHz and 2.4 GHz.

2 Materials and methods
2.1 Materials

The durability of protective effects was tested on copper-coated polyamide (S1) and polyester (S2) interlining fabrics woven in plain weave (P1/1). They are
intended to be sewn into the pockets of garments
(jackets, coats, trousers and other garments) in which
mobile devices are most commonly carried. The S2
copper-coated polyester interlining has a mass per
unit area that is approximately 28 g/m2 higher than
that of the S1 polyamide interlining. The basic properties of the S1 and S2 copper-coated protective interlining fabrics are shown in Table 1.

Figure 1: Exposure to radio frequency electromagnetic radiation outdoors and indoors [3]
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Table 1: Basic characteristics of the S1 and S2 protective copper-coated interlining fabrics
Characteristics

S1

S2

Raw material composition

100% polyamide filament

100% polyester fibre

Mass per unit area (g/m2)

57.0

84.8

Warp yarn density (ends/cm)

50

58

Weft yarn density (picks/cm)

25

40

Warp yarn count (tex)

6.35

7.36

Weft yarn count (tex)

6.1

9.71

Fabric thickness – untreated (mm)

0.11

0.08

Fabric thickness – 10
dry-cleaning processes (mm)

0.07

0.07

Fabric thickness – 10
wet-cleaning processes (mm)

0.07

0.08

Plain weave (1/1)

Plain weave (1/1)

Sample image

Fabric weave structure

2.2 Methods

intended for antistatic effects and a good cleaning
effect (w = 2%) was added in the first PERC bath.
The process specified in Table 2 was performed in a
dry-cleaning machine with a load of 16 kg. Protective
interlining fabrics measuring 1 m x 1 m were drycleaned in 10 cycles and interphase ironed at 110 °C.

2.2.1 Dry cleaning
The dry-cleaning process (DC) was performed in
a two-bath procedure. A special detergent formulated with new, biodegradable cationic surfactants
Table 2: Dry-cleaning process

1st bath

2nd bath

Pre-cleaning

Cleaning

20

20

60

4

6

30 (5/5)

Number of revolutions (min )

300

360

-

PERC (l)

20

40

-

Detergent

2%

-

-

Bath ratio (BR)

1:2

1:4

-

Parameters
Temperature (°C)
Time (min)
−1

a)

a)

perchloroethylene

Drying
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Dry cleaning as a professional care process was carried
out according to the HRN EN ISO 3175-2 standard.
2.2.2 Wet cleaning
The wet-cleaning procedure (WC) was carried out in a
Renzacci wet-cleaning machine according to the cleaning program for highly sensitive fabrics in four stages:
• pre-treatment, 20 °C
• processing – wet cleaning, special, formulated detergent, 20 °C, 10 min
• after-treatment, QAC – quarternary ammonium
compound in combination with ethoxylated fatty
alcohol, 20 °C, 3 min
• drying in tumbler (60 °C, 2 min) combined with
ambient relaxation.
Wet cleaning of the S1 and S2 interlining fabrics
measuring 1 m x 1 m was carried out according to
the HRN EN ISO 3175-3 standard.

2.3 Measurement of EM shielding
effectiveness (SE)

The impact of professional care cycles and storage
in the dark under ambient conditions on shielding properties of the tested fabrics was tested using
the method developed at the University of Zagreb
Faculty of Electrical Engineering and Computing
in the Microwave Laboratory of the Department of
Wireless Communications. The measurement of the
effectiveness of the EM shielding was carried out using the measurement equipment (NARDA SRM 3000
measuring instrument, HP 8350 B signal generator,
IEV horn antenna – A12 type and the frame for the
shielding fabric (1 m × 1 m) made according to the
recommendations of the international IEE-STD 29997, MIL STD 285 and ASTM D-4935-89 standards
[9−11].
The EM protection factor was determined as the ratio
between the EM field intensity (E0) measured without
the test material and the EM field intensity (E1) with
the material placed between the radiation source and
the measuring device. Shield effectiveness (SE), expressed in dB, is calculated according to equation 1
[13, 14]:
𝑆𝑆𝑆𝑆 = 20 𝑙𝑙𝑙𝑙𝑙𝑙

𝐸𝐸)
𝐸𝐸*

(1)

Measurements of the SE properties of functional protective fabrics before and after 10 cycles of dry and
wet cleaning were taken at frequencies of 1.8 GHz,
2.1 GHz and 2.4 GHz in March 2013. The same fabric

Figure 2: Measurement set up [12]
samples with known SE properties were stored in
a dark room for a period of seven years. Repeated
measurements at the same frequencies were carried
out in March 2020.
The change in shield effectiveness of the S1 and S2 interlining fabrics after 10 cycles of professional treatments
and dwell time were expressed using equations 2−4:
𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑆𝑆% − 𝑆𝑆𝑆𝑆'(

(2)

𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑆𝑆% − 𝑆𝑆𝑆𝑆'

(4)

𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑆𝑆𝑆𝑆% − 𝑆𝑆𝑆𝑆'(

(3)

where SE0 represents the initial shield effectiveness of
interlining fabrics, SEDC represents the shield effectiveness of interlining fabrics after 10 dry-cleaning
cycles, SEWC represents the shield effectiveness of interlining fabrics after 10 wet-cleaning cycles, and SEs
the shield effectiveness of stored interlining fabrics.

3 Results and discussion
The results of the effectiveness of the SE protection of
the face and back side of the tested protective interlining fabrics before and after 10 cycles of professional care, and after storage in a dark room are presented
in Tables 3 and 4, and Figure 3.
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Table 3: SE of the face side of the S1 and S2 interlining fabrics before and after 10 cycles of professional care (DC
and WC) in the periods 2013 and 2020
SE (dB)
Frequency
(GHz)

1.8
2.1
2.4

Period

Prior DC and WC
S1 – face

S2 – face

After 10th DC

After 10th WC

S1 – face

S2 – face

S1 – face

S2 – face

2013

21.07

14.32

1.85

5.81

0.07

4.42

2020

14.46

14.00

0.70

5.50

0

4.09

2013

25.68

13.58

3.11

5.26

0.06

4.49

2020

18.02

12.84

0.24

5.06

0

4.18

2013

21.36

17.78

2.85

5.74

0.02

4.67

2020

16.28

17.05

0.41

5.28

0

4.21

Table 3 shows the results of the effectiveness of SE
protection on the face of the S1 and S2 interlining fabrics, and Table 4 shows the results of the effectiveness
of the SE protection on the back side of the S1 and S2
interlining fabrics.
The presented results show that the SE values of the
S1 and S2 protective fabrics decrease under the influence of 10 cycles of dry and wet cleaning in relation to
the initial values at all tested frequencies. The results
confirm that the dry and wet-cleaning processes have
affected the decline in SE properties. The SE resistance of the S2 fabric to dry and wet cleaning is better
than of the S1 fabric, which has almost completely
lost its protective properties after 10 cycles of dry and
wet cleaning.
A similar trend can be seen in the decrease in the
protective properties of these fabrics during the dwell
period of over seven years. The reduction index under the influence of storage is significantly higher for
the S1 fabric than the S2 fabric. The influence of the

measurement frequency of the SE properties is also
observed, whereby it decreased by 6.61 dB at 1.8 GHz,
by 7.66 dB at 2.1 GHz and by 5.08 dB at a frequency of
2.4 GHz for the S1 fabric. Based on previous studies
of the initial SE properties using SEM images [11, 12],
the recognised differences in fabrics can be attributed
to compactness and better state of preservation of
copper coating on the S2 fabric compared to the S1
fabric.
The results of the SE properties of the back side of
the S1 and S2 protective fabrics show similar changes like on the face of these fabrics after 10 cycles of
professional care and dwell time. The decrease in the
SE value for the S1 protective fabric depends on the
frequencies, whereby at 1.8 GHz the decrease of SE
by 6.81 dB was measured, at 2.1 GHz by 6.71 dB and
at a frequency of 2.4 GHz by 4.67 dB. A much smaller
drop in SE was recorded for the S2 protective interlining fabric, i.e. at all tested frequencies it was less
than 1 dB.

Table 4: SE of the back side of the S1 and S2 interlining fabrics before and after 10 cycles of professional care
(DC and WC) in periods 2013 and 2020
Frequency
(GHz)

1.8
2.1
2.4

SE (dB)
Period

Prior DC and WC

After 10th DC

After 10th WC

S1 – back

S2 – back

S1 – back

S2 – back

S1 – back

S2 – back

2013

21.82

14.96

2.46

5.95

0.10

4.89

2020

15.01

14.44

0.90

5.72

0

4.63

2013

26.13

14.37

4.49

5.56

0.06

4.91

2020

19.42

13.76

0.76

5.34

0

4.48

2013

22.08

18.43

3.82

6.12

0.09

5.13

2020

17.41

18.12

1.02

6.04

0

4.72
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25
20
d SE (dB)

The results in Tables 3 and 4 show that the face and
back of the S2 protective interlining fabric have a very
good resistance to storage. On the basis of these performances and its better resistance to professional
care conditions, it can be concluded that the S2 fabric
is more acceptable as a built-in interlining fabric than
the S1 fabric. These characteristics are significant taking into account the expected life cycle of garments
with integrated interlinings of 5 to 7 years [15].
Figure 3 shows the change in shield effectiveness
(dSE) of the S1 and S2 protective interlining fabrics
after 10 cycles of dry and wet cleaning.

15
10
5
0

30

S1 – face

25

1.8 GHz

d SE (dB)

20

2.1 GHz

2.4 GHz

Figure 4: Change in shield effectiveness (dSE) of the S1
and S2 protective interlining fabrics after dwell time

15
10
5
0

S2 - face

S1 – face

S2 - face

S1 – face

After 10th DC
1.8 GHz

S2 - face

After 10th WC
2.1 GHz

2.4 GHz

Figure 3: Change in shield effectiveness (dSE) of the S1
and S2 protective interlining fabrics after 10 cycles of
dry and wet cleaning
The change in SE of the S1 and S2 interlining fabric
after 10 cycles of dry and wet cleaning is different,
i.e. Figure 3. The impact of the dry-cleaning process
on dSE of fabric S1 depends on the frequency and is
manifested through the somewhat better preservation of shield effectiveness on higher frequencies. The
dry-cleaning process is a better option for preservation of the SE properties of S1 than the wet-cleaning
process. The change in SE of protective interlining
fabric S2 after 10 cycles of dry and wet cleaning is
smaller when compared to S1. The impact of both
processes on dSE of S2 is similar. The difference in
SE properties of fabric S2 after the process of dry and
wet cleaning at frequencies 1.8 GHz and 2.1 GHz is
less than at frequency 2.4. GHz.
Figure 4 shows the change in shield effectiveness
(dSE) of the S1 and S2 protective interlining fabrics
after dwell time.

The impact of dwell time on the dSE of the S1 fabric
presented in Figure 4 depends on the frequency at
which the degree of protection was measured. The
change in SE is prominent at the middle frequency
of 2.1 GHz and less prominent at the frequency of
2.4 GHz. The initial SE of the S2 fabric is lower compared to the S1 fabric, but the impact of ageing on
the change in protective properties of the S2 fabric is
insignificant compared with the S1 fabric. Despite the
fact that the initial SE properties are weaker, this fabric possesses better stability of protective properties
on ageing and better acceptability for incorporation
into cloth.

4 Conclusion
Measurements of SE properties of the face and back
of the polyamide (S1) and polyester (S2) protective
lining fabrics showed differences between these
fabrics before and after professional care cycles and
storage, despite the fact that both are copper-coated.
Professional care cycles of the S1 fabric resulted in a
decline in SE properties at all frequencies, while the
durability of protection properties of the S2 fabric
was significantly better. The analysis of the obtained
results of stability to storage of untreated fabrics
showed a decrease in the SE value of the face and
back of the S1 protective lining fabric, depending
on the frequencies. In a comparative analysis of the
SE results of the face and back of the S2 protective

Durability of Shield Effectiveness of Copper-Coated Interlining Fabrics

fabric, the SE drop was up to 1 dB at all measured
frequencies. The same trend was achieved after 10
cycles of professional care.
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Abstract

Biodegradable polymers are currently discussed for applications in different fields and are becoming of
increasing interest in textile research. While a plethora of work has been done for PLA in medical textiles,
other biodegradable polymers and their textile application fields are studied less often, presumably due
to higher costs and fewer market opportunities. However, some are emerging from research to pilot scale,
and are already utilized commercially in packaging and other sectors but not, unfortunately, in textiles. The
commercialisation of such polymers is fuelled by improved biotechnological production processes, showing that textile applications are increasingly conceivable for the future. Additionally, commonly accepted
definitions for biodegradability are probably misleading, if they are used to estimate the environmental
burden of waste management or recycling of such materials. In this review, the current state of research in
the field of biodegradable polymers for the application in textile materials is presented to identify emerging
developments for new textile applications. It was clearly seen that PLA is most dominant in that field, while
others facilitate new options in the future. The production costs of raw materials and the current patent
situation are also evaluated. A special focus is placed on fibre raw materials, coatings, and additives for
clothing and technical textiles. Fibre-reinforced composites are excluded, since polymers applied for the
matrix component require very different properties compared to the textile materials. This represents a
topic to be discussed separately. As a result, these new biodegradable polymers might serve as interesting
coating materials for textiles that seem to sneak on to the textile market, as the patent search for such
coating formulations suggests. Moreover, new biodegradable fibrous materials for clothing applications can
be suggested, but some material properties must be addressed to render them processable on common
textile machines.
Keywords: biodegradable polymers, recycling, biodegradability, PLA, textile coatings

Izvleček

Danes so biorazgradljivi polimeri predmet razprav za rabo na različnih področjih in postajajo čedalje bolj priljubljeni v raziskavah na področju tekstilstva. Medtem ko je raziskav rabe PLA za medicinske tekstilije veliko, pa
se drugi biološko razgradljivi polimeri in njihova raba v tekstilstvu verjetno zaradi večjih stroškov in manjših
tržnih možnosti proučujejo manj pogosto. Nekateri od njih so že na stopnji pilotskih raziskav in jih že tržijo za
embalažo in v drugih sektorjih, na področju tekstilij pa žal še ne. Trženje takšnih polimerov spodbujajo izboljšani
biotehnološki proizvodni procesi, kar kaže, da bo v prihodnosti njihova raba za tekstilije bolj razširjena. Poleg
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tega splošno sprejete opredelitve biorazgradljivosti verjetno vodijo do zavajajočih sklepov, če se upoštevajo le
ocene obremenitve okolja z ravnanjem z odpadki ali recikliranjem takšnih materialov. V tem pregledu je podano
trenutno stanje raziskav na področju biološko razgradljivih polimerov za rabo na področju tekstilij z namenom,
da bi identificirali nastajajoči razvoj novih tekstilnih aplikacij. Ugotovljeno je bilo, da na področju tekstilne rabe
prevladuje PLA, medtem ko drugi polimeri odpirajo nove možnosti v prihodnosti. Ocenjeni so tudi proizvodni stroški
surovin in trenutno stanje patentov. Poseben poudarek je na tekstilnih surovinah, premazih in aditivih za tekstilije
za oblačila in tehnične namene. Kompoziti, ojačeni z vlakni, niso zajeti, ker so zahtevane lastnosti za polimerne
matrice drugačne kot za tekstilije in bi to področje moralo biti obravnavano posebej. Novi biološko razgradljivi
polimeri bi se lahko uporabljali kot funkcionalni premazi na tekstilijah, saj jih, kot je mogoče razbrati iz poizvedb
za tovrstne patentirane formulacije premazov, že tržijo tudi za področje tekstilij. Predlagati je mogoče tudi nova
biološko razgradljiva vlakna za oblačila, vendar je treba nekatere njihove lastnosti prilagoditi, da jih bo mogoče
predelovati na standardnih tekstilnih strojih.
Ključne besede: biorazgradljivi polimeri, recikliranje, biorazgradljivost, PLA, tekstilni premazi

1 Introduction

2 Definitions

Current legislation and increasing public awareness about polymer waste call for new options in
the recycling of such materials. While everyday
products such as bags, nettings or packaging materials are already manufactured from biodegradable
plastics to some extent, the development of textile
products appears to be more challenging. In this
overview, only synthetic polymers are discussed,
since natural polymers like cellulose or proteins are
already well-known and utilized in the textile sector. Therefore, this report will focus on manmade
polymers for textile purposes. In this narrowed
field, primarily three applications can be considered:
fibre-reinforced composites, fibrous substrates and
coatings/finishings. The first field has been already
widely addressed and thus will not be discussed
here. However, interesting options emerge in the
latter two sectors of fibrous substrates and textile
coating materials. The majority of publications for
biodegradable fibrous substrates address the medical sector and, to a lesser extent, technical textiles.
Thus, a systematic literature review was conducted
to identify previously evaluated materials and developments, as well as new opportunities in these
fields. Biodegradable textile coatings are even less
prominent in the literature, so a patent search was
also conducted.
Moreover, commonly accepted definitions for the
term “Biodegradability” do not address environmental requirements sufficiently, since degradation
products are either defined too strictly or are left
completely vague. An extended definition may serve
to characterize possible future products more meaningfully instead.

The term biodegradability needs to be defined first,
since every material will degrade in the environment
over a sufficient amount of time and/or under appropriate environmental conditions. To narrow down the
temporal and environmental conditions, consideration of the field of application looks promising. For the
medical sector, the timeframe should be in the range
of the targeted duration of therapy, which may be in
the order of several weeks or less, while environmental conditions are physiological (nearly neutral pH,
37 °C, water-based surrounding, etc.). For technical
textiles, the definition will obviously be different,
since degradation is meant to be fulfilled by microorganisms. In this context, the OECD (Organisation
for Economic Co-operation and Development) gives
four classifications of biodegradability [1]:
• primary biodegradation
It is understood as the loss of certain properties of a
material; consequently no complete decomposition
has to occur.
• ultimate biodegradation
Here the material hast to be decomposed c ompletely
into carbon dioxide, water, minerals, and potential biomass (of the microorganism involved in the
degradation).
• readily biodegradable
Materials screened by strict tests on ultimate biodegradability that assume a rapid and complete biodegradation in aquatic environments.
• inherently biodegradable
Materials in this class exhibit unambiguous biodegradation behaviour in any tests.
These definitions and the associated test methods
all address degradation in natural environments
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and asses material degradation by direct or indirect
measures of organic carbon, usually after 28 days.
However, the transformation products of the degradation process and possible non-degradable residues
are not taken into account by these definitions and
tests, but must be assessed for a complete picture. If
those residues exist and are bio-accumulative, the
continuous emission of small amounts may lead to
future issues, as seen in fluorinated compounds today. For this reason, such tests only deliver useful
results if the material is completely degraded into
carbon dioxide, biomass and water.
In a practical example, the biodegradability of mineral oils was investigated and found to be up to 70%
in some cases by using a test method where the timeframe was 20 weeks (CEC-L-33 A-93). Testing was
done by extracting the oil soluble phase and subsequent infrared spectroscopy using the 2950 cm-1
band of CH-vibrations. It remained unclear what
kind of residues are present in the extract and also
which metabolites remained in the aqueous phase
[2]. Although some sources consider this method as
outdated, [3] other actual sources such as OECD 301
and the above-mentioned OECD definitions also do
not evaluate residues.
For the context of this report, the OECD definitions
above, except primary biodegradability, and an extended degradation time of up to one year, will serve
valid criteria for review.
While this definition addresses only natural environmental conditions, industrial composting is also
considered a form of biodegradation in the context of
this report. Several standards do exist to characterize
the industrial compostability of materials, usually demanding a 90 % decomposition in 180 days, [4] where
the EN 13432 is probably the most common standard.
An additional classification to biodegradable must
be introduced for this review, which will be named
bioneutral degradation (see Figure 1 for a summary of its definition). While biodegradability requires
the complete breakdown into water, carbon dioxide
and biomass, bioneutral degradability will include
every substance that will break down into naturally
occurring substances in the respective eco system.
For practical application, it can be assumed that
these reaction products will blend into the natural
substance cycles, without significant environmental
impacts. This is obviously a question of quantity as
for the definition of biodegradability as well. It can
be assumed that such residues will be degraded into
carbon dioxide and water after some time.

Figure 1: Concept of bioneutral degradability
Therefore, literature for this overview qualifies if it is
about a manmade polymer and meets at least one of
the three following criteria:
• biodegradable under physiological conditions;
• biodegradable or bioneutral degradable in natural environments with respect to [1], or materials
assumed to fit in that category; and
• biodegradable in industrial composting similar
to EN 13432, or materials assumed to fit in that
category.
Materials that are not tested explicitly but can be assumed to fit in these categories are not excluded to
ensure the widest overview on current substances.

3 Materials
Most synthetic biodegradable polymers can be categorized either as plant-based, microorganism-based
or animal-based. The latter consists mainly of chitin
and its derivatives and gelatine, which is rarely used
to produce fibrous materials. However, chitosan is often utilized in antibacterial textile finishing. Polymer
materials produced by microorganisms can be alginate-based materials, but also polymeric esters,
proteins and other biological macro molecules, since
such organisms can be easily genetically modified
to produce a wide variety of materials. Plant-based
polymers are mostly based on carbohydrates and
can be obtained from starchy or cellulosic biomass.
Polymers of greater interest in the field of biodegradable polymers are polylactic acid (PLA), and polyhydroxy alkanoates (polyhydroxy fatty acids). PLA is a
very common thermoplastic for many applications
including melt spinning into fibres, mainly for medical applications. It is also used for the 3D-printing
of structures on textile materials [5].
In general terms, most biodegradable polymers are
esters, since hydrolytic cleavage of esters by enzymes
is a common reaction in nature (see Figure 2). It is
further assumed that aliphatic esters are of better
degradability than aromatic ones, since the former
may fit better in enzymatic active sites [6].
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Figure 2: Hydrolytic cleavage of aliphatic and aromatic esters; hydrolysis is greatly accelerated by catalysts such
as strong acids and bases, but also enzymes. Aromatic esters contain at least one aromatic carbon ring system,
either in the alcohol or in the acid part.

Figure 3: Stages of hydrolysis for polymeric esters, according to new and old definitions
Polyhydroxy alkanoates (PHA) are a class of polymers formally consisting of a fatty acid chain, with
an additional hydroxyl group that can be used to
form ester linkages between monomers, which places
them in the class of bio-polyesters. The degradation
of polymeric esters by hydrolysis can reach different
endpoints as shown in Figure 3, while ultimate degradation will lead to carbon dioxide and water.
PHAs can be synthesized by different bacteria, which
lead to the different types of esters [7]. Bacteria use
these structures for energy storage and internally
depolymerize these molecules for energy production.
Since most PHA polymers also depolymerize under
human physiological conditions, they also are used
in the medical field in non-textile areas like implants,
etc. [8]. The decomposition products will be hydroxyl
alkanoates, i.e. fatty acids, which will be easily degradable by most natural organisms.
Beside the inherent bioneutral degradation capability
of such polymers, it is interesting to note that homopolymers as well as copolymers can be synthesized by using different substrates for the bacteria.
Furthermore, changing the substrates over time also

allows for the production of block-copolymers [9].
Variations of chemically modified substrates can
also be used to produce modified polymers [10]. In
such cases, however, the environmental impact and
corresponding biodegradability must be assessed
individually.
The main drawback of these polymer types is the
high cost. Although new developments led to a high
yield of polymer output in bio reactors, production
costs are governed by the raw materials, namely fatty
acids. Production efficiency can possibly be increased
through the bioengineering of the corresponding
microorganisms, while the optimization of the fermentation process may lead to lower production costs
[11]. Moreover, PHA polymers may be suitable for
specialized applications, where low costs are not the
main requirement.
Another natural carboxylic acid is hexanoic acid, or
capronic acid. The cyclic form ε-capro lactone can
be polymerized into poly-ε-caprolactone (PCL). The
material can thus be understood as related to PHA.
Monomeric raw material is usually produced industrially through the oxidation of cyclohexanone that
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was derived from benzene in the first place. Most of
the PCL available on the market is therefore of fossil
origin, although biodegradable. Recent developments
show processes for synthesizing capronic acid from
corn stover and also discuss market opportunities for
this approach [12], potentially rendering the polymer
bio-based and biodegradable.
Polylactic acid (PLA) and polybutylene succinate
(PBS) are also polymers built from natural monomers, so that their decomposition products will
be lactic acid, succinic acid and a diol component.
Because these building blocks are available on large
industrial scales, a significant cost advantage can be
achieved compared to PHA.
PLA can be manufactured in three different ways: the
direct condensation of lactic acid, azeotropic condensation, and ring opening polymerization after prior
lactide formation (cyclic lactic acid dimers), where
the last two methods are the most common ones [13].
The raw material for all processes is lactic acid, which
can be produced either by chemical synthesis or the
fermentation of carbohydrates. The last process is
widely investigated and optimized, so that most of
the lactic acid for technical applications is produced
in that manner [14]. Current processes utilize starchy
biomass for fermentation, but recent developments
applying metabolic engineering methods open opportunities to metabolize lignocellulosic substrates,
which leads to a further reduction in costs [15]. For
chemical synthesis, a multi-step approach involving
the addition of HCN to acetaldehyde forming lactonitrile is followed. While the chemical synthesis
delivers racemic products, stereo-chemically pure
substances can be obtained through fermentation
[16]. Thus, homo- and copolymers of L- and D- forms
can be obtained exhibiting different thermal and mechanical properties.
To obtain PBS, succinic acid is used as a commodity
that is produced mainly through fermentation [17].
Substrates can vary along different types of carbohydrates, depending on the chosen microorganism.
As a rule, succinic acid is only one single product
among others in the metabolic cycle of a bacterium.
Accordingly, metabolic engineering is used here too,
to delete pathways for the production of unwanted
by-products [18]. Succinic acid is then directly polymerized with butane diol to form PBS.
The above-mentioned materials can be classified, at
a minimum, as bioneutral degradable, since decomposition will lead to monomeric building blocks that
all have natural origins.

Other polymers, copolymerized from the building
blocks of non-biodegradable and biodegradable polymers, sometimes show a significant biodegradability. However, this property is highly dependent on
the ratio of the different monomer types involved.
If decomposition products occur that are made of
the initial building blocks or even of more complex
nature, the sweeping claim of a bioneutral degradability cannot be made as in the aforementioned cases.
In fact, it must be determined whether an ultimate
degradation eventually takes place or an assessment
of the residues on the environment is necessary.
In particular, numerous studies have been conducted
with the aim of determining whether microorganisms and/or enzymes are capable of decomposing
such copolymers [19−21], sometimes evaluating decomposition by the weight loss of the polymer [22] or
solubility [23]. Although remarkable efforts considering the amount of polymer types covered were made,
these works give no insight into biodegradability or
bioneutral degradability as long as xenobiotic monomer building blocks were involved.
Thus, copolymers involving, for example, terephthalic acid or 1,4-butandiol may be decomposable by
microorganisms, but the residues must be assessed.
Since both substances are xenobiotics, the bioneutral
degradability of such polymers cannot be generally
assumed.
Although not biodegradable by any means, it is interesting to look at the relatively new substance polyethylene furanoate (PEF), which is discussed as a
potential alternative to polyethylene terephthalate
(PET). It is partially manufactured from biomass
and, although its production appears to be quite
ambitious, it finds itself at the brink of becoming
commercially relevant, which demonstrates that such
processes can possibly be implemented successfully. It is obtained through the polycondensation of
polyethylene 2,5-furandicarboxylate (FDCA) and
ethylene glycol. Publications discussing technical
production from lignocellulose [24] and investigating
material properties in depth [25] date back only five
years. The chemical synthesis of furan derivatives as
a precursor is reported by using starch [26] and cellulose [27]. An interesting approach for synthesizing
2,5-f urandicarboxylate using supported noble metal catalysts was reported recently [28]. Industrial
pilot plants started up in 2011 to produce 40 t/a of
2,5-furandicarboxylate. In the years that followed,
different major chemical companies developed new
processes, and partially joined forces to increase the
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production of FDCA [29]. In 2016, AVA Biochem
announced its objective to achieve a production capacity of 30,000 tonnes/year, increasing to 120,000
tonnes/year [30]. Textile applications have not yet
been reported in patent or scientific literature. The
material thus seems to be new and interesting as a
replacement for PET-based polyesters. This may serve
as a promising model for some of the above-mentioned processes, which are not yet commercialized.

3.1 Thermal properties

For technical applications, the thermal properties
of the materials are of crucial interest. In Table 1,
glass transition temperatures and melting ranges are
shown for different homopolymers. Specific requirements will evolve from targeted applications, and
polymers can be adapted through either copolymerization or blending. As long as bioneutral degradable
components are utilized, degradability should not
expect to be altered. However, secondary reactions
are possible and should be assessed before larger
commercialisation efforts.
Table 1: Thermal properties of selected biodegradable
polymers and PA, PP for comparison [31−34]
Biodegradable
polymer

Tg (°C)

Tm (°C)

PLA

45–60

150–162

PLLA (L isomer of
PLA)

55–65

170–200

PCL

−60–−65

58–65

PHB

5–15

168–182

PH-octanoate

−32.6

162

PBS

−28.5

116.4

PA

50

265

PP

−15

176

A wide window of technical opportunities can be
utilized by copolymerization, blending and the addition of plasticizers. Such additives need to be biodegradable too, so a wide range of materials can be
considered, which is not covered here, but maybe in
a future overview.

4 Degradation pathways
The molecular biodegradation of organic substances
is usually conducted using microorganisms, such
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as bacteria or fungi. For degradation in natural environments, the biodiversity of such organisms is
crucial for ultimate biodegradability. Testing should
therefore be done using organisms of ubiquitous occurrence in the targeted eco system and under respective test conditions. For industrial composting,
the conditions can be adjusted, so a wider range of
polymers may be utilized, if such a recycling method is targeted. Actually, commonly accepted test
methods do not focus on that issue, which addresses
a regulatory gap, should these substances gain wider
market relevance.
Bioneutral degradation can hypothetically occur
chemically, since most of the mentioned polymers
will eventually be hydrolysed. However, the rapid
environmental ability to hydrolyse and lifetime durability frame a solid conflict of interest, which may be
solved best only for single-use products or materials
for indoor applications.
Degradation by microorganisms can take place intra
or extra cellular. In the latter case, enzymes are secreted in the substrate which catalyse the degradation
reactions. In every case, the physical properties of the
polymer also contribute to the degradation properties. Besides the molecular weight, the crystallinity
of the polymer also influences the degradation rate,
since amorphous phases are generally more prone to
the enzymatic attack [35, 36]. Also, higher melting
temperatures are usually linked to the reduced ability
to achieve enzymatic hydrolysis [37].

5 Costs
Many promising chemical efforts have been made
to develop polymers with their respective production process to potentially produce biodegradable
products. The issue of costs nevertheless remains a
drawback. In 2000, the costs of PLA were estimated
to be approx. five times that of PP, and PHA noted
even more. A comparison with other commodity
plastics do not show other major differences [38].
Ten years later, prices were reported to USD 3.5 to
4.5/kg for PHB and GBP 1.5 to 2.5/kg for PLA, while
a prognosis for PHA cited that price could reach as
low as EUR 1 to 2/kg [39]. In late 2017, prices for commodity polymers (US export) are as follows: USD
2.7/kg for PET, USD 8.4/kg for LDPE (low density
polyethylene), USD 9.2/kg for PA and USD 1.9/kg for
PLA [40] However, a wide range of prices was found
depending on the exporting country. This shows that
at least PLA prices are similar to those of c ommodity
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 olymers. Since lactic acid for the production of PLA
p
is mostly synthesized through fermentation and PLA
is gaining market share, the reduction in price may
be a scaling effect. From this, it can be estimated that
prices of other polymers such as PHA/B and PBS will
also be competitive, if scaling markets will allow for
that. Available data for the commodity pricing of
PHB is rare, but Mudliar et al. published an evaluation of production costs for a hypothetical production plant, and determined a value of USD 5.38/kg
for the best investigated case [41].

6 Textile applications
Synthetic polymers in textiles can be considered
in three fields: the fibrous material itself, coatings
and finishings, and fibre-reinforced composites.
The latter has already been widely investigated for
example using natural fibres and bio-based or biodegradable polymer matrices. Since matrix development is a broad field and is also closely linked to
the used fibres, this topic is not further discussed
here. However, interesting opportunities are given
in the field of coating and finishing, and in the field
of fibrous raw materials.

Research method

To assess the current situation regarding the use of
biodegradable polymers in these fields, a systematic literature and patent review was conducted. For
this, the academic search engines Google Scholar,
Microsoft Academic, Crossref, and Clarivate’s Web
of Science were consulted, while the patent research
was conducted using a search engine provided by the
German patent office.
The first three databases were queried using the keywords “biodegradable polymers” and a search period of the last 30 years if applicable. This delivered
approx. 2,000 results. The results were exported to
the open source literature database JabRef [42] and
filtered by the regular expression title=”fibre” or title=”fabric” or title=”textile”, resulting in 83 hits.
Clarivate’s Web of science was queried using the regular expression ts=(biodegradable polymer$) AND
(Ti=textile$ or ti=fibre$ or ti=fabric$) to search within the category of biodegradable polymer(s) for publications with textile(s), fibre(s) or fabric(s) in their
titles. The results were then refined using the Web
of Science category Materials science, subcategory
textiles, delivering 81 results.

Since the initial manual overview showed a high
number of papers dealing with electrospun PLA nanofibres mostly for medical applications, both results
were filtered in JabRef using abstract!=PLA and title!=PLA and abstract!=nanofib and title!=nanofib
and abstract!=electrospun and title!=electrospun
and title!=lacti, which excludes publications with the
respective substrings in the title leaving 95 results
that were manually evaluated by title and abstract,
delivering 47 results.
A similar approach was applied for PLA and electrospun nanofibres, delivering 45 and 15 results, respectively, regarding these topics alone.
For the topic of biodegradable coatings, Clarivate’s
Web of Science was queried using ts=(biodegradable
coating$) AND (ts=textile$ or ts=fibre$ or ts=fabric$)
AND ti=biodegradable.
A patent search was conducted exclusively for
the coating topic using ti=biodegradable UND
PUB>1.1.2000 UND AB=coating UND (AB=textile?
ODER AB=f ibre? ODER AB=f ibre? ODER
AB=fabric?) NICHT ti=wound NICHT ti=medical,
delivering 132 results which were manually revised,
leaving 25 hits for further evaluation. Ti searches
in the title, PUB defines the publication time, AB
searches within the abstract and the question mark
acts as wildcard for one or more characters. Since the
search engine is German, the operator UND stands
for and, ODER for or, and NICHT for not. However,
international patents from the world patent office
(WPO) were also delivered by these queries.

Results for PLA and electrospun fibres for
medical applications

As expected, PLA and its derivatives are the most
common biodegradable polymers for fibre fabrication. A wide field of application is given in medical
contexts. For example, stents made from PLA and
coated by a layer-by-layer technique with chitosan
have been investigated [43]. Scaffolds for tissue
engineering are another field where physiological
biodegradation is useful. The degradation of PLA
in vivo may lead to local decrease of pH due to
the produced lactic acid, while medium molecular weight oligomer degradation products can also
potentially initiate immune responses in some patients. It is therefore crucial to understand the influences or fabrication parameters on the d
 egradation
rate, since extrusion speed and twist of the spun
PLA fibres is reported to have an impact on those,
besides the chemical composition of the polymer
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[44]. Further research in that direction was done by
studying the influence of plasma treatment on the
moisture wicking behaviour of PLA fabrics [45].
Shape memory textiles are interesting materials
in the medical field, for example for self-adjusting
implants, scaffolds or anchor systems for grafts.
Nonwoven materials fabricated using melt blown
PLA-PHB blends have shown shape memory properties while being biodegradable [46]. Biodegradable
ligament replacements can be considered to be made
of PLA-PCL copolymers, so their creep and stress-relaxation properties have been investigated [47].
The rheological properties of PLLA and PLDA (L
and D isomers of PLA) have been studied to produce
physiological degradable fibres having a potential
drug delivering property [48]. Hollow PLA fibres obtained by melt spinning can serve as platforms for the
delivery of drugs in the medical field, but also for the
retarded release of pesticides in agricultural settings.
Melt spun PLA 9 fibres have been investigated for that
purpose based on different physical properties [49].
Sutures are another field where PLA is a useful polymer. The stiffness of pure PLLA was reported to be
reduced by blending with PLA-co-caprolactone copolymer [50].
In addition, potentially implantable sensors made
from PLA components have been reported, with the
advantage of not requiring explantation after therapy
[51]. A special composite made from PLA and CNTs
was produced using a melt blown process to produce
sensory fibres [52].
The antibacterial properties of PLA fibres coated with
titanium oxide have been investigated. However, the
use of such material in medical applications requires
a thorough assessment of possible side effects and
cytotoxicity [53].
It can often be seen that lots of effort is put into developing new medical materials or devices, but regulatory issues are not addressed in the early stages of such
research. This can lead to obstacles in the subsequent
development to commercialized medical products
[54]. Commercially available melt spun PLA fibres
often contain finishings from secondary spinning,
which may hinder medical uses. Jozwicka et al. studied different PLA fibre types and found glycerol as a
suitable finish for medical appliances [55].
Electrospinning is a process capable of delivering
nanofibre fabrics exhibiting a high surface area and
small pore sizes, but can only be utilized in small
scales. This issue renders the process suitable for only
specialized applications. However, the possibility of
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incorporating additional substances, such as pharmaceuticals, make these materials interesting candidates for drug delivery [56, 57]. A material spun
from polyethylene oxide and poly vinyl alcohol was
investigated for the use as a scaffold for potential tissue engineering [58]. In addition, blends of PLA and
PCL with added hydroxyl apatite were investigated as
electrospun nanofibre mats [59]. Additional insights
on electrospun biodegradable scaffolds are given by
Sun et al. [60]. A further detailed review on biodegradable polymers for tissue engineering is also given
by Xing et al. [61].

Summary of medical applications of PLA

A wide range of ambitious applications can be seen
for the utilization of PLA fibres in the medical sector.
Electrospun nano fibres made from physiologically
degradable polymers are promising substrates for
tissue engineering and drug delivery.
It is therefore obvious that lots of effort is currently
directed to that area. It is furthermore known that
commercial feasibility is crucial for the widely accepted clinical use of medical products. One pathway
is keeping the investment burden low by addressing
regulatory issues in the early stages of research. This
is especially necessary for the development of new
textile products in that field, since they mostly address market fields with modest profit opportunities.

Results beyond PLA and medical applications

Research in biodegradable polymers in the textile
context, excluding PLA and medical textiles, has
been reported in fewer publications.
A drawback of PHBV (poly hydroxy butyrate valerate) lies in its low crystallization rate, which challenges melt spinning. Hufenus et al. investigated a core
shell structure with PLA in different configurations,
together with a special spinneret, to overcome this
issue [62]. As early as 2000, Schmack et al. investigated the melt spinning of PHB and the dependency of
drawing speed on the resulting crystal structures using wide‐angle X‐ray scattering [63] for use in textile
applications. PHB and PHBV have limitations in the
melt processing, since at higher temperatures (above
160 °C as reported), cis-elimination leads to random
chain breaks. Moreover, bacterially produced PHB is
strongly isotactic; together with its glass transition
temperature of 5−15 °C, the material shows significant
brittleness. The underlying cause of high crystallinity
lowers its degradation rate under physiological conditions [64]. The authors also summarized different
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works dealing with spinning conditions to control the
crystallisation behaviour of the spun fibres, including
the use of cyclodextrins as nucleation agents.
Bicomponent fibres were also studied based on the
poly butylene terephthalate/poly butylene succinate
lactate system. The drawing speed influenced the core
shell ratio, while the range between 65% and 35%
delivered the maximum fibre strength [65]. Also, here
the ultimate biodegradability can be questioned due
to the terephtalic acid monomer. Although less toxic,
the substance can be considered a xenobiotic.
Twarowska-Schmidt evaluated two commercially
available PBS derived polyesters (poly butylene succinate adipate (PBSA) and poly butylene adipate terephthalate) in terms of their fibre forming capability in a
melt spin process, as well as their degradability. For the
latter, only the weight loss of the fibres was recorded,
so it is highly likely that at least terephtalic acid or potentially oligomers will be found in the substrate. As
expected, the aromatic ester was degraded to a higher
extent, but this only remains true for higher degradation temperatures. Thus, the general rule for the aliphatic esters is only partially valid here. Although the
low glass transition temperatures of the materials (-33
°C and -44 °C) can be an issue for apparel, technical
applications such as those in the medial or agricultural
sector are considered to be feasible [66].
The cost issue of PHA is addressed by a recent publication regarding the production of PHB in cyanobacteria [67]. However, commodity prices for PHAs,
PBS or similar polymers are not available, since the
materials are not yet commercialized.

Summary beyond PLA and medical
applications

The remaining field, after excluding medical applications, composites and PLA materials, spans mostly
across PBS and different types of PHA. The production of fibrous materials out of these polymers remains challenging, when mechanical requirements
set higher stakes. While the degradation over time
is the key feature in drug delivery systems, technical
applications require specific tensile stiffness, elongation behaviour, brittleness, etc. together with textile
haptics in the final fibrous product. Furthermore, the
processing properties of the polymer must be met,
e.g. processing temperatures, viscosities and crystallization rate, to successfully melt spin them into
these fibres. Subsequently, the produced fibres must
be spun secondarily to yarns and woven, knitted or
fabricated otherwise into textiles.

Results of biodegradable textile coatings

During the review of literature, it became evident
that almost no scientific publications exist that address the coating of textiles using biodegradable
polymers, with some exceptions in the medical field
utilizing chitosan. Consequently, an additional literature search was conducted, together with a patent
search on that topic.
Some authors have reported the development of a
super hydrophobic coating made from soya bean oil,
stearic acid and ZnO [68]. This approach will probably lack an ultimate biodegradability because of the
ZnO particles. A similar approach was established
using poly dopamine [69]. Yarn sizing using nano
cellulose and soy protein has been investigated [70].
Antibacterial coatings achieved by silicone containing cations have also been reported [71], but the ultimate biodegradability can be questioned, at least
because the ultimate degradation of silicones is not
defined. As a result, the most meaningful definition
may state silicon oxide as end product.
The patent search delivered even fewer results, excluding medical applications. Glycerol together with
gelatine for coating of natural fibres is described in
KR000100647872B1 (2006). A coating for a biodegradable textile is described in FR000002879224A1
(2004) using natural rubber latex, and proteins. The
coating of sheet substrates and fabrics is considered in US020050031882A1 (2005) by PHA copolymers. An aqueous dispersion of PHB is described
in EP000001566409A1 and in JP002004099883A
(2003) for PVA, which can potentially be applied as
a coating. JP002003221786A (2002) utilizes PVA together with sulfonic acid polymers for polyester fibre
finishings. However, the sulfonic acid polymer may
not be ultimately biodegraded. The Canadian application CA000002410457C (2010) deals with different
PHA copolymers for the coating of fabrics, threads or
yarns. In JP002002121288A (2002), the use of more or
less degradable plasticizers for formulating an aqueous dispersion of a biodegradable resin is claimed.

Summary of biodegradable textile coatings

Scientific literature only discusses textile, biodegradable coatings for non-medical applications to a lesser
extent. However, patent literature shows some evidence for commercial attention in that area, although
this is also limited. The patents found likely address
textile coatings more as an additional option. But
aqueous coating dispersions are also discussed there,
which is valuable, since the discussed polymers in
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this study are thermoplastics and one would consider extrusion coating in the first place. However, a
water-based coating is a common textile technique,
and the associated patents allow for conceiving such
an application onto textiles too.
PVC (polyvinyl chloride) is a cheap and widely utilized coating substrate for textiles, but acrylates and
polyurethanes are also applied. Thus, it is somehow
surprising, that nearly no biodegradable alternatives
are discussed in recent literature.

7 Future opportunities
Younes classified different biopolymers regarding
their commercialization in a review in 2017. Classes
ranged from research, pilot plant, commercial, large
scale, to mature [72] Maturity was assigned only to
cellulosic materials, which is not surprising. PLA was
noted as the only one in the large scale group. PHA/B
was classified between pilot plant and commercial,
and PBS in the research state. It can be assumed that
cost effects play a major role here, since petrol-based
and non-biodegradable polymers are usually more
cost efficient. Congruent with his findings is that PLA
is narrowing its price gap to petrol-based commodity polymers. In the medical sector, physiological
biodegradability represents an additional function
that justifies higher costs. However, public pressure
and/or regulatory issues may shift parts of the textile
economy to biodegradable materials.
In the sub field of geo textiles, biodegradability can
be conceived as an additional function, making it an
interesting application sector. The need for development is given by the tailoring of the degradation rate,
depending on operational conditions. It would also
be a great advantage if such geo textiles could be fabricated with a defined lifetime and if the degradation
rate over time could be engineered. But as discussed
previously, manufacturing requirements must also
be met by such new materials. Meeting both challenges may lead to new products, which could result
in higher market prices. It should be noted that different semi-finished products can be found on the
path from polymer, over fibres, yarns, possibly textile
surfaces or nets to the finally confectioned product.
Thus, many production steps must be covered.
Other fields in technical or apparel textiles will most
probably not make use of the biodegradation function directly. That function may, however, be beneficial in the recycling of these products.
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The direct utilization of fibrous materials in apparel
can be considered. For this, however, different issues
must be addressed: Again, the material properties
must be designed so that production on conventional
machinery for all intermediate semi-finished products is realizable. Secondly, the degradation rate must
be tailored so that it will not take place at significant
rates during the normal product life. Thus, hydrolyzability issues might need to be addressed. PHAs, in
particular, may release fatty acids during hydrolyzation, which can lead to olfactory discomfort, even in
lower amounts that do not affect the substrate’s mechanical stability. Furthermore, such new products
should exhibit comfortable textile haptics. However,
synthetic materials offer numerous opportunities to
fine tune these kinds of properties.
The literature and patent search resulted in a significant gap in the field of textile coatings. A few
research bodies are already aware of this gap [73].
It is therefore a highly interesting field for research
and new developments. It is also interesting for recycling purposes to develop materials composed
of similar chemical substances, since no material
separation is necessary. The variety of synthetic
biodegradable polymers due to the abundance of
raw materials, and the ability to form blends, copolymers and introduce additives can pave a way to
coated textiles, where the fibrous substrate and the
coating are made at least of similar biodegradable
chemistry. Biodegradable fibres, either natural or
manmade, are gaining market share in the technical
textiles sector, while biodegradable coatings seem to
lie inevitably on the way.
Coatings can be applied on textiles through the extrusion of thermoplastics or by applying aqueous dispersions of polymers, e.g. by knife coating or other
means. One research target is therefore the manufacturing of such stable and applicable dispersions
with the new polymers, which includes issues such as
viscosity tailoring, degradation and storage stability,
and drying properties of the applied wet film.
In addition, crosslinking offers the opportunity to
develop possibly biodegradable duromers, which
may also help to enhance the mechanical stability of
such coatings. It is thus additionally of fundamental
research interest to study the degradation pathway
and decomposition products of such crosslinked
polymers.
Further general fields of research are the development of biodegradable plasticizers, flame retardants,
crosslinkers, and other additives.

44

Tekstilec, 2021, Vol. 64(1), 32–46

8 Potential textile products
Many textile products can be conceived assuming
the successful outcome of the above-described research and development efforts. To start with, blended fabrics, currently made of wool and polyester for
suit fabrics, offer a high-priced market segment. The
replacement of petrol-based polyester by a natural, ultimately biodegradable polyester could lead to a fully
biodegradable product. Even buttons could be easily
made of such polymers. While zippers out of plastics
may not appear very reliable, buttons can be a replacing design element here. The additional feature of ultimate biodegradability may result in a premium on
the price, considering current consumer sentiments.
In the area of textile coatings application fields in
protective clothing, textile membranes or laminates,
carpets, tents, artificial leather and others can be
considered, as they offer a wide range of addressable
research topics. An interesting point here is the control of the degradation rate. It could be beneficial to
switch the degradation behaviour of such coatings
through environmental parameters, for example
temperature together with humidity, or the presence
of certain auxiliary substances (e.g. pH). The materials could be rendered resilient to the influence factors
of the desired application, but could be compostable
on an industrial scale. However, those materials may
not degrade easily in natural environments. Thus, issues of littering or abrasion of micro particles cannot
be avoided by chemical means alone.

9 Conclusion
For the assessment of manmade biodegradable polymers, first some definitions must be commonly
accepted. Some already exist, but the handling of
possible degradation products may not be regulated
very well, although they are of great importance from
an environmental point of view.
Only a few manmade biodegradable polymers in
the narrow definition of this report are already
commercialized. This is especially true for the textile
sector beyond medical textiles, and fibre-reinforced
composites. However, the most dominant polymer of
that kind is PLA. Other polymers are in the research
or development state, but offer interesting opportunities for textile fabrics and coatings due to the diversity
of the substance classes. Coatings, in particular, are
only rarely covered in recent literature, which makes

it a promising field of further development, given
that textile base substrates will be replaced by more
eco-friendly substances in the future.
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Abstract

Yarns and fabrics can be improved through structural modifications. Using an organic solvent is a novel and
popular approach for a structural modification in the field of textiles. In the present work, Siro-spun® and TFO
(Two for one Twisters) polyester yarns were modified with a solvent-acid mixture of aceton and trichloroacetic
acid : methylene chloride (TCAMC). Both types of yarn samples were treated in a relaxed state with various
concentrations of the solvent’s mixture at room temperature. The influence of the treatment with respect to
linear density and TCAMC concentration on mechanical properties was investigated. Modified yarns exhibited
higher breaking elongation, improved abrasion resistance and lower tenacity. It was also found that the methods
of yarn manufacturing contribute significantly to the tensile behaviour of modified yarns. The improvement in
elongation was higher in the treated TFO yarn. The abrasion resistance index was found to be lower in the case
of siro polyester yarns. Furthermore, significant mass loss in yarn was observed after the treatment of TCAMC.
Keywords: TCAMC, modification, polyester, siro, spinning

Izvleček

Lastnosti prej in ploskovnih tekstilij je mogoče izboljšati s strukturnimi spremembami. Uporaba organskega topila je
nov in priljubljen način strukturnega modificiranja tekstilij. V tej raziskavi sta bili poliestrski preji, izdelani po postopkih
vitja dveh stenjev v sukano prejo (Siro-spun®) in z uporabo sukalnika z dvojnim vitjem (Two-for-One, TFO), modificirani z mešanico organskih topil triklorocetne kisline metilenklorida (TCAMC) in acetona. Obe preji sta bili obdelani
v nevpetem stanju z različno koncentracijo mešanice topil pri sobni temperaturi. Raziskan je bil vpliv koncentracije
TCAMC na mehanske lastnosti modificiranih prej z različno dolžinsko maso. Modificirane preje so imele večji pretržni
raztezek, izboljšano odpornost na drgnjenje in nižjo natezno trdnost. Ugotovljeno je bilo, da sta tudi sama postopka
izdelave preje pomembno vplivala na natezne lastnosti modificiranih prej. Večji raztezek je imela modificirana preja
po postopku TFO. Indeks odpornosti preje na obrabo (RRI) je bil pri poliestrski preji SiroSpun nižji. Pri obdelavi s topilom
TCAMC in acetona se je občutno zmanjšala tudi masa preje.
Ključne besede: TCAMC, modifikacija, poliester, SiroSpun, predenje
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1 Introduction
Properties of spun yarns are mainly affected by fibre
properties, process parameters and the spinning system. Fibre properties and process parameters mainly
influence the appearance (melange, slub and neppy
yarns), and the mechanical and physical properties [1].
The spinning system influences the yarn structure, as
each spinning system tends to produce a distinctive
yarn structure with distinct yarn properties. Recent
refinements in spinning technologies have yielded
significant improvement in the yarn structure [2].
Traditionally, two-fold yarns have been used for weaving since they are stronger and the twisting operation
binds the surface fibres into the structure, the latter
becoming smoother and more resistant to abrasion
during weaving. Siro-spinning with 2-ply multifold
yarn is another most widely used new spinning method invented by CSIRO (Division of Textile Industry
Laboratories) in Australia and IWS. Such yarn is produced on a conventional ring frame with two separate
strands fed in the drafting zone during the spinning
process at a predetermined separation. Siro spun yarn
is especially better with regard to its tensile properties,
while the conventional plying process attracts attention mainly due to lower yarn hairiness [3].
Polyester fibres have been widely used in the textile
industry due to its high strength, good handling and
easy-care properties. However, polyester fibres exhibit
low surface energy and limited chemical reactivity,
which lead to poor moisture absorption and accumulation of static charge. In the recent years, various new
methods have been identified to modify the surface
characteristics of polyester fibres [4]. When polyester
fibres are pretreated with highly interacting solvents
under suitable conditions, the internal structure, especially the amorphous region, changes producing
more voids, cracks etc., which facilitate the entry of
dye molecules at lower temperatures. Such modified
polyester fibres are developed to replace the conventional ones in a wide range of applications [5–6].
Surface modifications with after treatments of chemicals are another approach for getting a distinct
structure and properties in final yarn. The surface
modification of polyester suggested improving the
hydrophilicity of polyester structure by enzyme treatment, esterase, thermal plasma treatment etc. [7–9].
Researchers have suggested a new approach to modify
the internal structure, i.e. by using the TCAMC reagent [10–11]. It can be done at fibre, yarn and fabric
stages. In the treatment, the solvent-induced modifi-

cation principle is used to modify polyester yarn. The
fast treatment rate at room temperature and easy storability make the TCAMC reagent more appealing for
a structural modification of yarn and fabrics [12–13].
In the present study, an attempt was made to compare the effect of a different TCAMC concentration
level on the tensile and abrasion properties of TFO
and siro yarn. The effect of the treatment on tensile
strength and breaking extension was studied for different linear density yarns.

2 Materials and methods
2.1 Yarn preparation

For the present study, polyester (1.33 dtex (1.2 denier),
38 mm) fibre was used to produce TFO and siro yarn.
Siro yarns were produced on a Lakshmi short staple
spinning line with 8 mm distance between two roving strands. For TFO yarn, single yarns were spun
on a Lakshmi spinning line and doubled on a Saurer
compact twist TFO machine. The twist multiplier
4.2 and spindle speed were constant in both systems
producing yarns.

2.2 TCAMC treatment

The laboratory grade trichloroacetic acid : methylene chloride (CCl 3COOHCH 2Cl 2) and acetone
(CH3COCH3) were used for the surface modification
of yarn samples. The pre-treatment of these yarns with
a reagent was conducted in a specially made closed
trough at room temperature (27 °C). The yarn specimens were immersed in the reagent of desired concentrations of 0.5%, 2.5% and 4.5% (w/v) for 2 min. The
yarn to solvent ratio was 1 : 100 and the contents were
stirred manually. After the treatment, the specimens
were rinsed with pure methylene chloride, followed
by acetone to remove any adhering reagent from the
yarn. The treated yarns were squeezed and air-dried at
atmospheric conditions, taking the advantage of the
quick evaporation of acetone at room temperature. A
total of 18 samples were made for the study. The design
plan of the experiment is given in Table 1.

2.3 Testing methods

The yarns were conditioned for 24 hours at standard atmospheric conditions of 65% ± 2% RH and
27 °C ± 2 °C temperature. The number of tests for
each parameter was taken to ensure the result to remain within the 95% confidence limit. For a surface
analysis, images of treated and untreated samples
were captured on a stereo image analyser.
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Table 1: Experiment design plan
Sr. No.

Factor

Level

1

Spinning system

TFO

Siro

2

Linear density (tex/Ne)

23.6
(2/50)

29.5
(2/40)

39.4
(2/30)

23.6
(2/50)

29.5
(2/40)

39.4
(2/30)

3

TCAMC concentrations (%)

0.5

2.5

4.5

0.5

2.5

4.5

2.3.1 Weight loss of yarn
Leas of all yarn samples were weighed before and after the treatment, and the difference in mass of all samples was measured in terms of weight loss. Standard percentage of the mass loss was calculated using the
formula given below:
Weight loss (%) =

Yarn weight before treatment – Yarn weight after treatment
×100
Yarn weight before treatment

(1)

2.3.2 Tensile testing of yarn
A Zwick universal tensile tester was used to measure the tensile properties according to ASTM D 2256. The
yarns were tested at 120 mm/min extension rate using gauge length of 250 mm. At least 30 readings were
taken for each sample. The effect of the treatment on tensile strength was evaluated in terms of strength loss.
Strength loss (%) was calculated according to the formula:
Strength loss (%) =

Yarn strength before treatment – Yarn strength after treatment
×100 (2)
Yarn strength before treatment

Similarly, extension gain was evaluated with the difference in extension before and after the treatment.
Extension gain was calculated according to the formula below:
Extension gain (%) =

Yarn extension after treatment – Yarn extension before treatment
×100(3)
Yarn extension before treatment

2.3.3 Yarn abrasion resistance
The abrasion resistance of yarns was tested on a yarn
abrasion tester following ASTM D-4157. The abrasion resistance was expressed in terms of the number of strokes required to rupture yarns completely. A parallel sheet consisting of 20 yarns was kept
pressed at constant tension (20 g) against a cylinder
wrapped with an abrader. The yarns were abraded
by the cylinder surface while it oscillated at constant
speed and stopped when all the yarns broke. Relative
Resistances Index (RRI) was converted with the average number of strokes by including both the liner
density of yarn and the applied pre-tension [3]. The
RRI used to compare the resistance of yarns varying
in linear density is defined by:
RRI=

No of strokes × Pre-tension (g)
5Liner density (tex)

(4)

The effect of the treatment on abrasive properties was
evaluated in terms of change in percentage for RRI.
The change in RRI was calculated with the difference
in RRI before and after the treatment.

3 Results and discussion
This paper embodies the effect of the concentration
level of trichloroacetic acid methylene chloride on
weight, tensile and abrasion properties of TFO and
siro yarn. The results were analysed before and after
the treatment. The results were evaluated in terms of
weight loss, strength loss, gain in extension and abrasion relative resistance index (RRI). An analysis of
variance was performed to find the effect of the spinning system, linear density and concentration level
on the analysed parameters. Table 2 shows ANOVA
analysis results for the studied yarn properties.
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Table 2: ANOVA result
Effect of

Weight loss
F-value

p-value

Strength loss
F-value

Increase in extension

p-value

F-value

Increase in RRI

p-value

F-value

p-value

SS

113.46

0.0004 (S)

124.02

0.0003 (S)

143.92

0.0003 (S)

39.74

0.0032 (S)

LD

98.46

0.0004 (S)

78.65

0.0006 (S)

86.94

0.0005 (S)

58.04

0.0011 (S)

TC

818.85

0.0001 (S)

467.74

0.0001 (S)

617.57

0.0000 (S)

392.14

0.0001 (S)

S S*L D

1.35

0.36 (NS)

3.39

0.14 (NS)

10.65

0.024 (NS)

1.10

0.42 (NS)

S S*T C

45.58

0.0018 (S)

8.68

0.0351 (S)

3.55

0.129 (NS)

5.65

0.068 (NS)

L D*T C

5.44

0.0483 (S)

8.37

0.0317 (S)

6.12

0.0500 (S)

3.53

0.124 (NS)

S S – Spinning system, L D – Linear density, T C – TCAMC concentration, RRI – Relative resistance index,
S – Significant, NS – Non-significant,

It can be observed from Table 2 that the effect of
the spinning system, linear density and concentration level was found significant for all evaluated
properties.

3.1 Effect of treatment on yarn surface

Fibre arrangement in yarn being system specific, a
different spinning system results in a different arrangement and/or distribution of fibres, causing variation in the product surface and performance. The
studied yarn was produced on two different spinning
systems; hence, the different structure resulted in the
variation of yarn porosity. The effect of the TCAMC
solvent on yarn surface is shown in Figure 1.

As Figure 1 shows, the contraction was higher in
the case of TFO yarn as compared to siro yarn. The
TCAMC treatment causes an increase in the chain
mobility and results in a structural rearrangement
of polymer chains, which leads to a change in yarn
structure. The surface of TFO yarn is helical while
the surface of siro yarn is regular. In the case of TFO
yarn, the more space is available in its structure for a
rearrangement [2]. Thus, TFO yarn was more affected
by the treatment and resulted in a more substantial
contraction in TFO yarn.

3.2 Effect of TCAMC treatment on weight loss

The weight loss percentage, which is the difference
between the specimen mass before and after the
treatment, was observed. The weight loss (%) after
the treatment for both types of yarns is presented
in Figure 2.
Mass loss was observed in all types of treated yarns.
Furthermore, it was found that an increment in the
concentration of TCAMC increased weight loss in
yarn. Higher weight loss was found in higher linear
density (tex) yarns at the same level of concentration.
Higher linear density of yarn possesses more surface area, which leads to a larger surface to react with
TCAMC, causing greater mass reduction.
It was also observed that weight loss was higher in
the case of TFO yarns compared to siro spun yarns.
The inherited structural difference was the reason for
higher mass loss in TFO yarns.

3.3 Effect of treatment on tensile strength
Figure 1: Effect of TCAMC treatment on yarn surface

The strength loss percentage of both siro and TFO
yarns is shown in Figure 3, which depicts that the
strength of TCAMC-treated yarns decreased with

Effect of Solvent Treatment on Siro and Ring Spun TFO Polyester Yarn

53

Figure 2: Effect of TCAMC concentration and linear density on weight of polyester yarns

Figure 3: Effect of TCAMC concentration and linear density on strength of polyester yarns
an increase in the concentration of TCAMC. The
strength loss was about 7.21–34.28% for TFO yarns
and 7.27–31.66% for siro yarns, which shows that the
effect of the TCAMC treatment on the strength of
TFO yarn was greater than on siro yarn. The structural arrangement in both yarns was different as TFO
yarn is made of two single yarns and less compact,
while siro yarn is compacter and made of single entity yarns. TFO yarn possesses intra- and inter-yarn
spaces, and siro yarn possess only intra-yarn spaces.
Therefore, when the treatment was applied on yarn,
the possibility of a solvent penetrating into TFO yarn
was greater. As a consequence of greater penetration,

the surface became more modified, resulting in higher strength loss in TFO yarns.
The change in the tensile strength of polyester yarns
even at lower treatment concentrations suggests that
the TCAMC treatment increases the chain mobility
and results in the structural rearrangement of polymer chains. Furthermore, it appears that at higher
treatment concentrations, TCAMC is capable of penetrating into the crystalline domains of polyester and
breaks the forces present in it, resulting in significant
strength loss. It is expected that beyond 10% treatment concentrations, TCAMC would disorient crystallinity and facilitate the disintegration of fibres [11].
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Figure 4: Load strain behaviour of untreated and treated polyester yarn (23.6 tex)
Figure 4 shows the load extension behaviour of the
two yarns. Siro yarn showed marginally higher
breaking load for both treated and untreated yarn
compared to TFO yarn. It was also observed that
the breaking extension value of treated TFO yarn
was higher than that of siro yarn. Moreover, it was
found that the linear density of yarn also affects the
strength loss of yarn.

3.4 Effect of treatment on breaking extension

When yarn is subjected to load, constituent fibres
share that load. The sharing of load is influenced by
the arrangement of these constituent fibres. The arrangement and configuration of fibres again depends
on the mode of yarn formation. Depending on the
level of load in each fibre, straightening, slippage and/
or breakage of fibres can take place, which is manifested as yarn extension [3]. The breaking extension
of a synthetic fibre depends on the structural characteristics, e.g. configuration of chain molecules and

energy content due to chemical bonds between the
atoms in the chains, and the intermolecular bonds
between the chains. Figure 5 shows the increase in
breaking extension values of both siro and TFO yarns
with the applied treatment.
Figure 5 shows that the breaking extension increased
with increased TCAMC concentration. The improvement in the breaking extension of studied yarns at
lower treatment concentrations suggests that the
TCAMC treatment produces some degree of molecular movement by relaxing lateral forces (intermolecular bonds), which are responsible for holding the
chain molecules inside the polymer.
Furthermore, it can be seen in Figure 5 that the gain
in breaking extension for TFO yarn is greater if compared to siro yarn due to the difference in the structure of TFO and siro yarn. The effect of the TCAMC
treatment on the helical structure is greater, leading
to more contraction in the yarn if compared to siro
yarn.

Figure 5: Effect of TCAMC concentration and linear density on breaking extension of polyester yarns
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Figure 6: Effect of TCAMC treatment and linear density on RRI of polyester yarns

3.5 Effect of treatment on abrasion resistance
(RRI)

Abrasion property is the key factor to predict how
yarn performs under high abrasion resistance. A
physical destruction of fibres, yarns, resulting from
rubbing a surface over another surface is known as
abrasion. Abrasion distorts the appearance by pulling
fibre ends out from the yarn surface.
Figure 6 demonstrates that RRI increases with an increase in the TCAMC concentration. The highest relative resistance index was observed for the 4.5% concentration level. It appears that higher breaking extension
of polyester yarn imparts the plasticisation effect during the treatment. The extensibility of yarn possesses more resistance to yarn abrasion and vice versa.
As it can be seen in Figure 6, the increase in RRI
for TFO yarn is greater than for siro yarn due to the
higher breaking extension of the treated TFO yarn.
The surface fibres of individual ply for TFO yarn are
protected after the doubling and are relatively difficult to open. On the other hand, the surface fibres
in siro yarn are likely to come out of the structure
relatively easy during abrasion.

4 Conclusion
A solvent treatment of TCAMC on siro and TFO
yarns significantly inf luences the extensibility,
strength and abrasion properties. The strength of
treated yarn decreases with increased solvent concentration. A 7.14–34.18% strength drop was found

for TFO yarn and 7.27–31.66% for siro yarns. The
treatment caused a reduction in mass of both types
of polyester yarn. A higher concentration of TCAMC
caused greater weight reduction in yarns. Higher
contraction was found in the case of TFO yarn compared to siro yarn after the treatment. The treated
polyester yarns exhibited an improvement in breaking extension at a higher concentration of TCAMC.
It can be concluded that TCAMC treatment modifies
the structural assembly of polyester yarn by relaxing
lateral forces. The treatment also influences the abrasive properties of both types of yarn. RRI for TFO
yarn is higher if compared to siro yarn.
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Abstract

New technologies and materials required for developing antibacterial textiles have become a subject of interest to the researchers in recent years. This study focuses on the investigation of the biopolymeric antibacterial
agents, such as neem, aloe vera, tulsi and grapeseed oil, in the trichloroacetic acid-methylene chloride (TCAMC)
solvent used for the pretreatment of polyethylene terephthalate (PET) polyester fabrics. Different PET structures,
such as 100% polyester, polyester/viscose, polyester/cotton and 100% texturised, are treated with four different
concentrations (5%, 10%, 15% and 20%) of biopolymeric antibacterial finishes. The antibacterial activity of the
treated samples is tested against both the Staphylococcus aureus (Gram-positive) and Escherichia coli (Gramnegative) bacteria. Taguchi mixed orthogonal array Design L16 (4^3 2^2) is chosen for an experimental plan to
determine the optimum conditions. Among all the fabric samples, the 100% polyester fabric treated with 20%
grapeseed oil registers the highest antibacterial activity of 86%, and 73% against S. aureus and E. coli respectively. However, the antibacterial effect is reduced to 37%, and 34% respectively after 10 machine launderings.
Keywords: solvent induced polymerisation, polyester and polyester blends, natural extracts, antibacterial activity,
trichloroacetic acid-methylene chloride

Izvleček

Nove tehnologije in sredstva za razvoj protibakterijskih tekstilij so v zadnjih letih v središču zanimanja raziskovalcev. Ta
študija se osredinja na raziskave biopolimernih protibakterijskih sredstev, kot so indijska melija, aloe vera, sveta bazilika
in olje grozdnih pešk, na poliestrskih tkaninah, predhodno obdelanih s topilom trikloroocetne kisline in metilenklorida
(TCAMC). Tkanine iz 100-odstotnega poliestra, poliestra/viskoze, poliestra/bombaža in iz 100-odstotnega teksturiranega poliestra so bile obdelane z biopolimernimi protibakterijskimi sredstvi štirih različnih koncentracij (5 %, 10 %, 15
% in 20 %). Protibakterijsko delovanje obdelanih vzorcev je bilo preizkušano proti bakterijama Staphylococcus aureus
(Grampozitivna bakterija) in Escherichia coli (Gramnegativna bakterija). Eksperimentalni načrt za določitev optimalnih
pogojev je bil izdelan z uporabo Taguchijevega mešanega pravokotnega niza L16 (4^3 2^2). Med vsemi vzorci je imela
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tkanina iz 100-odstotnega poliestra, obdelana z 20-odstotnim oljem iz grozdnih pešk, najvišjo, 86-odstotno protibakterijsko aktivnost proti S. aureus in 73-odstotno aktivnost proti E. coli. Protibakterijski učinek po desetih laboratorijskih
pranjih se je zmanjšal na 37 oziroma 34 odstotkov.
Ključne besede: polimerizacija v raztopini, poliester, mešanice s poliestrom, naravni ekstrakt, protibakterijska aktivnost,
trikloroocetna kislina-metilenklorid

1 Introduction
It is well established that textiles are used by pathogenic microorganisms to promote and spread diseases.
The microorganisms also produce a range of unwanted effects, including unpleasant odour, stains, allergies, and affect the colour and tensile properties of the
fabric [1−2]. Most of the textiles currently used in hospitals and hotels are prone to cross-infection or transmission of diseases caused by micro-organisms, particularly by pathogenic bacteria and fungi [2]. In view
of this, prevention of microbial growth has become
increasingly crucial and it demands the development
of fabrics that possess a desired antimicrobial effect.
Antimicrobial finishes also improve the performance
and durability of textile products. With the aim to develop antimicrobial textile materials, considerable research has been carried out by making use of organic
and inorganic compounds, such as Triclosan, which
inhibits the growth of microorganisms using an electrochemical mode of action to penetrate and disrupt
their cell walls, quaternary ammonium compounds,
biguanides, amines and glucoprotamines that bind
microorganisms to their cell membrane and disrupt
the structure resulting in the breakdown of the cell.
Organic compounds, such as metallic complex compounds based on metals like cadmium, silver, copper
and mercury, cause inhibition of the active enzyme
centres (inhibition of metabolism) [3−5].
However, many of the commercial antimicrobial
agents, such as inorganic salts, organometallics, iodine and iodophors, phenolic compounds, ammonium salt-based compounds, heterocyclic and anionic
groups, nitro compounds, urea and related compounds, formaldehyde derivatives and amines, currently available in the market are synthetic and not
environment-friendly. Furthermore, a vast majority
of these antimicrobial agents are of leaching type,
and thus their gradual release from textiles into surroundings results in a decrease of their concentration
and gradually falls under the limit of effectiveness,
i.e. minimum inhibitory concentration (MIC). The
release of these agents also acts as poison to a wide
spectrum of bacteria and fungi [6−12].

Natural bioactive agents with antimicrobial properties have become progressively essential for producing non-toxic and environment-friendly textile
products. These antimicrobial compounds, which
are mostly extracted from plants (aloe vera, tea tree
and eucalyptus oil (EO), neem, grapefruit seed, tulsi
leaf extracts, etc.), include phenolics and polyphenols
(simple phenols, phenolic acids, quinones, flavonoids,
flavones, flavonols, tannins and coumarins), terpenoids, essential oils, alkaloids, lectins, polypeptides
and polyacetylenes. These components possess not
only antimicrobial but also antioxidant properties. Neem (Azadirachta indica), one of the richest
sources of biologically active compounds, has attracted worldwide attention in recent years owing
to its wide range of medicinal properties. [13−17]. It
possesses active antimicrobial compounds, such as
azadirachtin, salannin and meliantriol, which are
also effective in controlling the insect growth and
are used as an antifeedant. Researchers have studied
the antibacterial activity of various components of
the neem tree, such as oil, bark, seed extract, on the
100% cotton fabric and polyester/cotton blend fabric.
Some researchers studied the antibacterial properties
of neem oil in combination with other herbal oils,
such as clove, tulsi and karanga on cotton textiles
[11]. In another study, Joshi et al. extracted an antimicrobial agent from the seeds of a neem tree for
imparting antibacterial activity to polyester/cotton
blend fabric and produced a semi-durable antibacterial finish [16, 18]. The accommodation of a high
amount of antimicrobial neem ingredients in the
polyester structure resulted in higher antimicrobial
activity without significant decrease in crystallinity
and tensile properties of polyester fabric. It is concluded from previous studies that neem is effective
against bacteria on cotton fabrics and it showed more
microbial resistance than aloe vera. The fabric finished with neem is durable even after 15 washes [2].
Aloe vera is another well know bioactive compound
used for cosmeto-finishes, antibacterial finishes and
skin care agents. [19−21]. It has been reported that the
increased concentration of aloe vera gel increases the
antibacterial activity against both Gram-positive and
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Gram-negative bacteria. It is reported that aloe vera is
effectively inhibiting the microbial growth on treated
cotton fabrics. Fabrics finished with a combination
of aloe vera and neem are also found to be durable.
[22]. Tulsi (also known as holy basil) is known for its
antimicrobial, insecticidal antiprotozoal, diaphoretic
and expectorant properties. The main constituents of
tulsi (Osmium basilicum) are eugenol (70%), methyl
eugenol (20%), carvacrol (3%), etc. In their research,
Sathinaranan et al. applied tulsi leaf (Ocimum sanctum) extracts on cotton fabrics by direct application,
i.e. microencapsulation, resin cross-linking methods
and their combinations. It is stated that fabrics treated with tulsi extract exhibit excellent antimicrobial
activity, and the major component responsible for
the antimicrobial properties is eugenol. The fabrics
treated with the direct method showed poor durability of the finish compared to microencapsulation
and resin cross-linking methods [23]. Grapeseed oil
is technically known as Vitis vinifera and is used for
thousands of years for its medicinal and nutritious
properties, such as anti-inflammatory, cardio protective, antimicrobial, antifungal and anti-cancer.
The main components responsible for these effects
are tocopherol, linolenic acid, resveratrol, quercetin, procyanidins, carotenoids and phytosterols [24].
Several studies reported the antimicrobial activity
of grapeseed oil, which is effective against both the
spectrum of Gram-negative and Gram-positive bacteria [25−26]. The chemical structures of most of the
above mentioned natural bioactive agents are complex and contain mixtures of multiple compounds.
Selective isolation and extraction of these bioactive
agents are difficult and will increase the quantity of
the agent required to obtain a minimum inhibition
concentration.
Most of the natural antimicrobial agents are insoluble in water and also adversely affect the physical
and other desirable properties of textiles. In order to
imbue the bioactive substance, various techniques
have been suggested by researchers. Bioactive agents
also lose their bioactivity when they react with textile
materials. Hence, intensive research was carried out
in order to explore and exploit the best utilisation of
environment-friendly antimicrobial agents [10−11].
However, it is difficult to achieve the enhanced and
durable antimicrobial property of polyester due to
semi-crystalline and highly compact structure and
the absence of active polar groups in the polyester
structure, which facilitates crosslinking of antimicrobial agents, in addition to exhibiting low surface
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energy [16−18]. Various functional finishes can easily
be imparted to polyester/cotton fabric taking advantage of cotton amorphous structure. Earlier study
on polyester/cotton blend using neem antibacterial
agent with different crosslinking agents proved that
the finished fabric retained the desired antimicrobial
activity against Gram-positive bacteria for the maximum of five machine washes, while thereafter the effect is decreased on subsequent washes. [16]. Previous
studies suggested many approaches to impart antibacterial activity to the polyester and polyester blended
textiles, including coating, spraying, microencapsulation, grafting and insertion of dope additives into
the fibre structure [27−30]. An alternative approach
to enhance the antibacterial effect of polyester is to
open up the compact structure of polyester by making use of suitable interacting solvents, which facilitates the easy entry of antimicrobial agents into the
compact polyester structure [31−32]. This paper deals
with the antibacterial effect of neem, aloe vera, tulsi,
grapeseed oil on polyester and its blends with cotton
and viscose, which have been previously treated with
the TCAMC solvent system.

2 Materials and methods
Polyester (PES), polyester/viscose (PES/CV), polyester/cotton (PES/CO) and texturised polyester (texturised PES) fabric samples of 165 g/m2 using Oxford
weave (derivative of plain weave) are used. The characteristics of the materials are presented in Table 1.
The pretreatment of the samples is carried out using various concentration of trichloroacetic acid-methylene chloride (TCAMC) solvent system.
Trichloroacetic acid, methylene chloride and acetone
were obtained from Sigma-Aldrich Chemical Co.
Ltd. It is known that TCAMC interacts with the polyester structure and dissolves out completely at 25%
in 5 minutes at room temperature (~30 °C) [31]. It is
reported elsewhere that the structural modification
of polyester takes place and the compact polymer
structure is opened up at a lower concentration of
TCAMC treatment without significantly affecting
its strength [20]. The effect of different TCAMC concentration on polyester structure has been optimised
[32]. The treatment is carried out in a closed trough at
~ 30 °C for 3 minutes. The treated samples are then
rinsed with methylene chloride followed by acetone
to remove any adhering reagent. Afterwards, the
samples are wrung and dried in an open atmospheric
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Table 1: Fabric characteristics
Sample
Fabric
no.

Mass per
unit area
(g/m2)

Weave

100%
2/2 oxford
165
PES
weave
PES/
2/2 oxford
2
CV
165
weave
(65/35)
PES/
2/2 oxford
3
CO
165
weave
(65/35)
100%
PES
2/2 oxford
4
165
texturweave
ised
a)
ends/cm; b) picks/cm; c) Ne; d) den

Tensile
Yarn density Linear denElongation
strength
(warp ×
sity
(warp ×
(warp × weft)
weft)
(warp × weft)
weft) (%)
(N)

Thickness
(mm)

64a) × 44b)

2/30c) × 2/30c)

1600 ×1400

25 × 20

0.85

64 a) × 44b)

2/30c) × 2/30c)

1600 ×1400

25 × 20

0.85

64 a) × 44b)

2/30c) × 2/30c)

1600 ×1400

25 × 20

1.1

144 a) × 110b)

150d) × 150d)

1400× 1200

40 × 35

0.8

1

Table 2: Experimental design (Taguchi L-16 (4^3 2^1) Mixed orthogonal array)
Fabric
PES

Levels
Antibacterial agents

Concentration (%)

M:L ratio

Neem

5

01:20

PES/CV

Aloe vera

10

01:25

PES/CO

Tulsi

15

-

Grapeseed oil

20

-

Texturised PES

condition before applying the above mentioned biopolymeric finishes.
Commercially available neem, aloe vera, tulsi and
grapeseed oil were chosen for this study. Table 2
shows the experimental design used in the study.
Taguchi mixed orthogonal array Design L16 (4^3
2^2) was chosen for the experimental plan and the
larger the better response (antimicrobial efficiency)
was selected to determine the optimum conditions.
The TCAMC treated samples were immersed in the
solution at 5%, 10%, 15%, 20% concentration of neem,
aloe vera, tulsi, grapeseed oil with ethanol at room
temperature, resulting in active substances which are
subsequently dissolved in ethanol. The treatment is
carried out with the help of acetic acid at 80 °C for 20
minutes at different liquor ratio of (1:20 and 1:25). The
add-on% is calculated using equation 1.
Add-on% = (A − B) × 100/B

(1)

where A represents a dry weight of biopolymer
finished sample and B represents a dry weight of
TCAMC treated sample.

The ASTM standard D5035 and Tinus Olsen universal tensile tester are used to test the fabric tensile
strength and elongation. Fabric tear strength is tested using tongue tear tester according to the D 2261
standard. The colour values of the finished fabrics are
measured using Spectra Scan 5100+ spectrophotometer (RayScan) instrument.
The antibacterial activity of untreated and treated
control samples is tested qualitatively by parallel
streak method (AATCC-147) and quantitatively by
colony count method (AATCC 100) using S. aureus (Gram-positive) and E. Coli (Gram-negative)
bacteria. In the parallel streak method, bacterial
suspension in the form of streaks is placed on the
plate with the help of a sterilised wire loop. Three
streaks are made on the upper side of solid agar
plate 1 cm apart from each other; the fabric swatches (5.08 cm × 2.54 cm or 2” × 1”) of untreated and
treated samples placed on the agar plates are incubated for 24 hours at 37 ± 0.5 °C. After 24 hours
of incubation, the swatches are examined for any
potential bacterial growth underneath and around
the specimen [33].
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In the colony count method, the swatches are placed
separately in a previously sterilised flask containing
Luria broth solution and subjected to 37 ± 0.5 °C for
24 hours in a laboratory shaker for 200 rpm. After
24 hours of incubation, the bacterial suspension is
diluted serially (for example 102, 104, 106 times) using
sterilised water. 10 µL of diluted bacterial suspension
is spread on the plate and incubated again at 37 ±
0.5 °C. After 24 hours of incubation, the agar plates
are removed from the incubator to count the bacterial
growth inside the plates. The percent reduction in
number of colonies in the treated samples as compared to the untreated samples gives the antibacterial
activity of the treated samples (equation 2) [34].
Antibacterial activity or % reduction = (A − B)/B × 100(2)

where A represents the bacteria colony (CFU/ml) of
untreated fabric and B represents the bacterial colony
of the treated fabric.
The treated fabrics are then washed in launder-o-meter according to the AATCC Test Method 61-1996
(2A) using Lissapol N, a non-ionic detergent (1% on
the weight of fabric) at 40 °C for 60 minutes to check
the wash fastness and staining of the treated fabric
samples. It is also mentioned that 1 AATCC machine
wash is equal to 5 home laundry cycles [35].

3 Results and discussion
3.1 Effect of biopolymer finish on add-on%

To determine the dry add-on% of the TCAMCtreated finished fabric samples, the samples are kept
at 20 °C and 65% RH for 24 hours and the weight
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variation calculated according to equation 1. Table
3 shows that polyester fabric has weight reduction
after the TCAMC treatment. After applying various
finishes, the gain in weight is observed from 1.06% to
2.39%. Similar gain in weight is observed in polyester/viscose, polyester/cotton and texturised TCAMCtreated fabric samples. The scanning electron microscopy (SEM) topography of the TCAMC-treated
polyester fibre is shown in Figure 1. It is evident from
Figure 1 that the TCAMC induces swelling of polyester fibre and creates several voids and micro cracks.

3.2 Effect of biopolymer finish on tensile and
tear properties

In this study, the tensile and tear strength of biopolymer finished polyester and polyester blend fabrics,
which have been previously treated with 1% TCAMC
for 3 minutes, are tested and evaluated. Table 4 shows
the strength loss% of all types of treated fabric samples. All four types of fabrics suffered a reduction in
tensile strength ranging from 4.75 to 11.79%. The
major loss in strength is due to the interaction of
TCAMC reagent. Further the TCAMC-pretreated
samples have been treated with biopolymeric finishes. The treatment is carried out using the exhaustion
method which is carried out at high temperature. It
is obvious from Table 4 that 100% texturised fabric
registered a highest strength loss of 11.79%. Perhaps
it offered more surface area compared to the surface area of normal polyester and its blends for the
TCAMC to interact with the structure. It is evident
from Figure 1 that the TCAMC reagent interacted
with polyester and disturbed its compact structure, and thus suffered strength loss. In the case of
functional textiles, a percentage loss of about 15%

Before TCAMC treatment
Figure 1: Effect of TCAMC concentration (1%) on polyester

After TCAMC treatment
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Table 3: Add-on% of different antimicrobial agents on various fabrics
Weight (g)
Fabric

PES

PES/CV

PES/CO

Texturised
PES

Activity

Neem treated

Aloe vera treated

Tulsi treated

Grapeseed oil
treated

Before TCAMC
treatment

7.76

7.78

7.77

7.73

After TCAMC
treatment

7.62

7.67

7.58

7.52

Weight loss (%)

1.8

1.41

2.45

2.72

Finished

7.71

7.76

7.66

7.63

Add -on (%)

1.18

1.17

1.06

1.46

Before TCAMC
treatment

7.85

7.75

7.72

7.7

After TCAMC
treatment

7.59

7.51

7.26

7.54

Weight loss (%)

3.31

3.1

5.96

2.08

Finished
Add -on (%)
Before TCAMC
treatment
After TCAMC
treatment
Weight loss (%)
Finished
Add -on (%)
Before TCAMC
treatment
After TCAMC
treatment
Weight loss (%)
Finished

7.68
1.19

7.57
0.8

7.35
1.24

7.67
1.72

5.51

5.4

5.94

5.58

5.34

5.22

5.75

5.33

3.09
5.4
1.12

3.33
5.27
0.96

3.2
5.87
2.09

4.48
5.41
1.5

5.23

5.33

5.51

5.69

5.07

5.13

5.22

5.43

3.06
5.13

3.75
5.39

5.26
5.28

4.57
5.56

Add -on (%)

1.18

1.13

1.15

2.39

is a cceptable, while a higher percentage may cause
the deterioration of textile structure. The TCAMC
and biopolymer finish treatment also influence the
tearing strength of fabrics. It is observed from Table 4
that the reduction in tear strength varies from 5.44%
to 11.10%, of which 100% texturised polyester showed
a maximum reduction of 11.10%.

3.3 Effect of biopolymer treatment on
antibacterial activity

Antibacterial activity of untreated polyester and
TCAMC (1%) treated polyester imbued with neem,
aloe vera, tulsi and grapeseed oil are evaluated qualitatively by parallel streak method as stipulated in
AATCC 147. Both Gram-positive S. aureus and
Gram-negative E. coli bacteria are used for antibac-

terial assessment. Figure 2 shows the results of antibacterial activity of untreated and neem-imbued
TCAMC-treated fabric samples. It is obvious from
Figures 2(a) and 2(f)) that a heavy growth of both S.
aureus, and E. Coli bacteria respectively, is seen in the
case of untreated polyester, while moderate to high
bacterial resistance is observed in TCAMC-treated
fabrics Figure 2(b−e) and 2(g−j). It supports the observation published elsewhere that the TCAMC reagent increases the segmental mobility of the polyester
polymer and as a result structural rearrangement
takes place thereby creating more voids and micro
cracks to facilitate the entry of antibacterial agents
inside the polymer structure [31]. Similar results are
observed in Figures 3−5 for aloe vera, tulsi and grapeseed oil-imbued TCAMC-treated fabric samples.
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Table 4: Tensile and tear strength of biopolymer finished fabrics (warp way)
Fabric

Treatment

100% PES

PES/CV

PES/CO

100% texturised
PES

Tensile strength

Tear strength

Mean (N)

Loss (%)

Mean (N)

Loss (%)

Control

1600

-

150

-

Neem

1470

8.13

139

6.96
6.93

Aloe vera

1485

7.19

140

Tulsi

1474

7.88

135

9.84

Grapeseed oil

1510

5.63

142

5.49

Control

1600

-

125

-

Neem

1495

6.56

116

6.8

Aloe vera

1502

6.13

114

8.8

Tulsi

1494

6.63

113

9.15

Grapeseed oil

1524

4.75

118

5.44
-

Control

1600

-

125

Neem

1465

8.44

115

7.84

Aloe vera

1468

8.25

114

8.96

Tulsi

1460

8.75

115

8.16

Grapeseed oil

1520

5.00

114

8.8

Control

1400

-

100

-

Neem

1235

11.79

89

10.5

Aloe vera

1265

9.64

90

9.5

Tulsi

1250

10.71

89

11.1

Grapeseed oil

1295

7.5

92

7.6

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 2: Antibacterial activity of untreated and neem-imbued TCAMC-treated fabrics: Against S. aureus (a−e):
(a) untreated 100% PES; (b) TCAMC-treated 100% PES; (c) TCAMC-treated PES/CV; (d) TCAMC-treated PES/
CO; and (e) TCAMC-treated texturised PES. Against E. coli (f−j): (f) untreated 100% PES; (g) TCAMC-treated
100% PES; (h) TCAMC-treated PES/CV; (i) TCAMC-treated PES/CO; and (j) TCAMC-treated texturised PES
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 3: Antibacterial activity on untreated and aloe vera-imbued TCAMC-treated fabrics: Against S. aureus
(a−e): (a) untreated 100% PES; (b) TCAMC-treated 100% PES; (c) TCAMC-treated PES/CV; (d) TCAMCtreated PES/CO; and (e) TCAMC-treated texturised PES. Against E. coli (f−j): (f) untreated 100% PES;
(g) TCAMC-treated 100% PES; (h) TCAMC-treated PES/CV; (i) TCAMC-treated PES/CO; and (j) TCAMCtreated texturised PES

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 4: Antibacterial activity on untreated and tulsi-imbued TCAMC-treated fabrics: Against S. aureus (a−e):
(a) untreated 100% PES; (b) TCAMC-treated 100% PES; (c) TCAMC-treated PES/CV; (d) TCAMC-treated PES/
CO; and (e) TCAMC-treated texturised PES. Against E. coli (f−j): (f) untreated 100% PES; (g) TCAMC-treated
100% PES; (h) TCAMC-treated PES/CV; (i) TCAMC-treated PES/CO; and (j) TCAMC-treated texturised PES
The antibacterial activity of untreated and TCAMCtreated (with neem, aloe vera, tulsi and grapeseed
oil finish) polyester fabrics is assessed quantitatively
against both the Gram-positive and Gram-negative
bacteria, and the results are presented in Table 5. It

is evident from Table 5 that grapeseed oil-imbued
TCAMC-treated 100% polyester shows an 86% and
73% antibacterial activity against both the Grampositive and Gram-negative bacteria. A similar trend
in arresting the growth of bacteria is also evidenced
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 5: Antibacterial activity on untreated and grapeseed oil-imbued TCAMC-treated fabrics: Against S.
aureus (a−e): (a) untreated 100% PES; (b) TCAMC-treated 100% PES; (c) TCAMC-treated PES/CV; (d) TCAMCtreated PES/CO; and (e) TCAMC-treated texturised PES. Against E. coli (f−j): (f) untreated 100% PES;
(g) TCAMC-treated 100% PES; (h) TCAMC-treated PES/CV; (i) TCAMC-treated PES/CO; and (j) TCAMCtreated texturised PES
in other biopolymer-imbued TCAMC-treated fabrics. It should be noted that the TCAMC pretreatment contributed a significant role in enhancing the
antibacterial activity of neem, aloe vera, tulsi and
grapeseed oil treated polyester. TCAMC modifies the
structure of polyester and creates more voids and microcracks in the structure to entrap the antimicrobial
agents [16, 22]. It is observed that with the increase
in concentration of finishes, the antibacterial activity
also increases as evidenced in Figures 2−5, which
show bacterial free regions. It is also obvious form

a)

Figures 2−5 that the inhibition zone is influenced
by the type of finish and its concentration, which is
further reaffirmed by quantitative test results.

3.4 Effect of laundering on the antibacterial
activity

It is observed that laundering affects the effectiveness
of antibacterial finishes and the degree of antibacterial activity is reduced with increase in wash cycles
(Table 5). Table 5 shows that all treated fabric samples show modest activity against both S. aureus and

b)

Figure 6: Antimicrobial activity of grapeseed oil-imbued TCAMC-treated fabrics against: a) S. aureus and
b) E. coli after several machine washes
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Table 5: Antibacterial activity of treated fabrics after various use-wash cycles (according to Taguchi design)
Without laundering
Finish concentration (%)

Liquor
ratio

Aloe vera gel

5
10
15
20
10
5
20
15
15
20
5
10
20
15

1:20
1:20
1:25
1:25
1:25
1:25
1:20
1:20
1:20
1:20
1:25
1:25
1:25
1:25

Texturised PES

Tulsi extract

10

1:20

45

42

66

40

Texturised PES

Grapeseed oil

5

1:20

42

46

62

44

Fabric

Finish type

Untreated
100% PES
100% PES
100% PES
100% PES
PES/CV
PES/CV
PES/CV
PES/CV
PES/CO
PES/CO
PES/CO
PES/CO
Texturised PES
Texturised PES

a)

Neem extract
Aloe vera gel
Tulsi extract
Grapeseed oil
Neem extract
Aloe vera gel
Tulsi extract
Grapeseed oil
Neem extract
Aloe vera gel
Tulsi extract
Grapeseed oil
Neem extract

S. aureus
(Gram-positive)
CFUa)
AA
78
45
42
42
46
37
53
11
86
46
41
48
38
36
54
10
87
45
42
44
44
34
56
12
85
35
55
31
60

E. coli
(Gram-negative)
CFUa)
AA
110
65
41
60
45
45
59
30
73
67
39
69
37
53
52
25
77
66
40
63
43
41
63
22
80
45
53
46
58

ml ×10 ; antibacterial activity (%)
8 b)

E. coli even after 10 AATCC machine washes. The
grape seed oil treated 100% PES and PES/CV show
34% and 32 % antibacterial activity after 10 machine
washes (50 home laundry cycles) against S. aureus
and E. coli bacteria. This is due to the finish concentration as lower concentration also decreases the effect of antibacterial activity. Figure 6 shows the effect
of laundering on antibacterial activity for all kind of
polyester fabrics treated with grapeseed oil-imbued
TCAMC with 20% grapeseed oil at a liquor ratio of
1:25 . It is evident that after 5 and 10 machine laundry
cycles the finish is leeched out and the antibacterial
activity reduced accordingly.

was observed that the neem and tulsi treated fabric
samples show higher colour strength values. The relative colour strength had the highest value 10994 in
case of PES/CV neem. It was also observed that the
increase in finish concentration from 5% to 20% leads
to higher colour strength values in all cases. From
Table 6, the difference in lightness (DL*) has been
observed negative, which also confirms the darker
shade appearance as compared to the control sample
in all cases. The changes in hue values are represented
by DH* and its tendency towards a specific colour
(such as red, yellow or blue) can be explained by the
Da* and Db* values in Table 6.

3.5 Effect of biopolymer finish on colour
properties

3.6 Analysis and evaluation of experimental
results

Table 6 shows the effect of biopolymeric finishes on
the colour properties of all treated samples. It was observed that all fabric samples treated with neem, tulsi
and grapeseed oil show a significant change in colour properties. Table 6 shows that the relative colour
strength is highly influenced by the finish type and
finish concentration. Relative strength increased with
higher finish concentration under all conditions. It

Analysis of the effect of each control factor fabric
type, finish type, concentration and liquor ratio on
the antibacterial activity of both S. aureus and E.
coli with signal-to-noise (S/N) response are shown
in Table 7. Normally, there are three kinds of quality characteristics in the analysis of the S/N ratio,
i.e. lower -the -better, higher-the-better, and nominal-the-best. The S/N ratio is calculated based on
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5-× machine washes
S. aureus
(Gram-positive)
CFUa)
AA
78
48
38
62
21
39
50
18
77
51
35
60
23
38
51
15
81
49
37
58
26
52
33
24
69
46
41
55
29

10-× machine washes

E. coli
(Gram-negative)
CFUa)
AA
110
68
38
88
20
58
47
35
68
73
34
86
22
57
48
26
76
72
35
87
21
76
31
46
58
72
35
81
26

S. aureus
(Gram-positive)
CFUa)
AA
78
68
13
75
4
64
18
49
37
67
14
69
12
61
22
51
35
61
22
72
8
65
17
60
23
58
26
71
9

E. coli
(Gram-negative)
CFUa)
AA
110
98
11
107
3
94
15
73
34
96
13
105
5
90
18
75
32
82
25
99
10
94
15
91
17
84
24
102
7

47

40

68

38

63

19

92

16

46

41

72

35

62

21

90

18

Table 6: Colour strength values and colour coordinates of treated fabric samples
Fabric

100% PES

PES/CV

PES/CO

100%
texturised
PES

Treatment
Standard
Neem
Aloe vera
Tulsi
Grapeseed oil
Standard
Neem
Aloe vera
Tulsi
Grapeseed oil
Standard
Neem
Aloe vera
Tulsi
Grapeseed oil
Standard
Neem
Aloe vera
Tulsi
Grapeseed oil

Conc. (%)
5
10
15
20
10
5
20
15
15
20
5
10
20
15
10
5

DL*
−37.66
−10.32
−31.25
−15.54
−46.79
−6.07
−47.26
−36.89
−28.58
−17.7
−18.14
−16.5
−39.23
−18.52
−30.64
−11.75

Da*
1.6
0.9
2.05
6.69
0.91
1.93
4.66
14.94
3.69
3.38
1.71
6.88
1.67
3.62
0.32
0.8

Db*
13.77
15.23
19.07
31.24
14.51
10.39
14.98
23.25
16.86
25.71
17
34.15
16.45
25.11
15.16
22.46

Dc*
13.84
15.25
19.16
31.85
14.53
10.51
15.51
26.89
17.17
25.9
17.07
34.75
16.52
25.33
15.16
22.48

dE*
40.13
18.42
36.67
35.52
49
12.18
49.8
46.09
33.39
31.39
24.92
38.54
42.57
31.41
34.19
25.37

DH*
−0.77
−0.36
−0.87
−2.49
−0.38
−1.08
−2.35
6.38
−1.76
−1.31
−0.75
−2.54
−0.74
−1.43
−0.06
−0.22

Strength (%)
100
5254
704.75
5062.1
2221.9
100
10994
400.06
9897.9
5415.9
100
3136.9
2247.5
1922.9
3211.4
100
6266.7
1974.9
3513.3
1427
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the S/N analysis. This analysis focuses on finding
the best combination among each process parameter for better antibacterial activity. Therefore, higher
the better is the quality technique used as shown in
Equation 3 given below:
h=

#
$%

value are specified as factor A (Level 3, S/N = 26.68),
factor B (Level 2, S/N = 28.92), factor C (Level 4,
S/N = 28.19) and factor D (Level 2, S/N = 25.79).
For E. coli, values are specified as factor A (Level
3, S/N = 26.39), factor B (Level 2, S/N = 27.75), factor C (Level 4, S/N = 27.36) and factor D (Level 2,
S/N = 24.77). In other words, the optimum activity
can be achieved for both S. aureus and E. coli using polyester/viscose fabric with grapeseed oil finish at a 20% concentration at a Liquor ratio of 1:25
respectively.
Table 8 shows the ANOVA analysis to study the effect
of process parameters after 10 laundry cycles against
both S. aureus and E. coli. The analysis is carried out
at 5% significance and at 95% confidence level. The
significance of control factors in ANOVA is determined by comparing the F values of each control
factor. According to Table 8, the percentage contribution of the fabric, finish, concentration and liquor
ratio on the S. aureus antibacterial activity is 2.80%,
66.73%, 30.06%, and 0.41 respectively. Thus, the important factors affecting the antibacterial activity
are finish type (66.73%) and concertation (30.06%).
Similarly, for E. coli the effect of laundering on fabric, finish, concentration and liquor ratio against the

-

4

= −10 × 𝑙𝑙𝑙𝑙𝑙𝑙-. (𝑠𝑠𝑠𝑠𝑠𝑠( 35 )(3)

Here, Y represents the observed data in the experiment and n represents the number of observations
in the experiment [35−36]. The response tables of
S/N for S. aureus and E. coli are shown in Table 7.
This table is made using the Taguchi technique and
shows the optimal levels of control factors for the
optimal process to enhance antibacterial activity.
The level values of control factors for S. aureus and
E. coli given in Table 7 are shown in Figure 7. Optimal
process parameters of the control factors for minimising the antibacterial activity of S. aureus and E.
coli can be easily determined from these graphs. The
best level for each control factor is found according
to the highest S/N ratio in the levels of that control
factor. According to this, the levels and S/N ratios for
the factors giving the best activity against S. aureus

Table 7: Response table for Signal to noise ratio for S. aureus and E. coli
S/N ratio for S. aureus
Level

A

B

C

S/N ratio for E. coli
D

A

B

C

D

1

22.89

16.55

23.89

24.38

24.37

17.48

22.09

24.62

2

24.95

28.92

21.10

25.79

23.29

27.75

23.58

24.77

3

26.68

26.50

27.15

26.39

26.32

25.74

4

25.81

28.37

28.19

24.73

27.22

27.36

3.78

12.37

7.08

3.10

10.27

5.27

Delta

(a)

1.40

0.15

(b)

Figure 7: Effect of 10 machine laundry cycles on antibacterial activity: a) against S. aureus, b) against E. coli
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Table 8: ANOVA analysis after 10 laundry cycle
Bacteria

S. aureus

E. coli

Variance source

Degree of
freedom (DF)

Sum of
squares (SS)

Mean square
(MS)

F ratio

Contribution
(%)

Fabric

3

136.69

45.56

0.14

2.80

Finish

3

3280.69

1093.56

3.33

66.73

Concentration

3

1475.19

491.73

1.50

30.06

Fabric

3

60.19

20.063

0.11

1.37

Finish

3

2953.19

984.40

5.60

69.91

Concentration

3

1203.69

401.23

2.28

28.46

a ntibacterial property is shown in Table 8. The percentage contribution of the fabric, finish, concentration and liquor ratio on the E. coli antibacterial activity is 1.37%, 69.91%, 28.46%, and 0.26% respectively.
Thus, the important factor affecting the antibacterial
activity is finish type that has a maximum contribution of 66.73% and 69.91% in both cases. The trends
are presented using design generated graphs in Figure
7. It is observed that the grapeseed oil finish shows
better antibacterial activity against both S. aureus
and E. coli compared to others finishes after 10 laundry cycles. It has been observed that as the concentration increases the durability of finishes increases.
It is also observed from the study that the increase
in the liquor ratio from 1:20 to 1:25 increases the
antibacterial activity. It is due to the increase in the
mobility of the molecule in the solution, which helps
in more uniform finishing. Among different types of
fabrics, polyester/cotton and polyester/viscose blends
show more affinity to adhere to the molecules into
the polymer structure as compared to polyester and
texturised polyester.

4 Conclusion
Different polyester structures are treated with already
optimised concentration of TCAMC solvent. The pretreatment modifies the polyester structure and creates more voids and cracks in the compact structure.
In this study, the Taguchi method is used to determine optimal process parameters in the antibacterial
assessment of the bio polymeric finished pretreated
polyester structure. The Taguchi analysis shows that
the polyester/viscose fabric with 20% grapeseed finish at a liquor ratio of 1: 25 is the optimum condition
for antibacterial activity against both S. aureus and
E. coli. According to the results of statistical analysis,

it is found that the finish type is the most significant
parameter with contributions of 66.73% and 69.91%,
respectively for S. aureus and E. coli. Grapeseed oil
finish is observed to be the best antimicrobial finish;
which shows 21−37% antibacterial activity even after 10 machine laundry cycles against S. aureus and
18−34% antibacterial activity after 10 machine laundry cycles against E. coli. Also, the neem, tulsi and
aloe vera finish show a modest amount of antibacterial activity of about 14−26%, 13−22%, and 5−10%
respectively for S. aureus after 10 machine laundry
cycles. Similarly, the neem, tulsi and aloe vera treated
samples show 11−24%, 12−18%, and 4−8% antibacterial activity after 10 machine laundry cycles against
E. coli respectively.
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Abstract

This work aims to improve the flame retardancy of jute fabric. Raw and bleached plain weave jute fabric was
used in this work. Flame retardants borax, diammonium phosphate and thiourea were applied in different
concentrations in a raw and bleached jute fabric with the padding method. The influences of flame retardant
finishing on the vertical flammability behaviour and tensile properties as well as wash resistance were investigated. Flame spread time was found to significantly increase when these simple flame retardant finishing
agents were used. It was found that the borax-treated raw and bleached specimens exhibited higher flame
spread time among all. The assessment of physical properties such as weight gain percentage and breaking load
along warp and weft direction of the control and treated fabrics revealed that the increase of flame retardant
finishing weight gain caused a decrease in breaking load. Furthermore, the specimens treated with borax and
diammonium phosphate flame retardant showed better results than thiourea for flame retardancy and wash
durability. These flame retardant jute fabrics have industrial protective textile applications as brattice cloth in
mines and many other potential fields of application, e.g. flame retardant kitchen apron, furnishings for public
hall, theatre and hospital, etc.
Keywords: flame retardant, jute fabric, finishing, wash durability, breaking load

Izvleček

Namen raziskave je bil izboljšati ognjevarnost jutne tkanine. Surova in beljena jutna tkanina sta bili impregnirani z
zaviralci gorenja boraksom, diamonijevim fosfatom in tiosečnino v različnih koncentracijah. Z vertikalnim testom
gorljivosti je bil proučevan učinek ognjevarne obdelave na gorljivost, prav tako pa tudi njen vpliv na natezne lastnosti
in odpornost pri pranju. Ugotovljeno je bilo, da se je z uporabo teh preprostih ognjevarnih sredstev čas širjenja plamena
znatno podaljšal. Najdaljši čas širjenja plamena so imeli surovi in beljeni vzorci, obdelani z boraksom. Ocena fizikalnih
lastnosti, kot sta odstotek povečanja mase in pretržna obremenitev v smeri osnove in votka, kontrolne in obdelane
tkanine so pokazali, da se je pri povečani količini ognjevarnega sredstva zmanjšala pretržna obremenitev. Pri obdelavi
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z boraksom in diamonijevim fosfatom so bili doseženi boljši rezultati zaviranja gorenja in obstojnosti na pranje kot s
tiosečnino. Tako obdelane jutne tkanine so primerne za industrijske tekstilne pregrade v rudnikih in na številnih drugih
področjih, kot so ognjevarni kuhinjski predpasniki, ognjevarne dekorativne tekstilije za notranjo opremo javnih prostorov,
v gledališčih in bolnišnicah ipd.
Ključne besede: zaviralec gorenja, juta, plemenitenje, obstojnost pri pranju

1 Introduction
Jute is a lignocellulosic fibre with a different percentage of hemicellulose (22–24%), α-cellulose (58–60%)
and lignin (12–14%) as the key constituents with
other elements as well [1]. Despite jute being one
of the most important biodegradable, eco-friendly,
anti-statistic and annually renewable agro products,
it is nowadays facing tough competition with synthetic fibres both home and abroad. Therefore, for
the competitiveness of this environment friendly
fibre, it is necessary to diversify its uses and develop new products for domestic and industrial purposes that can at least partially overcome the present unfavourable situation of jute [2–5]. In South
Asia, jute is the most versatile natural fibre gifted

to man by nature. At present, jute can be defined
as an eco-friendly natural fibre with multipurpose
application prospects ranging from low value geotextiles to high value products, e.g. fancy bags, carpets, home furnishings, composites, papers, particle
boards, car components, fashion accessories and
gift articles [6]. Apart from its conventional use as
packaging material, jute fabrics are now extensively used in furnishing clothes and home textiles as
this fibre has good spinnability [7–10]. Due to its
versatility, jute is the second most important bast
fibre after cotton. However, it ignites easily and is
frequently involved in fire. Jute cellulose undergoes
decomposition upon ignition, forming highly explosive volatile compounds, mainly laevoglucose
with the spread of fire causing injuries and fatalities

a)

b)

c)

d)

Figure 1: Jute: a) plant, b) fibre, c) yarn and d) fabric
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2.2 Chemicals

in fire accidents [11, 12]. Since consumers are now
increasingly becoming aware of a safe lifestyle, expectations and demand for diversified value-added
flame retardant jute products are steadily increasing. The flame retardant jute product demand is also
on an increase due to its prolonged life cycle and
boosted application for home textile and furnishing
purposes [13].
Different chemical formulations have been reported for preparing flame retardant jute fabrics. It
has been found that different inorganic salts, borax-boric acid composition, hydrated metal oxide
like sodium silicate, different phosphorous and
nitrogenous compounds and their combinations
have been mostly used to make fire-retardant jute
[12–16]. Studies also have been reported on the application of nitrogen and sulphur based thiourea on
jute fabric, and their flame retardancy properties
have been evaluated [17, 18].
This study reports on the application of borax, diammonium phosphate and thiourea for developing flame retardant functionality on a jute fabric
(cf. Figure 1). The thermal behaviour in terms of vertical flammability was investigated, and the weight
gain and breaking load changes of the jute fabric
were reported.

Flame retardant finishes such as borax (Na 2B 4O7
× 10 H 2 O, white solid), diammonium phosphate ((NH4)2HPO 4, white powder) and thiourea
(CH4N2S, white solid) were obtained from Tradesia
International Pvt. Ltd., Singapore. Other essential
chemicals particularly hydrogen peroxide (H2O2),
sodium silicate (Na 2SiO3) and sodium carbonate
(Na 2CO3) were procured from Redox Chemical
Industries Ltd., Sri Lanka. All reagents were laboratory grade and were used without further purification.

2.3 Methods
2.3.1 Bleaching process
The bleaching was conducted according to the exhaust method using an infrared lab dyeing machine
(Xiamen Rapid, China) at 85 °C for 60 min. Then,
the bleaching bath was cooled to 40 °C. Samples were
washed at room temperature and neutralised with
0.5 g/L acetic acid for 10 min. The specimens were
air-dried in a flat dryer machine (Mesdan, Italy). For
both the bleaching and neutralising, the material to
liquor ratio was 1 : 40. The recipe for bleaching the
jute fabric is tabulated in Table 3.
Table 3: Recipe of bleaching of jute fabric
Chemicals/Parameters

Amount

2 Experimental

Hydrogen peroxide, 35% (g/L)

2.1 Materials

Sodium silicate (g/L)

3

Sodium carbonate (g/L)

3

A raw and bleached plain weave jute fabric commonly known as a hessian cloth with mass per unit
area of 241 g/m 2 was fabricated for this research.
The fabric construction is shown in Table 1 and its
breaking load is stated in Table 2. After the bleaching, fabric mass per unit area became 232 g/m2.

1.5

Wetting agent (g/L)

1

pH

11

Material : liquor

1 : 40

Temperature (°C)

85

Time (min)

60

Table 1: Raw jute fabric specifications
Fabric structure
Plain weave

Yarn count (tex)

Fabric density (cm-1)

Ends

Picks

Ends

Picks

Mass per unit
area (g/m2)

210.54

210.54

6.2 ± 0.2

5.2 ± 0.2

241

Table 2: Jute fabric breaking load
Fabric type

Breaking load (kg)
Warp

Weft

Raw jute

32

30

Bleached jute

25

23
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2.3.2 Padding process
All single chemicals with different concentrations
were applied to both raw and bleached jute fabrics.
The prepared solution was poured into the padding
bath of a two-bowl horizontal padding machine
(Switzerland Mathis shares technology Ltd., China)
and the fabric was impregnated to yield a 95% wet
pick up. The pressure was set to 0.3 MPa and the bowl
rotation was 20 m–1 to get the 95% pick up. Each sample was passed two times through the padding bath
for better results. The nip pressure was controlled to
ensure the required pick-up percentage. The latter can
be calculated by using Equation 1. After the padding,
the samples were dried using a stenter machine at
100 °C for 2 min.
Pick up =

Wet weight of sample (g) – Dry weight of sample (g)
× 100 (%)
Dry weight of sample (g)

(1)

2.4 Characterisation
2.4.1 Weight gain measurement
Weight gain can be determined by using the oven-dry
weight method, taking the oven-dry weight of a sample
before and after the treatments, expressing the results as
a percentage of the initial oven-dry weight of the material taken. Weight gain was calculated with Equation 2.
Wet gain =

W* (g) – W. (g)
× 100 (%)(2)
W. (g)

where W1 and W2 indicate the oven-dry weight of the
untreated and treated fabric samples, respectively.
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2.4.2 Tensile strength
Warp and weft breaking strength of untreated and
treated jute fabric samples was determined according
to the EN ISO 13934-2 standard test method [19] by
using a universal strength tester (Titan 3, James Heal,
England). The sample size was 20 cm × 10 cm for the
breaking strength measurement.
2.4.3 Vertical flammability test
Raw and chemical-treated bleached jute fabric samples with 30.48 cm × 7.62 cm (12 inch × 3 inch) in size
were prepared and placed in a specimen holder for
the measurement. Afterwards, the specimens were
exposed to a standard flame at 90° angle for 12 s ± 0.2
s and left for burning. The flame spread time after the
burning was measured in line with the ASTM D6413
standard test method [20].
2.4.4 Wash durability of fabrics
The wash durability of the chemical-treated samples
(sample size 30.48 cm × 7.62 cm) was tested by washing the samples in a bowl taking 500 ml of water.
Each wash cycle was performed for 30 min at 45 °C
followed by drying at 80 °C for 10 min to simulate
the Samsung auto (WF8500NHS) laundering machine. The flame spread time of fabrics was repeatedly
measured after different wash cycles and the average
value was reported.
2.4.5 Sampling
The samples are identified as stated in Table 3.

Table 3: Sample identification of jute fabric
Fabric type

Flame retardant finish

Amount (%)

Sample identification code

−

−

RR

4

RB1

Borax

Raw jute fabric

Diammonium phosphate
(DAP)

Thiourea

6

RB2

8

RB3

12

RB4

4

RD1

6

RD2

8

RD3

12

RD4

4

RU1

6

RU2

8

RU3

12

RU4
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Fabric type

Flame retardant finish

Amount (%)

Sample identification code

−

−

BR

Borax

Bleached jute fabric

Diammonium phosphate
(DAP)

Thiourea

2.4.6 Atmospheric conditioning
All physical properties of raw, bleached chemical-treated jute fabrics were evaluated after the
conditioning in a standard testing atmosphere, i.e.
65% ± 2% relative humidity (RH) and 27 °C ± 2 °C
temperature for 48 hours [21].

Jute cellulose

4

BB1

6

BB2

8

BB3

12

BB4

4

BD1

6

BD2

8

BD3

12

BD4

4

BU1

6

BU2

8

BU3

12

BU4

2.4.7 Probable reactions mechanism
H3PO4 reacts with the hydroxyl groups in jute fibres
at high temperature. The following reactions illustrate the postulated mechanism leading to the configuration of phosphorylated jute.

Phosphoric acid

Phosphorylated jute cellulose

a)

b)

Phosphorylated jute cellulose

Ammonium salt of phosphorylated
jute cellulose
c)
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3 Results and discussion
3.1 Weight gain percentage

Raw and bleached jute fabrics were subjected to a
treatment with three different flame retardant formulations under specific treatment conditions and
the weight gain percentage of the treated fabrics was
evaluated. The results of the weight gain percentage
are reported in Figures 2 and 3.
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Figure 2: Weight gain changes of raw jute fabric
during application of different concentrations of flame
retardant finish
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Figure 3: Weight gain changes of bleached jute fabric
during application of different concentrations of flame
retardant finish
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From Figures 2 and 3, it can be observed that with
increased loading percentage of chemicals in all formulations, the weight gain gradually increased in
jute fabric as well. The DAP-treated samples showed
higher weight gain compared to the borax- and
thiourea-treated samples. Both raw and bleached jute
fabrics showed similar behaviour after the treatment
with flame retardant chemicals. A probable reason
for this strength gain may lie in the formation of additional binder film on the substrate.
Regarding raw jute fabrics, the sample order of weight
gain was RB4 > RB3 > RB2 > RB1 after being treated
with borax in a different amount of chemical loading,
RD4 > RD3 > RD2 > RD1 for the samples treated
with DAP and RU4 > RU3 > RU2 > RU1 for the samples treated with thiourea (cf. Figure 2). Due to the
2%, 6%, 8% and 12% borax concentration treatment
of the raw jute fabric, the weight gain increased by
0.08%, 1.20%, 1.70% and 2.80% for the samples RB1,
RB2, RB3 and RB4. The weight gain showed a 3.14%,
3.20%, 5.45% and 8.50% increase for the samples
RD1, RD2, RD3 and RD4 compared to the raw jute
fabric. The flame spread time increased by 1.20%,
2.45%, 3.10% and 4.60% for the samples RU1, RU2,
RU3 and RU4 compared to the raw jute fabric. The
same results were recorded for RB2 and RU1, despite
the fact that RB2 was treated with 6% and RU1 with
2% chemical concentration (cf. Figure 2).
Regarding the bleached jute fabrics, the weight gain
of samples followed in the order BB1 < BB2 < BB3
< BB4 after being treated with borax in a different
amount of chemical loading, BD1 < BD2 < BD3 <
BD4 for the samples treated with DAP and BU1
< BU2 < BU3 < BU4 for the samples treated with
thiourea (cf. Figure 3). Due to the 2%, 6%, 8% and
12% borax concentration treatment of bleached jute
fabric, the weight gain was by 1.45%, 1.63%, 4.03%
and 6.08% higher for the samples BB1, BB2, BB3 and
BB4. The weight gain was by 2.50%, 4.67%, 6.13% and
7.60% higher for the samples BD1, BD2, BD3 and BD4
compared to the bleached jute fabric. The weight gain
showed a 0.80, 1.25%, 3.51% and 4.02% increase for
the samples BU1, BU2, BU3 and BU4 compared to the
bleached jute fabric (cf. Figure 3). The same results
were observed for RB1 and BU1 at 2% chemical concentration, RB1 being the sample of raw jute fabric
treated with borax and BU1 the sample of bleached
jute fabric treated with thiourea (cf. Figures 2 and 3).
At 2% chemical concentration, the weight gain was
by 0.08%, 3.14% and 1.20% higher for the samples
RB1, RD1 and RU1 compared to the raw jute fabric,
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3.2 Flammability properties

The flame spread times of raw and bleached jute fabric were tested after using a different flame retardant
finish in different concentrations. The results are presented in Figures 4 and 5.
It was found that the raw jute fabric without the treatment with a flame retardant finish catches fire and
burns continuously within 18 s, while the bleached
jute fabric catches fire and burns continuously within
21 s. It became evident that the flame spread time of
the jute fabric increased due to the bleaching and
treatment with a flame retardant finish. Figures 4
and 5 demonstrate that the flame spread time gradually increased in all cases with increased chemical
concentration. The borax- and DAP-treated fabrics
showed higher flame spread time compared to those
treated with thiourea. Both raw and bleached jute
fabrics showed similar behaviour after being treated
with flame retardant chemicals.
Several chemical reactions are responsible for the
flame retardancy effect of the jute fabric treated with
a different formulation [7]. The effect of borax on the
improvement of the flame retardancy of jute can be
explained with the insulating layer theory. Borax
acts by the endothermic release of water and melts
to form a sodium borate coating. Chemically, borax
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Flame spread time (s)

and by 1.45%, 2.50% and 0.80 higher for the samples
BB1, BD1 and BU1 compared to the bleached jute
fabric (cf. Figures 2 and 3). At 6% chemical concentration, the flame spread time showed a 1.20%, 3.20%
and 2.45% increase for the samples RB2, RD2 and
RU2 compared to the raw jute fabric, and a 1.63%,
4.67% and 1.25% increase for the samples BB2, BD2
and BU2 compared to the bleached jute fabric (cf.
Figures 2 and 3). At 8% chemical concentration, the
flame spread time grew by 1.70%, 5.45% and 3.10%
for the samples RB3, RD3 and RU3 if compared to
the raw jute fabric, and by 4.03%, 6.13% and 3.51%
for the samples BB3, BD3 and BU3 if compared to
the bleached jute fabric (cf. Figures 2 and 3). At 12%
chemical concentration, the flame spread time increased by 2.80%, 8.50% and 4.60% for the samples
RB4, RD4 and RU4 if compared to the raw jute fabric,
and by 6.08%, 7.60% and 4.02% for the samples BB4,
BD4 and BU4 compared to the bleached jute fabric
(cf. Figures 2 and 3). Finally, it was concluded that
the weight gain percentage of raw and bleached jute
fabrics increased together with increased chemical
concentration. The highest value was observed at
DAP treated samples.
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Figure 4: Flame spread time changes of raw jute fabric
during application of different concentrations of flame
retardant finish
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Figure 5: Flame spread time changes of bleached jute
fabric during application of different concentrations
of flame retardant finish
can also react with the primary hydroxyl group of
cellulose polymers to give a borate ester and block
the release of flammable gases. In the case of the
DAP-treated jute fabric, at high temperature, DAP
forms a phosphoric acid, which causes the material
to char, forming a thick glassy layer of carbon. This
carbonated char stops the decomposition process
(pyrolysis) and prevents the release of flammable
gases, essentially cutting off fuel to the flame. It also
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provides a barrier between the material and the heat
source. In the case of thiourea-treated jute fabric, at
high temperatures, it enables the formation of stable
molecular compounds that stop the decomposition
process (pyrolysis) and prevent the release of flammable gases. It also releases inert nitrogen gases that
inhibit the chain reaction leading to combustion.
Regarding raw jute fabrics, the sample order was RB4
> RB3 > RB2 > RB1 after the treatment with borax
in a different amount of chemical loading, RD4 >
RD3 > RD2 > RD1 for the samples treated with DAP
and RU4 > RU3 > RU2 > RU1 for the samples treated
with thiourea (cf. Figure 4). Due to the 2%, 6%, 8%
and 12% borax concentration treatment of the raw
jute fabric, the flame spread time showed a 77.78%,
138.89%, 194.44% and 261.11% increase for the samples RB1, RB2, RB3 and RB4. The flame spread time
was by 72.22%, 127.78%, 183.33% and 227.78% higher
for the samples RD1, RD2, RD3 and RD4 if compared
to the raw jute fabric. The flame spread time increased
by 77.78%, 94.44%, 105.56% and 127.78% for the samples RU1, RU2, RU3 and RU4 in comparison with the
raw jute fabric. The same results were observed for
RB1 and RU1 at 2% concentration of chemicals. On
the other hand, the same results were recorded for
RD2 and RU4 even though RD2 was treated at 6%
concentration of chemicals, and RU4 at 12% concentration of chemicals (cf. Figure 4).
Regarding bleached jute fabrics, the sample order
was BB1 < BB2 < BB3 < BB4 after the treatment with
borax in a different amount of chemical loading, BD1
< BD2 < BD3 < BD4 for the samples treated with DAP
and BU1 < BU2 < BU3 < BU4 for the samples treated
with thiourea (cf. Figure 5). After the bleached jute
fabric being treated with 2%, 6%, 8% and 12% borax, the flame spread time was by 66.67%, 104.76%,
161.90% and 195.24% higher for the samples BB1,
BB2, BB3 and BB4. The flame spread time showed a
61.90%, 90.48%, 152.38% and 180.95% increase for
the samples BD1, BD2, BD3 and BD4 if compared to
the bleached jute fabric. The flame spread time increased by 66.67%, 85.71%, 109.52% and 133.33% for
the samples BU1, BU2, BU3 and BU4 compared to the
bleached jute fabric. The same results were observed
for BB1 and BU1 at 2% concentration of chemicals
(cf. Figure 5).
At 2% concentration of chemicals, the flame spread
time was by 77.78%, 72.22% and 77.78% higher for the
samples RB1, RD1 and RU1 in comparison with the
raw jute fabric, and by 104.76%, 90.48% and 85.71%
higher for the samples BB1, BD1 and BU1 if compared
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to the bleached jute fabric (cf. Figures 4 and 5). At 6%
concentration of chemicals, the flame spread time
showed a 138.89%, 127.78% and 94.44% increase for
the samples RB2, RD2 and RU2 when compared to
the raw jute fabric, and a 66.67%, 61.90% and 66.67%
increase for the samples BB2, BD2 and BU2 when
compared to the bleached jute fabric (cf. Figures 4
and 5). At 8% chemical concentration, the flame
spread time rose by 194.44%, 183.33% and 105.56%
for the samples RB3, RD3 and RU3 if compared to the
raw jute fabric, and by 161.90%, 152.38% and 109.52%
for the samples BB3, BD3 and BU3 if compared to
the bleached jute fabric (cf. Figures 4 and 5). At
12% chemical concentration, the flame spread time
showed a 261.11%, 227.78% and 127.78% increase for
the samples RB4, RD4 and RU4 if compared to the
raw jute fabric, and a 195.24%, 180.95% and 133.33%
increase for the samples BB4, BD4 and BU4 if compared to the bleached jute fabric (cf. Figures 4 and 5).
The flame retardancy of the jute fabric improved after
the flame retardant finishing agent was applied. The
concentrations of chemicals also had a beneficial effect on flame retardancy. The raw and bleached jute
fabrics were shown to improve their flame retardant
behaviour.

3.3 Breaking load

Raw and bleached jute fabrics were subjected to a
treatment with three different flame retardant formulations under specific treatment conditions, and the
changes of the breaking load of the treated samples
were evaluated. The results of breaking load both in
warp and weft direction are reported in Figures 6
and 7.
Figures 6 and 7 show that both warp and weft direction breaking load values gradually decreased with
the increase of loading percentage of chemicals in
all formulations. It may be presumed that due to a
mild acidic hydrolysis of jute cellulose, the breaking
load falls.
Regarding raw jute fabrics, the sample order of breaking load was RB1 > RB2 > RB3 > RB4 after being
treated with borax in a different amount of chemical
loading, RD1 > RD2 > RD3 > RD4 for the samples
treated with DAP and RU1 > RU2 > RU3 > RU4 for
the samples treated with thiourea in warp direction.
A similar scenario was observed in weft direction
(cf. Figure 6). After the raw jute fabric being treated with 2%, 6%, 8% and 12% borax , the breaking
load was by 3.12%, 6.25%, 10.93% and 12.50% lower for the samples RB1, RB2, RB3 and RB4 in warp
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Figure 6: Breaking load changes of raw jute fabric
during application of different concentrations of
flame retardant finish
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Figure 7: Breaking load changes of bleached jute fabric during application of different concentrations of
flame retardant finish
direction, and by 3.33%, 3.33%, 8.30% and 13.30%
lower in weft direction. The breaking load showed
a 1.56%, 6.25%, 9.37% and 14.06% decrease for the
samples RD1, RD2, RD3 and RD4 in warp direction, and a 0.56%, 3.33%, 6.60% and 10.0% decrease
in weft direction if compared to the raw jute fabric.
The breaking load fell by 0.92%, 3.12%, 3.12% and
10.93% for the samples RU1, RU2, RU3 and RU4
in warp direction, and by 3.33%, 3.33%, 6.60% and

13.30% in weft direction when compared to the raw
jute fabric. Under the same amount of breaking load,
a 6.25% decrease in warp direction was recorded for
RB2 and RD2, a 3.33% decrease for RB1, RB2, RD2,
RU1 and RU2, a 6.60% decrease for RD3 and RU3,
and a 13.30% decrease for RB4 and RU4 in weft direction (cf. Figure 6).
Regarding bleached jute fabrics, the sample order of
breaking load was RB1 > RB2 = RB3 > RB4 after being
treated with borax in a different amount of chemical
loading, RD1 = RD2 > RD3 > RD4 for the samples
treated with DAP and RU1 > RU2 = RU3 > RU4 for
the samples treated with thiourea in warp direction.
A regular decreasing scenario was observed in weft
direction for all samples (cf. Figure 7). The breaking
load was by 1.120%, 4.0%, 4.0% and 12.0% lower for
the samples BB1, BB2, BB3 and BB4 in warp direction,
and by 1.19%, 3.34%, 13.04% and 13.04% lower in weft
direction after treating the bleached jute fabric with
2%, 6%, 8% and 12% concentration borax (cf. Figure
7). The breaking load showed a 4.0%, 4.0%, 12.0%
and 16.0% fall for the samples BD1, BD2, BD3 and
BD4 in warp direction, and a 4.34%, 13.04%, 13.04%
and 17.30% fall in weft direction compared to the
bleached jute fabric (cf. Figure 7). The breaking load
decreased by 2.0%, 8.0%, 8.0% and 16.0% for the samples BU1, BU2, BU3 and BU4 in warp direction, and
by 2.17%, 8.69%, 13.04% and 13.04% in weft direction
if compared to the bleached jute fabric (cf. Figure
7). Under the same amount of breaking load, there
was a 4.0% decrease recorded for BB2, BB3, BD1 and
BD2, and an 8.0% decrease for BU2 and BU3 in warp
direction, and a 13.04% decrease for BB3, BB4, BD2,
BD3, BU3 and BU4 in weft direction (cf. Figure 7).
At 2% concentration of chemicals, the breaking load
showed a 3.12%, 1.56% and 0.92% fall for the samples
RB1, RD1 and RU1 in warp direction, and a 3.33%,
0.56% and 3.33 fall for the same samples in weft direction when compared to the raw jute fabric, and a
1.12%, 4.0% and 2.0% fall for the samples BB1, BD1
and BU1 in warp direction, and a 1.19%, 4.34% and
2.17% fall for the same samples in weft direction in
comparison with the bleached jute fabric (cf. Figures
6 and 7). At 6% chemical concentration, the breaking
load showed a 6.25%, 6.25% and 3.12% increase for
the samples RB2, RD2 and RU2 in warp direction,
and a 3.33%, 3.33% and 3.33 decrease for the same
samples in weft direction if compared to the raw jute
fabric. The breaking load was by 4.0%, 4.0% and 8.0%
lower for the samples BB2, BD2 and BU2 in warp
direction, and by 4.34%, 13.04% and 8.89% lower

Flame Retardancy Enhancement of Jute Fabric Using Chemical Treatment

for the same samples in weft direction compared
to the bleached jute fabric (cf. Figures 6 and 7). At
8% chemical concentration, the breaking load was
by 10.93%, 9.37% and 3.12% lower for the samples
RB3, RD3 and RU3 in warp direction, and by 8.30%,
6.60% and 6.60% lower for the same samples in weft
direction if compared to the raw jute fabric. For the
samples BB3, BD3 and BU3, it was lower by 4.0%,
12.0% and 8.0% in warp direction, and by 13.04%,
13.04% and 13.04% in weft direction in comparison
with the bleached jute fabric (cf. Figures 6 and 7).
At 12% chemical concentration, the breaking load
showed a 12.50%, 14.06% and 10.93% fall for the
samples RB4, RD4 and RU4 in warp direction, and
a 13.30%, 10.0% and 13.30% fall for the same samples
in weft direction if compared to the raw jute fabric. It
was by 12.0%, 18.0% and 16.0% lower for the samples
BB4, BD4 and BU4 in warp direction, and by 13.04%,
17.30% and 13.04 for the same samples in weft direction compared to the bleached jute fabric (cf. Figures
6 and 7). A lower breaking load in weft direction is
responsible for a lower density of picks compared to
the density of ends.

the removal of unfixed chemical substances from
the fabric surface after the washing. Furthermore,
increasing the number of wash cycles to 3 and 5 resulted in a decrease of flame spread time. The latter
can be attributed to the surface damage of coated
layers caused by rigorous stirring during the washing
[1]. Nevertheless, a moderate decrease in the flame
spread time pattern was observed after the wash
cycle 5, which is comparable to the raw and chemical-bleached unwashed jute samples, suggesting that
the chemical-treated jute samples have moderate
wash durability.

4 Conclusion
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This study describes the added value of a jute fabric
by imparting flame retardancy by using borax, diammonium phosphate and thiourea. It was found that
the flame spread time of a jute fabric significantly
improved through the application of these simple
flame retardant agents. The weight gain percentage
increased with the increase of concentration of chemicals whereas the breaking load decreased. It was also
established that the specimens treated with borax
and diammonium phosphate flame retardant showed
better results than those treated with thiourea. Since
borax, diammonium phosphate and thiourea are
abundantly available and the application process is
simple, the scope of applying these flame retardant
finishes to impart flame retardancy in jute fabrics is
appealing, better wash durability further reinforcing
the use in wearable textile applications.
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3.4 Wash durability

The washability of the chemical-treated samples after several wash cycles (1–5) was evaluated and the
results are shown in Figure 8.
After wash cycle 1, the treated samples experienced
a slight decrease in flame spread time compared to
the unwashed samples. This was probably due to
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Figure 8: Effect of wash performance on flame spread
time of jute fabric treated with flame retardant finish
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