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Adsorption Kinetics of Curcumin on Cotton Fabric
Kinetika adsorpcije kurkumina na bombaznem pletivu
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Abstract

The adsorption kinetics study of curcumin on a cotton fabric was investigated at three different tempera-
tures at neutral pH with 1: 20 material liquid ratio and 1 g/L initial dye concentration. Pseudo first-order and
pseudo second-order kinetics were approached to experimental data and the adsorption kinetics of curcu-
min on cotton fitted well with the pseudo second-order kinetic model. The activation energy was 71.96 klJ/
mol, whereas enthalpy and entropy were 68.99 kJ/mol and -59.7 J/mol K, respectively. Dye adsorption de-
clined with increasing temperature, which suggests that the process is exothermic and the negative value
of entropy indicates the presence of interaction between the adsorbent and adsorbate.

Keywords: activation parameters, chemisorption, equilibrium, natural dye, turmeric

Izvlecek

Na bombaznem pletivu je bila proucevana kinetika adsorpcije kurkumina pri treh razlicnih temperaturah v nev-
tralnem pH mediju s kopelnim razmerjem 1 : 20 in zacetno koncentracijo barvila 1 g/L. Eksperimentalni podatki so
se priblizali kinetikama psevdoprvega reda in psevdodrugega reda. Adsorpcijska kinetika kurkumina na bombazu
ustreza kineticnemu modelu psevdodrugega reda. Aktivacijska energija je bila 71,96 kJ/mol, entalpija in aktivacij-
ska entropija pa sta znasali 68,99 kJ/mol oziroma -59,7 Jmol-'K=1. Adsorpcija barvila se je z naras¢ajoco tempera-
turo zmanjsala, kar kaZe, da je proces eksotermen, negativna vrednost entropije pa kaZe na prisotnost interakcij
med adsorbensom in adsorbendom.

Klju¢ne besede: kinetika, adsorpcija, bombaz, kurkumin, naravno barvilo, kurkuma

1 Introduction It has also been reported that in comparison with
synthetic dyes, natural dyes are more biodegradable
and highly compatible with environment along with

their good UV-protection capability and antibacte-

Dyeing textile materials with natural dyes has a
long past and had its presence already in the pre-

historical ages [1]. However, since the discovery of
synthetic dyes in 1856, the use of natural dyes de-
creased dramatically. Moreover, at the start of the
twentieth century when the cost for synthetic dye
manufacturing decreased substantially, natural dyes
were almost ignored [2]. Nevertheless, due to its en-
vironment friendly nature, a keen interest has been
gained back among the researchers to utilize natu-
ral dyes effectively especially onto natural fibres [3].
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rial activity [4-6].

Turmeric, the most commonly used source of natu-
ral dyes for textiles [7], is obtained from the root of
the plant Curcuma longa. It is rich in curcuminoids
and belongs to the diaroylmethane group called
diferuloylemethane [8]. The active colouring com-
ponent in turmeric rhizome is curcumin, also called
Natural Yellow 3 with the colour index number
75300 [9]. This dye is not only environment friendly

Tekstilec, 2018, 61(2), 76-81
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but also famous for different health benefits [10-12].
Curcumin has the molecular formula C,,H,,0, and
its molecular weight is 368.38 g/mol [13].

It has been found in different studies that curcumin
can be used to dye cotton with or without mordants
(commonly metallic salts that possess affinity to-
wards both fibre and dye) but using mordants can
help improve the dye exhaustion and colour fast-
ness properties of curcumin [9, 14-15].

The kinetic study of curcumin dye was approached
previously by researchers on the PLA fibre. It was re-
ported that the rate of exhaustion was greater by in-
creasing the temperature of dyeing and a similarity
was reported in the dyeing mechanism of curcumin
with disperse dyeing [16]. The dyeing with curcumin
on a cotton fabric was reported by scientists, where
different temperatures and time durations were ex-
perimented to obtain an optimized dyeing condi-
tion. It was revealed that the exhaustion of curcumin
on cotton was at its best at 75 °C for 45-60 min. [14].
However, the kinetic modelling of curcumin is also
important to describe the adsorption behaviour and
understand the optimum dyeing conditions more
thoroughly. Though kinetic studies on cotton were
conducted with other natural dyes (lac) [17-18],
there is no such report available that would study the
kinetics of curcumin on cotton.

2 Experimental

2.1 Materials

A single jersey scoured-bleached cotton fabric used
for the process was collected from Impress-Newtex
Composite Textiles Ltd, Gorai, Mirzapur, Tangail,
Bangladesh. The specifications of the fabric are list-
ed in Table 1.

Table 1: Fabric specification

Parameter Value
Type of yarn Combed
Yarn count [tex] 21.09
Twists [cm™!] 7.87
Twist direction Z
Loop length [mm] 2.44
Course [cm™] 20.47
Wales [cm™!] 15.75
Mass per unit area [g/m?] 140
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2.2 Extraction of curcumin dye

Turmeric powder was directly collected from Square
Food and Beverage Limited, Meril road, Salgaria,
Pabna, 6600, Bangladesh for this current work. The
extraction process was carried out in deionized wa-
ter at 95 °C and neutral pH for 90 min from 1 g/L
powder.

2.3 Dyeing process

The dyeing was done in a Mathis Labomat lab dyeing
machine, which has the programmed temperature
controlling system by IR heating and a combined air-
water cooling unit. The pre-mordanting process was
performed with 0.5 g/L FeSO, at 70 °C for 10 min
with 1 : 20 MLR. For the dyeing of cotton, three dif-
ferent temperatures (i.e. 70 °C, 85 °C and 100 °C)
were approached at neutral pH in 1 : 20 MLR and
continued for 100 min with a 1.0 ml dye solution re-
moved in every 2 min interval for the first 20 min, 5
min interval for 20 to 40 min and 20 min interval for
40 to 100 min for the spectroscopic measurement.

2.4 Kinetic experiments

A UV-Visible spectrophotometer (UV 1800) was
used for absorbance measurements with quartz cu-
vette cells of 1 cm path length. The dye concentra-
tions were determined at time zero and at subsequent
times from the absorbance values at A, 419 nm.
The concentration of dye in liquor was calculated
with the Beer-Lambert equation:

A=c¢clc (1)>

where A is absorbance, € is dye extinction coeffi-
cient (Lmg-tcm™1), / is path length of light (cm) and
¢ is concentration of dye solution (mg/L). The dye
extinction coefficient was 0.01031 Lmg! cm~! and
was obtained by calculating the slope of the calibra-
tion curve (c versus A) where the concentration val-
ues were known.

The amount of dye (mg/g) absorbed on cotton at
any time g, was calculated with the mass-balance re-
lationship formula:

_(G-C)V

a="""% @)

where C, is preliminary dye concentration (mg/L)
and C, is dye concentration after time, ¢, (mg/L). V
is the volume of solution (mL) and W represents
the weight of cotton fabric in gram.

Tekstilec, 2018, 61(2), 76-81
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3 Results and discussion

3.1 Effect of temperature on adsorption
of curcumin on cotton

The initial dye adsorption rate (h;) of curcumin on
cotton was higher in the case of higher temperature
before reaching the equilibrium. Figure 1 represents
the results in the first 20 min. However, at the equi-
librium time, the amount of dye adsorbed by cotton
declined with increasing temperature which repre-
sented an exothermic process [17]. The time needed
to reach the equilibrium was shorter at higher dyeing
temperatures (25 min at 70 °C, 16 min at 85 °C and
12 min at 100 °C), which can be seen in Figure 2.
These results are predictably very similar to the re-
sults of our previous work of curcumin on modal,
which is also a cellulose (regenerated) fibre [19].
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Figure 1: Effect of contact time and temperature of
curcumin on cotton (0-20 min)
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Figure 2: Effect of contact time and temperature of
curcumin on cotton (0-100 min)
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3.2 Kinetics of adsorption

Reactions can be treated as having a certain pseudo
order under certain conditions, i.e. when the
amount of one of the reactants is substantially great-
er than the amount of the other one, and can thus
be regarded as a constant value and included in the
rate constant. This is how the order of a reaction re-
duces and becomes a pseudo order. Despite no re-
port on the kinetic study of curcumin on cotton ex-
ists, a report of a kinetic study of curcumin is
available on a regenerated cellulose fibre, e.g. modal
[19]. There are also available reports for other sys-
tems involving natural dye binding, e.g. lac dye on
cotton and silk. In all cases, it was found out that a
pseudo second-order kinetic law matched well with
the experimental data [5, 17, 19].

In the current experiment, the pseudo first-order
and second-order kinetic models were approached
for the investigational data to represent the adsorp-
tion kinetics of curcumin dye on cotton. The linear
form of the pseudo first-order equation, also known
as the Lagergren equation, is as follows:
ln(qe - qt) = lnqe - klt (3)’
where k, is the rate constant of pseudo first-order
adsorption (s7!), and g, and g, are the amounts of
dye adsorbed per gram of cotton (mg/g) at equilib-
rium and at a specific time, t. The first-order equa-
tion of Lagergren is likely to be applicable only over
the preliminary stage of the adsorption and does
not generally fit well for the whole range of contact
times [20]. A linear plot of In (q,-g,) versus ¢t indi-
cates the applicability of the kinetic model to fit the
investigational data. The rate constant, k,, and equi-
librium adsorption density, q,, were calculated from
the slope and intercept of the graph. The pseudo
second-order kinetic model [20-21] based on the
adsorption equilibrium can be expressed in a linear
form as follows:

t 1 t
Lot (@),
9, kg q.
hi = kzq% (5))

where k, (g mg-! min-!) is the rate constant for
pseudo second-order adsorption and where h; [22]
is the initial dye adsorption rate (mg g-'min-1). If
the plot of (t/q,) versus t shows a linear relation-
ship, pseudo second-order kinetics is applicable.

Tekstilec, 2018, 61(2), 76-81



The slope and intercept of (t/q,) versus t were con-
sidered to calculate the pseudo second-order rate
constant k, and g,.

The overall range of adsorption of curcumin on cot-
ton is likely to be matched with a chemisorption
mechanism, which involves a chemical reaction be-
tween an absorbate and surface, and is usually cate-
gorized by higher values of enthalpy (80-240 kJ/mol)
than the enthalpy of a physisorption mechanism
(20-40 kJ/mol) [23].

The kinetic data obtained from curcumin adsorp-
tion in the current study was analysed using the
pseudo first-order kinetic model (cf. Equation 3) as
well as the pseudo second-order kinetic model (cf.
Equation 4), and is shown in Figure 3 and Figure 4.
The results are depicted in Table 2.

The data show that although the kinetics of adsorp-
tion is a first-order process in the initial stage (at
times t < 20 min), it follows second-order kinetics
at longer times (t > 25 min).
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Figure 3: Plot of pseudo first-order equation at differ-
ent temperatures for adsorption of curcumin on cotton
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Figure 4: Plot of pseudo second-order equation at differ-
ent temperatures for adsorption of curcumin on cotton

The correlation coefficients obtained from the pseu-
do second-order kinetic model were very close to 1
(more than 0.999) and also higher than that of the
pseudo first-order kinetic model. This indicates that
the adsorption of curcumin on cotton is unlikely to
be a first-order reaction. The calculated g, values were
also relatively close to the experimental g,. Therefore,
the experimental data of curcumin dyeing on cotton
fitted well with pseudo second-order kinetics.

3.3 Activation parameters

From the rate constant of pseudo second-order ki-
netics, k,, (cf. Table 2), the activation energy, E_, for
the adsorption of curcumin dye on cotton was de-
termined using the Arrhenius equation [24]:

Ink = InA - Fa ©),
RT

where A, E,, T and R refer to the Arrhenius factor
(temperature independent), the Arrhenius activation

Table 2: Comparison of pseudo first- and second-order adsorption rate constant of curcumin dyeing on cotton

Pseudo first-order Pseudo second-order
model model
Temperature 4., exp P P
[OC] [mg/gcotton] s 2 ? -1 e, cal : -1 2
kl [mln ] R [gcotton mg ’ [mg gcotton R
min-]] [mg/g cotton] min‘l]
70 12.38 0.166 0.950 0.2196 12.22 32.79 1
85 9.81 0.266 0.966 0.2844 9.91 27.93 0.9996
100 8.29 0.217 0.981 1.7094 8.20 114.94 0.9998

Tekstilec, 2018, 61(2), 76-81
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energy (kJ/mol), absolute temperature (K) and the
gas constant (8.314 J/mol K), respectively.

The Arrhenius plot of In k against 1/T for the ad-
sorption of curcumin on cotton is shown in Figure
5 and the value of activation energy, which was
calculated from the slope of the plot, is listed in
Table 3.

0.00265 0.00285 0.0025 0.00295

15 v

0.0027 0.00275 0.0028

i

In [{k)/ (g cotton mg* min‘)]
[ ; & o
w - w (=]
-
*

(9

1T (K?)

Figure 5: Arrhenius plot for adsorption of curcumin
on cotton

The enthalpy (AH*) and entropy (AS¥) of activa-
tion were calculated using the Eyring equation as
follows:

ky_5 Kpy AS¥  AHT
ln(T)—ln(h)+ R

RT ™)

where K, and h are the Boltzman’s and PlancK’s con-
stant. The standard enthalpy and entropy of dyeing
were calculated from the slope and intercept of the
plot (cf. Figure 6) In (k,/T) versus 1/T.

Gibbs energy of activation (AG¥) was calculated
with the following equation:

AG* = AH* - TAS* (8)

The calculated values are listed in Table 3. The nega-
tive value of the activation entropy (AS¥) supported
the interaction between curcumin dye and cotton.

Adsorption Kinetics of Curcumin on Cotton Fabric

0.00265 0.0027 0.00275 0.0028 0.00285 0.0023 0.00295

In [(k/T)/ (g cotton mg ! min"1K1)]

s

/T (KY

Figure 6: Eyring plot for adsorption of curcumin on
cotton

4 Conclusion

The adsorption kinetics of curcumin on cotton suit-
ed with the pseudo second-order kinetic model. It
was a kinetically controlled process as the initial dye
adsorption rates (h,) were higher at higher tempera-
tures before the equilibrium time. The amount of
dye adsorbed by cotton decreased with increasing
temperature, which suggests that the process is exo-
thermic. Furthermore, the positive value of free en-
ergy represents the strong affinity between the dye
and substrate, and the negative value of entropy in-
dicates the colour adsorbed more orderly on cotton
with a certain interaction.
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Abstract

The paper describes a new research methodology through design that has also proven relevant for the field
of fashion design. According to some scientific opinions, the field of research in fashion design does not
meet scientific standards, although that research produces original knowledge and products. The newly and
artificially designed affiliated clothing image, which addresses the needs of tourism, found its inspiration in
cultural heritage. The inspiration for the creation of symbolic signs and their application in individual gar-
ments was carefully selected from the story of local heritage. Newly designed clothing inspired by the sto-
ry of local heritage should promote the recognition and acceptance of the affiliated clothing image as part
of the identity of people from a particular region. This paper presents the definition and analysis of design
processes for a known client, in this case a tourism organisation. The designer seeks practical and innova-
tive solutions throughout the design process, from the definition of the local story to be interpreted, through
collaboration with a client and the public, to the design of an affiliated symbol and its application in the
clothing image, the production planning process and manufacturing, and finally the presentation of prod-
ucts to the public and the promotion of those products. An example of best practices in the designing of
affiliated clothing for Bohinj is presented, where the design in question was tested in practice. In this proc-
ess, the designer took into account the fact that design, as a process, is a form of cooperation, in which the
members of the development team should be respected and understood.

Keywords: tourism, authenticity, fashion design, cultural heritage

Izvlecek

Clanek opisuje nov pristop raziskavanja s pomocjo oblikovanja, ki je pomemben tudi za podrocje modnega obli-
kovanja. V skladu z nekaterimi znanstvenimi mnenyji, raziskovanje za potrebe modnega oblikovanja ne zadosc¢a
znanstvenim standardom, Ceprav je produkt raziskav izvirno znanje oziroma originalni izdelki. Navdih za novobli-
kovana pripadnostna oblacila za potrebe turizma, izhaja iz kulturne dediscine. Osnova za oblikovanje simbolnih
znakov in njihovo uporabo na posameznih oblacilih je bila skrbno izbrana lokalna dedis¢inska zgodba. Vizualiza-
cija lokalne zgodbe v posamezne oblacilne kose spodbuja prepoznavnost podrocja in sprejetje nove pripadnostne
oblacilne podobe kot del identitete lokalnih prebivalcev. V ¢lanku so opredeljeni in analizirani procesi pri oblikova-
nju za narocnika na primeru turisticne organizacije. Oblikovalec iS¢e prakticne in inovativne resitve skozi celoten
proces oblikovanja, od definicije izhodis¢ne zgodbe, preko sodelovanja z naro¢nikom, vkljucevanja lokalnega pre-
bivalstva, do oblikovanja in aplikacije simbolnih znakov v oblacilno podobo, priprave proizvodnje in izdelave ter
predstavitve izdelkov javnosti. Predstavljen je primer dobre prakse oblikovanja pripadnostnih oblacil za Bohinj, s
katerim je bil prakticno preizkusen model oblikovanja. Oblikovalec v njem uposteva vodilo, da je oblikovanje kot
proces oblika sodelovanja, v katerem spostuje in razume ¢lane razvojnega tima.

Kljucne besede: turizem, avtenti¢nost, modno oblikovanje, kulturna dedisc¢ina
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1 Introduction

As a fashion designer, I was asked to design gar-
ments (uniforms) for a local tourism organisation in
Bohinj. The new affiliated clothing design is to be
used as a uniform for workers at tourist information
centres. It should be the representative clothing of
staff in their workplace, and of the local inhabitants
when they present a particular destination, local
products and services.

The story of that destination should be told through
clothing, while its visual appearance should serve as
a “clue” to the local stories that the destination
would like to present. The visual appearance of
clothing should at once evoke the traditional vibe of
the destination, the theme of interpretation and the
geographical characteristics of the region. A cloth-
ing image should also be consistent with the way
customers dress, and be adapted to working condi-
tions and job diversity, with a comfortable cut and
materials that are easy to maintain. Staff should
identify themselves with the clothing and feel good
wearing it. The clothing must therefore allow for
combining and individual accessories.

If we follow Knific, [1] who emphasises that numer-
ous meanings are attached to a clothing image,
which through its appearance completes a compre-
hensive visual image of the mythical stories that de-
scribe it, we can achieve all objectives through
sound structural design. The primary challenge in
design concerns the visual interpretation of selected
heritage stories and the way they are applied in
clothing, so that visitors will at once relate them to a
particular destination, while local inhabitants will
accept them as their own.

Tourism staff and representatives of Bohinj usually
wear their own modern clothing. At the main Tour-
ist Information Centre in Bohinj, where the staff are
visitors’ first contact with the destination, employ-
ees dress in work clothes (black trousers, a white
blouse, a neckerchief and a red coat).

Local inhabitants understand the typical clothing of
Bohinj to be the “Bohinj national costume” (i.e. a
Bohinj version of the national costume) or sem-
blances of the historical clothing image of Bohinj
Alpine herdsmen. Generally, they are not acquaint-
ed with what is the “correct alpine herdsmen” or the
“correct Bohinj costume” clothing image according
to historical clothing heritage and affiliated cos-
tumes. They thus rely on stereotyped perceptions.
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Consequently, when they want to dress in a style
typical of Bohinj (in Bohinj costume or Alpine
herdsmen costume), they simplify cuts, search for
cheap clothing solutions, and combine modern
fashion that deviates significantly from the authen-
tic presentation of historical clothing, which should
be based on historical facts [1]. The feeling that
something is authentic (even if it is not based on
historical facts) is the key factor affecting the choice
and recognition of elements of cultural heritage [2],
and it is also the essential element for the holistic
perception of the identity and style of a tourist area.
As Copeland and Hodges [3] determined, the cloth-
ing themes of the representatives and performers at
festivals, and presentations of a destination play a
key role in the perception of what is traditional or
an interpretation of heritage. Affiliated clothing al-
lows the community to be recognisable from the
outside, and reinforces an essential identity com-
munication between its members. Through a cloth-
ing image, both tourism workers and local inhabit-
ants are able to convey a message within the
community and to visitors, as well. By dressing “tra-
ditionally”, members not only present an image, but
also demonstrate their perception of local traditions
[4]. This involves the aesthetic experience through
which all senses are stimulated and garments serve
as the medium of communication with a group,
strengthening a certain aesthetic sense of belonging
and presenting themselves [4].

Affiliated costumes can be considered a defining
factor of a destination’s image and local identity.
Based on a practical example, we will attempt to an-
swer the questions of how to find and interpret local
stories, and how to apply newly designed symbols
in affiliated clothing (“local costume”), so that it will
be recognised as being an authentic reflection of
Bohin;.

1.1 Cultural heritage and authenticity

Cultural heritage is closely related to the develop-
ment of nationhood and countries. It represents the
basis of the collective identity and the self-respect of
an individual and society, as it answers the basic
questions of who we are, where we come from and
what we belong to [5]. A common cultural heritage
connects the members of a group and excludes
those who do not belong to the group. In order to
be able to exclude “others”, heritage cannot be uni-
versal. The main purpose of heritage is a subjective
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pride in the history of a community that reveals its
identity and glorifies its values [5]. As cultural her-
itage develops, history can be misinterpreted; it be-
comes a fabrication that in time, or because of its
continuity over an extended period of time, can be-
come an authentic memory of itself. Heritage can be
recreated in order to make it attractive for modern
times, and to adapt it to our image and wishes [6].
Bogataj synthesises the dimensions and the mean-
ing of heritage into three concepts: continuity -
memory; identity — reminder, and alternative -
challenge [7]. The most important is continuity. The
reappearance of elements of heritage over an ex-
tended period of time causes people to recognise
these elements as local, original and authentic [1].
The perception and choice of cultural heritage is in-
fluenced by authenticity [2]. Authenticity is a prob-
lematic and insufficiently explored concept that hin-
ders its practical application [8]. There are many
types and meanings of authenticity, i.e. as an at-
tribute of objects (object-based) and as an existen-
tial experience of the “true self” (existential authen-
ticity) [8, 9]. The notion of authentic identifies
something that is genuine, real, not invented or vir-
tual, and something that is in accordance with
broadly accepted, long-standing tradition and re-
flects the character of a certain time [6, 10], but is in
fact a great part of the phenomena that are today
understood as the tradition that we invented, or at
least pieced together in a particular historical and
social context [11].

The reality and experience of local inhabitants and
visitors is shaped by various structural contrasts, i.e.
distinctions between the modern and the primitive,
the sacred and the shallow, insiders and outsiders,
reality and show, tourists and intellectuals [12].
These can be associated with the concept of authen-
ticity, which reflects the immense complexity of in-
teractions involving a cultural conflict, an identity
quest, the purpose of the use and various dialectical
tensions that exist between tradition and change, re-
ality and fictional history and contemporaneity, and
culture and individuality [13]. The authenticity and
historical meaning of an item are merely evaluated
by the individual’s opinion [14]; it is a socially and
above all individually constructed and evaluated
perception of experience [15].

The post-modernist tourist is an affection-driven,
experience-seeking hedonist, who does not judge
authenticity from an intellectual distance, but
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through emotional experience; an adventurer, who
does not separate consumption from any other ex-
perience in life [16]. In terms of post-modernism,
as mentioned above, authenticity is a socially and
individually constructed and evaluated perception
and experience, and can be influenced (claimed,
presented, assured, authorised, and promoted) by
tourism managers [15, 17].

The commercial presentation of cultural heritage or
of culture itself has two different sides. Some au-
thors cf. [18-20] claim that anything created and of-
fered for commercial purposes automatically loses
its authenticity (i.e. its natural meaning and value).
Evidently, however, commercial presentation is of-
ten necessary for tourists to recognise the authen-
ticity of cultural heritage [21], and often keeps tra-
ditional cultures and customs alive that would
otherwise be lost [22]. The intent of the commodifi-
cation of cultural heritage does not destroy its au-
thenticity, but exposes its exchange value [23]. Tour-
ism does, however, undoubtedly bring both positive
and negative effects to the local economy and the
integrity of heritage cf. [24, 25].

In our case, we are inventing new affiliated clothing
that is supposed to become part of cultural heritage -
authentic clothing from Bohinj. The interpretation of
heritage - traditional stories - in a modern clothing
image for tourism purposes may encompass both
commercial presentation in a modern form and au-
thentic content that should be recognised through
affiliated symbols.

1.2 Affiliated dress

Dress, especially affiliated clothing, is a form of non-
verbal communication — a means of interaction that
conveys a message through symbolism. Affiliated
clothing is a type of dress that facilitates the recep-
tion and promotion of ideas, and makes it easier for
individuals and groups to identify the roles that they
are to present through their clothes [1]. In the region
involved in this study, expressing affiliation through
a clothing image is mostly associated with affiliated
costumes, which are understood to be costumes for
special occasions [26]. The development of the re-
gional affiliated costume began in the second half of
19th century, as a special means of manifesting iden-
tity through a clothing image [27]. To construct the
regional affiliated costume, individual clothing piec-
es and accessories were taken from the clothing im-
age of the peasantry. These components (parts of the
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clothing image) conveyed a new and clear meaning
because they were used to express regional identi-
ty before “others” (mostly through folklore pro-
grammes and the organisation of traditional events
for tourists, where affiliated costumes and their vari-
ous versions are presented). They became symbols
that society associates with its roots, and identifies
with and recognises “as its own” In this way, the
clothing image and its individual parts gained the
status of clothing heritage in the eyes of the mem-
bers of the imagined community [1]. Therefore, the
identity that is expressed through clothing should
not only be sought in cultural heritage and its sym-
bols, but also, and above all, in the recreated stereo-
types that were asserted through clothing heritage.
According to Copeland and Hodges, modern forms
of national costumes are in sharp visual contrast to
traditional styles and performing traditions, as busi-
ness and costume-making skills have been replaced
by mass production. Transformations from individ-
uality to uniformity and consequently to modifica-
tions based on one’s own comfort level can also be
observed. A shift in traditional dress styles has fos-
tered a division between those who emphasise tra-
dition and those who embrace the idea of the mod-
ernisation of traditional costumes [1, 3].

Under the influence of tourism, artificial constructs
are emerging that falsely represent the clothing of
the past and invented traditions. They also gain new
images through repeated interpretations in tradi-
tional events, and over time they gain “recurrent au-
thenticity” and are accepted as “authentic” by tour-
ists and cultural producers [1, 28, 29].

The design of a clothing image for the Bohinj region
is based on a similar premise - the artificial con-
struction of a clothing image that seeks inspiration
in cultural heritage and that will spread the notion
of a “traditional” clothing heritage by repeated use at
traditional events and tourist shows. Thus, the con-
structed clothing image should over time be recog-
nised and become part of the identity of the people
of Bohinj. The newly designed affiliated clothing
should express the character of the region stylistical-
ly and visually. It should be in line with the guide-
lines of the tourist destination, encompass the ele-
ments of not only previous clothing practices and
forms, but also current clothing fashions and,
through subtly included affiliation symbols, it should
also enable local inhabitants and visitors alike to
identify the clothing as coming from Bohinj.
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2 Methods and model development

The research methodology through design that has
also proven relevant for the field of fashion design
is, according to Findelie, the most relevant for de-
sign practice. However, it has also been pointed out
that this research method does not meet scientific
standards, although this project-grounded research
approach produces original knowledge [30]. Be-
cause very few researchers are involved in scientific
research for the needs of fashion [31], the scientific
approach in design for, in and through fashion is
deemed negligible.

A model of interpretation of cultural heritage in
clothing has been developed in active research
through design in two projects dealing with the de-
sign of affiliated clothing for tourism. One of them
will be presented in the following chapter.

The projects were managed according to Borja de
Mozotas [32] statements that design is an interdis-
ciplinary field, where the active design process in-
volves the following activities:

- problem solving,

- creation,

— systemisation,

- coordination, and

- cultural contribution.

Furthermore, design can be also equated with man-
agement, as it follows the systematic, logical and or-
derly process of problem solving. The designer as-
sumes the function of the coordinator and is
therefore involved in the entire design process as an
innovator and trendsetter, an initiator of changes
and someone who puts forth ideas [32] However,
according to Borja de Mozota, the design process

relies on the 4C theory [32]:

- creativity: something new that does not exist yet,

- complexity: integration / selection of various pa-
rameters and options,

- compromise: taking into account different influ-
ential parameters (costs, functionality, material,
durability, etc.), and

- choice: choice between various options (from the
basic concept to the smallest details in production).

Affiliated dress should become a symbol that com-
munity members can identify with. Its form should
include the correct balance of fashion, trends, cultur-
al aspects, aesthetics, comfort, durability and price
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[33]. At the same time, it must include symbolic signs
and elements from the past, as well as clothing prac-
tices that must be appropriately modified to create a
new tradition. This is a phenomenon that can be con-
textualised by Hobsbawm’s term [34] “invented tra-
ditions”. These are created in contemporaneity, with
the reiteration and implementation of certain rules
that create allusions to continuity with the past [34].

The design process, in which cultural heritage is in-
terpreted into affiliated clothing, first includes the
definition of a platform, the meaning of a symbol/
story/heritage, which relates to determining local
characteristics and stereotypically recognisable
signs, cultural heritage, past and contemporary
dressing practices, the selection of local materials
and various technological solutions, as well as coop-
eration, coordination and communication with the
public and the client. This confirms the previously
mentioned argument that a designer is a manager
and coordinator who must identify all of the rele-
vant facts of a project (complexity and compro-
mise), while design is a process that involves crea-
tion and decision making (choice). Design, as an
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element of the entire process, plays a smaller but
very important role, where design skills and good
knowledge of cultural heritage is of a great impor-
tance. As it turned out in practice, a designer also
requires the competences needed to manage a
project: inventiveness, communication skills and a
sense for details, as well as good knowledge of ma-
terials and technical solutions.

3 Discussion

A new model for transforming cultural heritage into

a clothing image consists of five important and in-

dispensable phases:

1. preparation/research — choice of a representative
local story,

2. designing an affiliated symbol,

3. designing clothing with the application of that af-
filiated symbol,

4. the production planning process and manufactu-
ring, and

5. the promotion and acceptance of clothing.

Table 1: Activities in process of designing affiliated clothing

Design process Designing of affiliated clothing Interaction with the 4C
theory

Problem solving Preparation/research - choice of a representative Complexity
local story: cooperation between a designer and an | Compromise
ethnologist, anthropologist and the local tourism Choice
organisation, local authorities and future users

Creation Design of an affiliated symbol: design skills and Creativity
good knowledge of local cultural heritage and Complexity
traditions; dialog with local inhabitants, the client Compromise
and future users Choice

Systemisation Design of clothing pieces with the application of Creativity
an affiliated symbol: design skills in clothing, Complexity
including all constrains (client requirements, future | Compromise
users’ wishes, technological and cost performance Choice
limitations, etc.)

Coordination Production - the production planning process: Creativity
technical planning design, material selection, Complexity
technology, management of the production process | Compromise
and timing, and cost and resource management Choice

Cultural contribution | Promotion and acceptance of clothing: promotion | Creativity
of an idea, selected story, symbol and affiliated Complexity
clothing via different media, cultural and other Compromise
events, and tourism promotions Choice
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3.1 Preparation/research — choice of
a representative local story — inspiration

* Literature review: ethnological and historical re-
cords, cultural heritage and traditional crafts.

* Overview: tourism and local development strate-
gies.

e Interview with local inhabitants: local traditions,
living heritage stories, traditional crafts and
skills.

* Clothing habits: past and contemporary clothing
habits, communication with the client and repre-
sentatives of the community.

In order to form a new group identity, the history,
traditions, stereotypes, image of the region and de-
velopment strategies must be reconstructed. A pres-
entation story and symbols of the region must be
extracted from it, thereby creating the inspiration
for the creation of symbolic affiliation symbols and
signs. It is difficult to define the story, as the identity
of a certain (even national) region is not an un-
changeable fact passively handed down from gener-
ation to generation, but is rather a series of inter-
connected trends that occasionally go in different
directions. For this reason, each generation must
decide which of these it will accept and build on
them further [35]. In the Bohinj region, several au-
thentic underlying topics can be found that are suit-
able for a presentational heritage story to serve as a
basis for the formation of the symbolic signs of an
affiliated clothing image. However, the chosen story
must also be linked to the orientation of the tour-
ism destination and, more importantly, the local in-
habitants must identify themselves with that story.

In the Strategy of the Development and Marketing of
the Bohinj Tourist Destination 2012-2016, the biodi-
versity of indigenous plants and wild flower meadows
are highlighted as the main distinctive advantages of
the region over other tourist areas. This is the reason
why, in searching for an appropriate heritage story,
the focus was on concepts relating to floral richness.
Among these, living stories connected with the expe-
rience of local inhabitants and their personal involve-
ment were most interesting. Lowenthal explains that
only the traditions that we are touched by, and not
those that we are taught, are those that we sense [5].
For the symbolic sign, we considered using the iris of
Bohinj (Iris pallida subsp. Cengialti f. vochinensis),
described as early as 1917 by the botanist Alfonz Pau-
lin, who named it as an independent subspecies after
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Bohinj [36]. However, research conducted for the
Strategy of the Development and Marketing of the Bo-
hinj Tourist Destination found that local inhabitants
do not identify themselves with it. Further searching
leads to the article by Cvetek entitled “Flora in the
Storytelling of Bohinj”, which describes flowers that
are close to the local inhabitants, as they connect it
with their own experience and personal involvement.
It also features a description of the “Bohinj Bouquet”
and the symbolic meaning of its flowers: “At the Cow’s
Ball, we can see how Alpine herdsmen and herdswom-
en drive cows decorated with an alpine bouquet on top.
/.../ It had to include edelweiss, gentians, rhododen-
drons and nigritella” [37]. The article also features in-
terviews with older local inhabitants who discussed
their attitudes towards the flowers in the bouquet. It
also tells about gathering the flowers and why: “We
gave them as gifts to friends; if someone knew you were
going to the mountains, they asked for them. It was a
beautiful present from the mountains” [37]. The de-
ciding factor for the choice of the story was the con-
firmation that these flowers are closely connected
with the lives of the local inhabitants, and that tradi-
tion is still very much alive today. In this way, the Bo-
hinj Bouquet symbolically represents that tradition
and the flowers, as a very common theme, as an ideal
starting point for stimulating personal emotions and
storytelling that give added value to clothing. Given
existing images, the choice of a symbol is not difficult
to update and can also be recognised in a stylised
form. In this way, the Bohinj Bouquet becomes a
symbolic affiliation symbol.

3.2 Designing an affiliated symbol

e Search for the appearance/application of the sym-
bol in the past.

* Graphic design of the symbol.

* Consideration of technological possibilities and
limitations to application.

e Verification of whether the symbol is recognisa-
ble, and the exchange of views about it with the
client and local inhabitants.

We approached the design process of the clothing im-
age to express the identity of Bohinj using the “creative
thinking” design method. This approach understands
design as a process, a way of cooperation, where the
designer is part of an interdisciplinary team and the
design itself conforms to the understanding and vision
of the individuals who will wear the clothing [38].

Tekstilec, 2018, 61(2), 82-92



88

As a design inspiration, the chosen underlying story
of the Bohinj Bouquet played an important role in
the process of creative thinking. The creation of the
symbol was carried out in two steps. The first step
involved designing a symbol to be applied to indi-
vidual affiliated garments. The symbol should facili-
tate the perception and identification of community
members. In the second step, individual garments
were designed, with the symbol applied to them.
Based on the chosen story of the Bohinj Bouquet
and old embroideries, a simple stylised symbol was
designed, consisting of four alpine flowers: edel-
weiss (Leontopodium alpinum), gentian (Gentiana
clusii), hairy alpenrose (Rhododendron hirsutum)
and nigritella (Nigritella nigra).

Figure 1: Graphic design of the symbol “Bohinj Bou-
quet” [Photo: ]. Vilman Proje] and knitted cardigan
with the applied symbol [Photo: M. Sodja]

3.3 Designing clothing pieces with
the applied affiliated symbol

* Croquis images of clothing.

* Selection of a production technology.

* Colour collection.

Model for Designing Affiliated Clothes with Local Identity

e Selection of fabrics.

* Preparation of motifs for technological applicati-
on.

* Production of prototype garments.

e Evaluation of the collection of affiliated clothing
with the client and potential wearers (representa-
tives of the community - local inhabitants).

The newly designed symbol serves as the symbolic
sign for both the identification and creation of the
identity of the clothing image. The decision to make
the most representative affiliated garment pieces us-
ing knitting techniques was closely linked to histor-
ical clothing habits. Hand-knitted pieces were es-
sential in the past, in both the male and female
wardrobe.

We presented the sketches and the idea of affiliated
clothing, with a knitted cardigan as the central piece
of the newly designed collection, first to the client
(in this case representatives of the local tourism or-
ganisation) and then to the potential wearers (em-
ployees of the tourism organisation and members of
the community). Some doubts were raised about
the lack of a ‘business look, with the knitted cardi-
gan instead of a jacket. However, the majority ex-
pressed a positive opinion about the knitwear, espe-
cially in terms of comfort. The knitwear (cardigan)
with the motif of the Bohinj Bouquet was recog-
nised as the basic piece of the newly designed affili-
ated clothing image, which was agreed by tourism
representatives and potential wearers alike.

The cardigan was produced using yarns (55% cot-
ton and 45% acrylic) in speckled grey, burgundy
and beige, forming the basis of the emerging cloth-
ing image. The complete design pattern for the
women’s cardigan derived from knitted samples,
while a fitted cut was chosen, as it is suitable for dif-
ferent body types. Three versions of the cardigans
with the same motif in different colour combina-
tions were produced. Sample fabrics for other gar-
ments were chosen according to the colour combi-
nations used for cardigans. These matched the style
and rounded off the whole clothing image, and were
presented to the client and potential wearers again.

3.4 Production —production planning process

* Evaluation of prototypes with the client and po-
tential wearers, and corrections.

* Final selection of fabrics, colours, cuts and pat-
tern.
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* Production planning process: technical drawings
of clothes, selection of manufacturers/contrac-
tors, cooperation with manufacturers and mana-
gement.

* Graphic design of labels and packaging.

The complete design pattern for the women’s cardi-
gan derived from knitted prototypes. We chose a fit-
ted cut for the cardigans, as it is suitable for differ-
ent body types. The hems of the knitwear were
finished with a wavy border. The shape of the men’s
cardigans followed the same concept as the women’s
- in the same colour combination of speckled grey
and burgundy, but in a plain knitting technique,
while the motif was much less prominent than on
the women’s cardigans, as the bouquet only appears
in the striped pattern on the chest and collar. The
chosen model of the men’s cardigan was simple,
with a ribbed welt at the bottom and on the sleeves,
with a high collar, and a zipper.

The same knitting technique was also used for a
belt, scarf and cap. We also added a destination logo
on the cardigan sleeve, scarf edge and cap cuff.

The colour combination of speckled grey and bur-
gundy were selected for the cardigan; a burgundy
checked cotton fabric for the blouse; a beige cotton
pique jersey fabric for T-shirts; and a dark blue light
elastic denim for the skirt.

Besides the cardigans, other garments from the col-
lection, according to selected sketches, were also
produced: two versions of the skirt and two wom-
en’s blouses (in plain and checked fabric), and men’s
and women’s T-shirts made of jersey material. In the
final phase of the design process, we presented all
the prototype models and possible combinations to
the client and employees of the local tourism organ-
isation - future wearers of the affiliated garments.
In the final selection of clothing pieces, the sugges-
tions of community members (potential wearers)
were considered, such as the possibility of wearing
the tops with jeans, the cut of the skirt, colour com-
binations, etc. After the tourism organisation con-
firmed the whole collection, the chosen clothing
pieces officially became the affiliated clothing with
the identity of Bohinj.

The knitted women’s and men’s cardigans, and a
scarf and cap in the same style are also sold in a sou-
venir shop. The items are sold in gift packages made
of felt, to which a compact brochure is tied, describ-
ing the story of the Bohinj Bouquet.
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Figure 2: Affiliated clothing image of the Bohinj re-
gion [Photo: U. Urbanc], scarf and cap with a gift
package (sold in a gift shop) [Photo: M. Sodja]
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3.5 Promotion and acceptance of affiliated

clothing

* Promotion of the Bohinj Bouquet story and affili-
ated clothing via different media, events and tou-
rist promotions.

* Expanding the recognition of the affiliated sym-
bol - the Bohinj Bouquet motif — with applicati-
on on a variety of products.

* Monitoring the sale of clothing pieces to local in-
habitants and tourists.

We presented the newly-designed affiliated clothing
at a fashion show during the opening ceremony of
the International Wild Flower Festival in Bohinj,
which is attended by many local inhabitants each
year. The presentation of the affiliated clothing was
highlighted in the invitation to the opening ceremo-
ny, and promoted in an article in the local newspa-
per, where the story of the Bohinj Bouquet was also
retold. When announcing the fashion show featur-
ing the affiliated clothing, the host told the story of
the Bohinj Bouquet, associating it with the clothing
and emphasising that “people in Bohinj will finally
be dressed according to the identity of Bohinj”. Dur-
ing the festival, the staff of the Tourist Information
Centre, who are also members of the community,
and those engaged in the design process wore the
affiliated clothes and gave information to local in-
habitants and visitors about the inspirational story
and the possibilities of buying the items. They did
so with enthusiasm, which further contributed to
the recognisability of the clothes.

The anticipated positive effect of the design process
led to the achievement of the main objective - local
inhabitants recognised and accepted the affiliated
dress with the applied heritage-based symbol. The
possibility of being involved in the design process
gave a special relevance to each individual, as well
as a sense of belonging. Female members were
much more passionately involved in the creation of
the womens affiliated clothing image of Bohinj.
Moreover, they did not take the task of spreading
and strengthening the idea of affiliated clothing as
an obligation, but as a pleasure. With that, we also
fulfilled the desire to transform local heritage into a
newly-made clothing image with a modern feel.
With the transformation of the local traditional sto-
ry into a symbol and comfortable affiliated clothing,
individuals (such as tourist guides, vendors of local
crafts, and employees of pubs and taverns) have the

Model for Designing Affiliated Clothes with Local Identity

possibility of promoting the heritage of the commu-
nity for commercial purposes, while at the same
time subconsciously preserving their own heritage.
With repeated use and a continuous presence, indi-
viduals could have a positive influence on the adop-
tion of new affiliated clothing that could eventually
become a trademark of the community.

4 Conclusion

The task of designing an affiliated clothing image
extends beyond the field of fashion design. The
key moment in the process is the definition and
choice of a local heritage story that follows the de-
velopment strategy, lifestyle and vibe of the desti-
nation, and the non-material heritage that is still
alive among the local inhabitants and that identi-
fies them.

The newly-designed affiliated clothing expresses the
character of the region both stylistically and visual-
ly. Thanks to carefully-studied planning and its as-
sociation with the story, the clothing is in line with
the guidelines of the tourist destination, encom-
passing the elements of not only previous clothing
practices and forms, but also current clothing fash-
ions. Through a subtly applied affiliation symbol, it
also enables local inhabitants and visitors alike to
identify the clothing as coming from Bohinj.
Engaging the client and the future wearers of the af-
filiated clothing in the process of design is also an
important factor, as they were in this way included
in the decision-making process. This ensured a per-
sonal relationship between the users and the clothes,
through which identification with the affiliated
clothing image was achieved, while the clothing was
also more effectively promoted. The individual piec-
es, especially the cardigans, are understood as a part
of their own creation. Including the parties in the
design process meant that the wearers became fa-
miliar with the story depicted on the garments. This
information could thus be passed on to local inhab-
itants and visitors.

The artificially constructed affiliated clothing image
seeks inspiration in cultural heritage that should
spread the notion of “traditional” clothing heritage
by the means of reiteration and use at tourist, tradi-
tional and business events. Thus, the constructed
clothing image should be recognised over time as
part of the identity of the inhabitants of Bohinj. It
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facilitates the integration of local cultural heritage
into modern life, and to the recreation of a story
through which Bohinj can be identified, thus creat-
ing a new tradition.
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Abstract

This research work deals with a qualitative analysis of extracts from Amaranthus viridis and Solanum ni-
grum plants as eco-friendly ultraviolet (UV) blocking finishes. The presence of flavonoid and phenolic
contents in the plant extracts and the influence of concentrations towards UV blocking was studied. The
plant extracts were obtained through solvent (agueous and methanolic) extraction and coated onto cot-
ton fabrics with the pad-dry-cure method. UV-visible and CIELAB spectroscopy analysis were carried out
for the quantitative measurement of UV blocking and sequential analysis. The results show that loading
of selected extracts on the fabric samples results in a significant enhancement in UV blocking. The treat-
ed fabrics show exceptional UV blocking in both UV-A and UV-B region, where the highest anti-UV val-
ues were obtained when the fabrics were treated with methanolic extracts. Furthermore, a considerable
influence on CIELAB coordinates was found inordinate for methanolic extracts treated fabric compared
to aqueous extracts.

Keywords: Amaranthus viridis, Solanum nigrum, medicinal plants, UV blocking, natural finishes

IzvleCek

Ta raziskava obravnava kvalitativno analizo izvleckov iz rastlin Amaranthus viridis in Solanum nigrum kot okolju
prijazne ultravijolicne (UV) zas¢itne apreture. Proucevana je bila prisotnost flavonoidnih in fenolnih snovi v rastlin-
skih izvleckih ter vpliv koncentracije na UV zascito. Z izvlecki, pridoblienimi z ekstrakcijami rastlin v topilih (v vodi
in metanolu), so bile impregnirane bombazne tkanine. Na podlagi spektroskopskih meritev UV-vis in CIELAB je bila
kvantitativno ocenjena UV zascita in izdelana analiza. Rezultati kazejo, da prisotnost izbranih izvleckov na vzor-
cih tkanin znatno izboljsa UV zascito. Obdelane tkanine imajo iziemno UV zascito v obeh obmocjih, UV-A in UV-B,
najvisje vrednosti UV zascite pa so bile dobliene na tkanini, obdelani z metanolnimi izvlecki. Poleg tega je bila ugo-
tovljena znatna razlika v CIELAB koordinatah med tkaninami, obdelanimi z metanolnimi izvlecki, v primerjavi s
tkaninami, obdelanimi z vodnimi izvlecki.

Kliucne besede: Amaranthus viridis, Solanum nigrum, zdravilne rastline, UV zascita, naravne apreture

1 Introduction chronic and non-chronic diseases [1]. Research

shows that 90% of non-melanoma skin cancer is a

UV radiations (UVR) that contain electromagnetic
radiations can damage human skin and may result in

Corresponding author/Korespondencni avtor:
Mohammad Neaz Morshed

E-mail: engr.neazmorshed@yahoo.com
ORCID: 0000-0003-2820-1333

consequence of the exposure to UV radiation. UVA
can penetrate deeply into the skin and can damage
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the cells of DNA. An overdose of UVB radiations in-
duces skin cancer, sun-burning, and cataracts, which
have more serious effects than UVA [2]. The ery-
themal spectral effectiveness of UV radiation increas-
es by 1000 times as the wavelength changes from
UVA (315 nm) to UVB (300 nm) [3]. Wearing clothes
is one of the protections recommended by physicians
and medical experts to reduce or block the negative
effects of UV radiation to human skin [4, 5].

Textiles can be used to provide protection to a prod-
uct or wearer from UV radiation. To do so effec-
tively, the textile requires the ability to resist UV
transmission through the constituent fibres or the
penetration of radiation through the fabric inter-
stices. This means that the fibres themselves should
be UV resistant and the fabric structure should have
good breathability, yet low optical transparency.
Many physical and chemical factors are interrelated
with the effectiveness of UV blocking [5, 6]. Various
aspects are allied with the relative amount of radia-
tion that is reflected, absorbed and transmitted
through the fibre. They can include the type and se-
lection of the fibre, smoothness of the fibre surface,
surface area, presence of dyes and finishing, an in-
corporation of UV absorber [7]. To increase UV
blocking, UV resistant particles can be applied as a
finishing treatment. Often, such fabric finishes are a
part of the dyeing process or an additional stage af-
ter the dyeing. They provide lustre and microscopic
surface texture to reduce the UV penetration by re-
flecting, absorbing and/or scattering the radiation.
Since last decades, different kinds of organic and
metal oxide-based UV absorbers have been intro-
duced to render the UV blocking property of tex-
tiles. Among them, titanium dioxide and zinc oxide-
based finishing agents are widespread due to their
effects on the UV blocking property [8]. Zinc oxide
is always used with titanium dioxide in sunscreens
because of its high refractive index [9]. However, the
metal-based finishes tend to be non-biodegradable
and they represent a threat during interaction with
nature. The protection from UV radiations using
plant-based natural finishing agents on textile mate-
rials is thus a potential solution with great benefits.
UV protection has been imparted to fabrics using
different types of extracts obtained from natural
sources. These extracts are found mostly in ratanjot
(Onosma echioides), annatto (Bixa orellana), man-
jistha (Rubia cordifolia), banana peel (Musa, cv. Cav-
endish) [10] and babool (Acacia Arabica) plants

Eco-friendly UV Blocking Finishes Extracted from Amaranthus
viridis and Solanum nigrum

[11]. Silk and wool fabrics have been made to pro-
tect from UV radiations by having applied on them
the extracts from neem and eucalyptus [12, 13]. Al-
though several natural dyes have been studied with
respect to UV protection and antibacterial proper-
ties [14], limited work has been reported on medici-
nal plant extracts for UV protection properties.

In this study, two medicinal plant extracts were test-
ed as finishes for UV blocking. It was reported that
flavonoids and phenolics present in Ray plants
could shelter the plants from UV radiations [15].
However, with a thorough review of literature based
on our best capabilities, we came to the conclusion
that a UV blocking finish by using Amaranthus
viridis and Solanum nigrum plant extracts is a nobel
and sustainable approach.

2 Experimental

2.1 Materials

The cotton fabric used in this experiment was pur-
chased from Guangdong overflow of textile co., Ltd
(China). The average weight of the fabric was 200 g
per square meter (GSM), thread density was 78 ends
per inch (EPI) and 60 picks per inch (PPI), warp and
weft count were 28 Ne. The mean ultraviolet protec-
tion factor (UPF) of the bleached fabric was 8.7. All
the reagents used in this experiment were purchased
from Sinopharm chemical reagent co., Ltd (China)
of analytical grade and used as received without fur-
ther purification. The water used throughout the ex-
periment was purified using a Milli-Q Plus-185 wa-
ter purification system (Millipore, Bedford, MA)
with the resistivity higher than 18 M2 cm.

2.2 Methods

Preparation of extracts

The plant leaves were collected and dried naturally at
room temperature and powdered using an electric
grinder. The powdered materials (100 g/1) were stirred
with 95% methanol for 48 h at room temperature,
blended with a continuous magnetic force stirrer as
explained by Russo et al [16]. The aqueous extracts
were prepared by wringing the dried plant powders
(50 g/1) in distilled water for 30 mins, followed by heat-
ing at 95 °C for 40 min and vacuum extraction using
standard filter paper. The extracts were filtered and
concentrated to remove the solvents at 75 °C for 4 h
and freeze-dried as the report in Nostro et al [17].
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Determination of flavonoid and phenolic content
A diluted solution of plant extracts containing fla-
vonoids was mixed with a requisite amount of 5%
(w/w) NaNO, and 30% (v/v) ethanol for 5 min, and
then a few drops of 10% AICl, were added and
mixed all together. A few minutes later, 5 ml of
NaOH (1M) was added. The solution was then di-
luted to 25 ml with 30% (v/v) ethanol. After stand-
ing for 10 min, the absorbance of the solution was
measured at 430 nm using a UV-visible spectropho-
tometer. The results were expressed in (quercetin/
mg)/(dry-weight/g) by comparison with the querce-
tin standard curve, which was made under the same
condition. On the other hand, the total phenolic
content was determined using Folin-Ciocalteu rea-
gents with the analytical grade gallic acid as the
standard. Typically, 1 ml of extract or standard solu-
tion (0-500 mg/l) was added to deionized water (10
mL) and Folin-Ciocalteu phenol reagents (1.0 ml).
After 5 minutes, 20% NaCOj, (2.0 mL) was added to
the mixture. After being kept in total darkness for
1 h, the absorbance was measured at 750 nm using
a UV-visible spectrophotometer. The amounts of
total phenolic contents were calculated using the
gallic acid calibration curve. The results were ex-
pressed as gallic acid equivalents (GAE)g/g of dry
plant matter as described in Kolasec et al and Gas-
emzadeh et al [18, 19].

Application of plant extracts on cotton fabric
Plant extracts were applied on a bleached cotton
fabric by dispersing them in distilled water, followed
by padding and drying on a laboratory scale padder
and stenter machines according to the design of ex-
periments explained by Huang et al (2010) and
Wang et al (2006) [20, 21]. It was decided to treat
the sample cotton fabric at different concentrations
of extracts (1 g/l, 2 g/l, 4 g/l and 8 g/1). The padding
pressure for all samples was 3.0 bars with 70% pick-
up. The drying temperature of aqueous extracted
finishes was 90 °C and 25 °C for methanolic extract-
ed finishes.

Characterizations

The UV blocking of treated cotton fabrics and other
UV-visible spectroscopic measurements were taken
by using an Ultraviolet Transmittance Analyzer
(HD902C, Nantong Hongda Experiment Instru-
ments Co., Ltd, China) with integrating sphere ac-
cording to corresponding standard methods. The
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ultraviolet protection factor (UPF) was computed
as the ratio of ultraviolet radiation (UV-R) irradi-
ance at the detector with no test sample to the UV-R
irradiance at the detector with a test sample present
as shown in equation 1 [22]:

400 nm
> E;XS; XA
UPF = 280 nm (1)

400 nm
D s By X8 X T X AL

The percentage of blocking in the UV-A and UV-B
region was determined with equations 2 and 3:

400 nm
s X TXAA

400 nm
315 % TXAL

UVA blocking = 2)

315 nm
280 nm XTXAA

315 nm
X
2280 nm AL

UVB blocking = 3)

Where E, is relative erythemal spectral effective-
ness, S, is solar spectral irradiance, T, is average
spectral transmittance of the test sample, AL is
measured wavelength interval (nm) and T is aver-
age spectral transmission of the specimen.

The CIE whiteness values of samples were deter-
mined according to the AATCC 110-2005 methods
by using Macbeth Color Eye 7000A (Gretag Mac-
beth Company, USA).

3 Results and discussion

3.1 Total flavonoid and phenolic contents
in plant extracts

The quantity of the overall flavonoid and phenolic
content present in extracts of plants is shown in Fig-
ure 1. The results indicate that the total flavonoid
(mg QE/g) and phenolic (mg GAE/g) contents of
AV aqueous extracts were 47 mg QE/g and 15 mg
GAE/g, and of methanolic extracts 72 mg QE/g and
36 mg GAE/g, respectively. A similar scenario was
noticed at SN extracts. The overall amount of flavo-
noid and phenolic content present in AV was higher
than at SN. The analysis perceived that the flavonoid
and phenolic contents were higher in methanolic
extracts for both plants as contrasted to aqueous ex-
tracts. This may result from the fact that, water is
not as effective as methanol in extracting flavonoid
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or phenolic contents from these two plants, despite
the inclusive yield of the powder extracted from the
plants being higher in water compared to that in
methanol.

80
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nigrum

Amaranthus
viridis

Amaranthus  Solanum

viridis nigrum
(In aqueous extract)
[ Total Flavonoids (mgQE/g)

[ ] Total Phenolic Content (mgGAE/g)

(In methanol extract)

Figure 1: Total flavonoid and phenolic content present in
extracts from Amaranthus viridis and Solanum nigrum

This may be explained by the improved solubility of
flavonoid and phenolic contents in methanol and
that of other plant contents in the aqueous solution.
Such behaviour of both extracts results from the
methanolic system containing more flavonoid and
phenolic contents and other conjugated systems as
compared to the aqueous system. So, the more is the
system conjugated, the better is the UV protection
(UPF) rating of a material.

3.2 UV blocking property of treated

cotton fabric
The influence of extracts and their concentration on
UPF is shown in Figure 2. The results show that the
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cotton fabric treated with both plant extracts main-
tained UV blocking capabilities. By comparing, con-
trasting and analysing the UPF value of untreated
and treated fabric, it was seen that the UPF value in-
creased with the increased concentration of the ap-
plied extract.

In the case of aqueous extracts of AV, the recorded
UPF values were 10.6, 12.2, 18.8 and 36.2 against
the concentration of extracts of 1, 2, 4 and 8 g/l re-
spectively, which specifies that an increase in UPF
can be achieved with an increase in concentration.
For methanolic extracts, the UPF rating is signifi-
cantly influenced by the concentration of extracts.
In a typical run, the UPF values were 58.8, 125.2,
270.6 and 464.1 against the concentration of ex-
tracts of 1, 2, 4 and 8 g/l. A similar phenomenon
was observed for SN. The highest UPE, i.e. 231, was
found for 8 g/l of methanolic extracts of SN. Com-
paring the UPF rating between AV and SN, it can be
seen that in the case of an aqueous extraction, there
is no significant variation, whereas in the case of a
methanolic extraction, AV gave the highest rating of
464.1 at 8 g/l, which is even more extraordinary
than the highest yield of SN, i.e. 231. The fabric fin-
ished with both plant extracts rendered higher UVB
than UVA protection (Figures 3 and 4).

The latter is also the main requirement of any UVR
blocker, as UVB radiations cause greater erythemal
damage and hence bear greater weight in calculat-
ing UPE. Comparing the UVA and UVB blocking
of AV and SN, no significant difference was no-
ticed between them, apart from the fact that AV
showed much lower UVA blocking, i.e. 54.8%, at 1
g/l compared to SN. It became obvious that the
fabrics treated with the methanolic extract show

300

250 T

50 T T T
O,Ml

1 2 4 8 1 2 4 8
Water Methanolic
(b) Concentration of Plant Extracts (g/l)

Figure 2: Mean ultraviolet protection factor (UPF) of cotton fabric treated with Amaranthus viridis (a) and

Solanum nigrum (b) extracts
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Figure 3: Blocking of UV radiations in UVA and
UVB regions by different concentrations of Amaran-
thus viridis

better results than the samples treated with the
aqueous extract. The UV blocking properties of ex-
tracts could be attributed to the presence of total
flavonoid and phenolic contents present in the
methanolic extract. The UV blocking properties are
better in the methanolic extract than in the aqueous
extract, as the system responsible for a higher UPF
rating is more conjugated in the methanolic extract.

Eco-friendly UV Blocking Finishes Extracted from Amaranthus
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Figure 4: Blocking of UV radiations in UVA and
UVB regions by different concentrations of Solanum
nigrum

3.3 CIELAB analysis of treated fabrics

The decrease in CIELAB analysis can be seen in Ta-
ble 1.

CIELAB spectroscopic analysis of treated fabric has
been compared and contrasted with untreated fab-
ric. The L*, a*, and b* of the untreated fabric was
measured 86,0.4, and 0.68, respectively. The CIE-
LAB analysis indicates the presence of colouring

Table 1: CIELAB spectroscopic analysis of treated cotton fabric

Treatment EthZ:ﬁggn Conc. [g/l] AL Aa Ab
Raw fabric - 86 0.4 0.68
Treated with extracts Aqueous 1 0.00 -0.14 1.09
of Amaranthus viridis 2 0.01 ~0.15 1.83
4 -0.136 -0.17 3.62
8 -2.47 -0.11 5.49
Methanolic 1 -2.24 -0.74 5.95
2 -5.70 -2.55 11.34
4 -6.44 -3.69 14.45
8 -9.37 -4.14 18.75
Treated with extracts Aqueous 1 0.23 -0.34 1.67
of Solanum nigrum 2 _0.35 ~0.63 358
4 -0.40 -0.73 3.82
8 -2.00 -1.03 7.41
Methanolic 1 -1.21 -1.07 4.77
2 -1.69 -0.65 5.78
4 -2.78 -1.70 9.57
8 -4.42 -2.35 13.31
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materials with the increased concentration. Meth-
anolic extracts, when compared with aqueous ex-
tracts, were found to cause a higher influence in col-
our coordinates, which may be attributed to higher
contents of flavonoids and phenolics, and subse-
quent UV blocking. The Aa and Ab coordinates of
CIELAB were also influenced by different concen-
trations of extracts, thus reducing the brightness.
However, Figures 3 and 4 show that both plants ex-
tract are able to impart superior UV blocking in the
UV-A and UV-B region, which was proved by the
UPF analysis. With a 4 g/l concentration of SN plant
extracts, UPF increased from 8.7 to 19.9 (UPF rat-
ing 15-20 is considered as “good” according to the
“Australian Radiation Protection and Nuclear Safety
Agency” [5, 6]).

The increase in UPF mainly results from the compo-
nents in extracts, which were successfully deposited
on the cotton fabric. However, methanolic extracts,
when applied on fabric samples, rendered excep-
tional UPE. The values close to 60 were achieved by

45
—— 19/l |
40 —=—2g/
35 --k--4 g/l —
o
5> 25
< Y.
g 20 i T
10 ¢ g e = I
. i
0 T T T T T T
0 1 2 3 4 5
(@) Number of washing cycles
40
—o— 14/l
35 - —o—=2g/l ]
--A--4 g/l _|
& 25
D
c 20
@
3]
= 15
10 —
5
O T T T T T T
0 1 2 3 4 5
(c) Number of washing cycles

Eco-friendly UV Blocking Finishes Extracted from Amaranthus
viridis and Solanum nigrum

using only 1 g/l of methanolic extracts; hence, con-
centrations much lower than that can be used. The
methanolic extracts of AV showed excellent UPE

At a minimum concentration of 2 g/l, the meth-
anolic extracts of SN provided UPF of about 40,
which is above the minimum UPF value consid-
ered “very good” UV protection by textile cloth-
ing. As methanolic extracts influence the CIELAB
coordinates, this method can provide a sustainable
solution, and the concentration of the plant ex-
tracts can be increased to obtain a much higher
UPE. The use of fluorescent brightening agents
may also be made in the combination with plant
extracts to further optimize UPF as well as fabric
whiteness [23]. The fastness of the applied finishes
was measured for household laundry wash and it
was noticed that the UPF values decreased ad-
versely, which is a great drawback of natural fin-
ishes (Figure 5). Further experiments and analysis
are needed to introduce sustainable fastness of the
finishes.
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Figure 5: Fastness of applied finishes after household laundry wash treated with water (a) and methanolic (b)
extracts of Amaranthus viridis, and water (c) and methanolic (d) extracts of Solanum nigrum
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4 Conclusion

This work investigated and analysed a comparative
performance of UV blocking of a cotton fabric treat-
ed with different natural finishes. Aqueous and
methanolic extracts of two medicinal plants were
applied on prepared bleached fabrics. About 99% of
UVA and UVB rays were blocked. Methanolic ex-
tracts demonstrated better UV blocking property
than aqueous extracts, causing a higher shade
change in fabric color at the same time. This re-
search is worthwhile for the preparation of a cost-
effective and environmentally friendly material to
formulate the UV blocking properties of textiles.
Further research on the durability factor of extract-
ed finishes and shade variation of the treated textile
material is required to ensure a sustainable com-
mercial application.
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Abstract

Polyethylene terephthalate (PET) is the most important synthetic fibre, and is widely used in the textile in-
dustry. However, the disperse dyeing of PET fibre must be carried out at a high temperature and under high
pressure. This leads to high energy consumption and damage to the wool in a PET/wool blend. Some co-
polyesters and novel polyesters that can be dyed under normal pressure have proven to be good alterna-
tives to PET. In this work, the low-temperature dyeable polyesteramide fibre was used, and its disperse dye-
ing properties were studied in terms of adsorption isotherms, the temperature-dependence of uptake,
uptake rate, migration ability, building-up property, and colour fastness of disperse dyes. The adsorption iso-
therms of disperse dyes on polyesteramide fibre followed the Nernst adsorption model. Disperse dyes ex-
hibited high exhaustion at 100 °C, indicating the good dyeability of polyesteramide fibre under atmospher-
ic pressure. The uptake of dyes by polyesteramide fibre was considerably faster than that of PET fibre, while
the majority of dye uptake occurred in the temperature range of 70 to 90 °C. Azo disperse dyes exhibited
higher adsorption saturation and better a building-up property than anthraquinone dyes. Disperse dyes had
a good migration ability on polyesteramide fibre, and the colour fastness of the dyed polyesteramide fab-
rics was also satisfactory.

Keywords: dyeing under normal pressure, partition, adsorption, dyeing rates, energy saving

Povzetek

Polietilentereftalat (PET) je najpomembnejse sinteticno viakno, ki ga v tekstilni industriji uporabljajo za razlicne na-
mene. Barvanje viaken iz PET z disperzijskimi barvili poteka le pri visoki temperaturi in visokem tlaku, kar predstav-
lia visoko porabo energije ter povzroci poskodbe volne v mesanicah PET/volna. Nekatera kopoliestrska viakna in
vlakna iz novih tipov poliestrov, ki so obarvijiva pri normalnem tlaku, so se izkazala kot dobra alternativa viaknom
PET. V ¢lanku je predstavijeno nizkotemperaturno barvanje poliesteramidnih viaken, raziskovane so bile adsorpcij-
ske izoterme, temperaturna odvisnost navzemanja, hitrost navzemanja, sposobnost migracije in barvna obstoj-
nost disperzijskih barvil. Adsorpcijske izoterme disperznih barvil na poliesteramidna viakna sledijo Nernstonovemu
adsorpcijskemu modelu. Disperzna barvila so pokazala visoko iz¢rpanje pri 100 °C, kar je razkrilo dobro obarvanje
poliesteramidnih viaken pri atmosferskem tlaku. Vlakna iz poliesteramida so veliko hitreje navzemala barvila kot
vlakna iz PET, vecina barvila se je adsorbirala v temperaturnem obmocju od 70 do 90 °C. Azo disperzijska barvila
so dala visjo nasicenost in adsorpcijo kot antrakinonska barvila. Disperzna barvila so pokazala dobro sposobnost
migracije v poliesteramidna vliakna. Tudi barvna obstojnost poliestramidnih pletiv je bila zadovoljiva.

Kliucne besede: barvanje pri normalnem tlaku, porazdelitev, adsorpcija, hitrost barvanja, prihranek energije
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1 Introduction

Textile processing uses an enormous amount of
electricity, fuel, water and chemicals, and produces
a significant amount of contaminated effluent [1-4].
Reducing energy and water consumption, as well as
hazardous industrial effluents, represents the big-
gest sustainability challenge for the textile industry.
In order to reduce energy consumption, low-tem-
perature scouring and dyeing, and emerging tech-
niques have become part of the industry’s strategy,
and attracted a great deal of attention [1, 2, 5].
Polyethylene terephthalate (PET) is the most impor-
tant synthetic fibre, and is predominant on the man-
made fibre market [5]. PET fibre has been widely
used in clothing, home textiles and other industries
due to its numerous outstanding properties, such as
high strength, good thermal and chemical stability,
and excellent wrinkle resistance, as well as its rela-
tively low price [6]. However, it also has some short-
comings, such as low moisture regain, poor antistat-
ic properties and poor dyeability due to its high
structural regularity and crystallinity, lack of reac-
tive dyeing sites and polar groups, and high hydro-
phobicity [6]. The biggest disadvantage of the wet
processing of PET fibre is that it must be dyed under
a high pressure at 125-130 °C in a weakly acidic con-
dition, or at about 110 °C in the presence of carriers.
High- temperature dyeing not only consumes a great
deal of energy, but also requires expensive dyeing
equipment and causes potential risks. When used,
most carriers are associated with toxicological issues
[7]. In addition, the high-temperature dyeing of a
PET/wool blend leads to the damage of the wool.
The low-temperature dyeing of PET is a very diffi-
cult task if conventional dyes and chemicals are used.
One successful approach to address this issue is to
modify PET fibre for enhanced dyeability. The intro-
duction of third and fourth monomers during the
stage of polyester synthesis is a basic strategy. The
copolymerisation of PET with dimethyl 5-sulfoi-
sophthalate sodium salt as the third monomer con-
fers cationic dyeability to PET fibre [8]. The addition
of the fourth monomer, such as polyethylene glycol,
1,3-propanediol, 2-methyl-1,3-propanediol, or 2,2-
dimethyl-1,3-propanediol, further improves the dye-
ability of PET fibre at the boiling point under nor-
mal pressure [8]. Today, cationic dyeable polyester
(CDP) is deemed an industrial success. On the other
hand, the application of new polyester polymers,
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such as polytrimethylene terephthalate (PTT), poly-
butylene terephthalate (PBT) and polylactic acid
(PLA), is also an effective method for obtaining low-
temperature dyeable polyester fibres [1, 5, 9].

In recent years, a new type of polyesteramide copol-
ymer has been developed as an alternative to PET
[10, 11]. Polyesteramide copolymer can be synthe-
sised through the polycondensation reaction of eth-
ylene glycol terephthalate and aliphatic amide [10,
11], and has both ester and amide blocks on its back-
bone. Polyesteramide fibre can be manufactured by
using the melting spinning of polyesteramide chips.
Previous researchers have found that while polyes-
teramide fibre has a lower tensile strength and white-
ness than PET fibre [10-12], it possesses better dye-
ability, softness and anti-pilling properties [13, 14].
Very importantly, the incorporation of amide groups
into an ester main chain results in a decrease in
structural regularity and an increase in the amor-
phous region of the fibre. The glass transition and
melting temperatures of polyesteramide fibre are
68-72 °C and 235 °C, respectively, which are lower
than those of PET fibre [13]. These factors make pol-
yesteramide fibre dyeable using disperse dyes at the
boiling point under normal pressure.

The development of polyesteramide fibre provides
the possibility of manufacturing pure polyester tex-
tiles as well as natural fibre (e.g. wool, silk and cot-
ton) blends using a low-temperature dyeing tech-
nique, with the added advantage of energy savings.
Although preliminary studies demonstrated the dis-
perse dyeability of polyesteramide fibre [13, 14],
more detailed dyeing properties need to be studied
with the aim of better understanding the mecha-
nism of disperse dyeing, and providing assistance in
the selection of dyes and the determination of dye-
ing conditions. In this work, the adsorption iso-
therms of disperse dyes on polyesteramide fibre
were studied in order to understand the mecha-
nisms of dyeing, and the temperature-dependence
of uptake, uptake rate, migration ability, build-up
property and colour fastness of disperse dyes on
polyesteramide fibre were assessed.

2 Materials and methods

2.1 Materials

Polyesteramide knitted fabric (178 g/m?) was sup-
plied by Sinopec Yizheng Chemical Fibre Co. Ltd.,
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Trade name C.I. disperse Energy level Structure class
Disperse Yellow Brown S-2RFL Orange 30 High Azobenzene
Disperse Scarlet S-BWFL Red 74 High Azobenzene
Longsperse Blue SE-2R Blue 183 Medium Azobenzene
Disperse Navy H-GL Blue 79 High Azobenzene
Disperse Brown 3R Brown 1 High Azobenzene
Disperse Red 3B Red 60 Low Anthraquinone
Terasil Pink 4BN Red 11 Low Anthraquinone
Disperse Violet HRFL Violet 31 High Anthraquinone
Disperse Blue 2BLN Blue 56 Low Anthraquinone

China. Fine denier PET knitted fabric (182 g/m?)
was obtained from Suzhou TA&A Ultra Clean Tech-
nology Co. Ltd., China. In order to remove the fin-
ish oils added to the fibres during the spinning
process, the fabrics were treated in a scouring bath
containing 4 g/L sodium carbonate and 2g/L Level-
er O at 50 °C for 60 minutes. After scouring, the
fabrics were thoroughly rinsed in distilled water and
allowed to dry in the open air.

Disperse dyes were selected based on their chemical
structures, energy levels, colours and applicability.
The characteristics of the dyes are summarised in
Table 1. Longsperse and Terasil dyes were provided
by Zhejiang Longsheng Group Co. Ltd., China, and
Huntsman International LLC (Shanghai Division),
respectively, while other dyes were obtained from
Zhejiang Runtu Co. Ltd., China. Sodium carbonate,
citric acid, disodium hydrogen phosphate, sodium
hydrosulfite and acetone were of analytical grade.
Dispersant NNO was an industrial product from
Anyang Double Circle Auxiliary Co. Ltd., China.
Leveler O (polyoxyethylene alkyl ether) was provid-
ed by Jiangsu Hai’an Petrochemical Plant, China.

2.2 Dyeing methods

All dyeing processes were carried out in a laborato-
ry using an infrared dyeing machine (FAD-7-18P;
Yabo Textile Machinery Co. Ltd., Wuxi, China). The
weight of the fabrics used for dyeing was 1 g, and
the liquor ratio was 50:1. The dye solutions consist-
ed of dyes, buffer and Dispersant NNO (1 g/L). The
pH of the dyeing bath was adjusted to 5 by adding a
Mcllvaine buffer (citric acid and disodium hydro-
gen phosphate). At the end of dyeing process, poly-
esteramide fabrics were rinsed with distilled water
and then dried in the open air.

Adsorption isotherm. Polyesteramide fabrics were
dyed in solutions containing 0.5-12% owf (on the
weight of fabric) dyes. The temperature was raised
at the rate of 1.5 °C/minute from 30 to 80 °C prior
to the addition of fabric samples, and then raised to
100 °C at the rate of 3 °C/minute. The dyeing proc-
ess was continued at 100 °C for 150 minutes until
the dye adsorption reached the equilibrium state.
Dyeing temperature. In order to study the temper-
ature effect of dye uptake, the dyeing process was
carried out according to the procedure illustrated in
Figure 1. The dyeing solutions contained 2% owf
dyes, 1 g/L Dispersant NNO and a buffer. The time
for the dipping of each fabric in the dye solution
was 120 minutes.

130 °C

1»80 °C

b
a. Dyes, Auxiliaries
b. Fabric

30°C
Figure 1: Dyeing profile for polyesteramide fabric at
various temperatures

Dyeing rate. The dyeing rates of polyesteramide fibre
were characterised by the uptake rates of Disperse Or-
ange 30 for polyesteramide fibre in the conditions of
2% owf dyes, 1 g/L Dispersant NNO and pH 5. Two
heating rates (2 °C/minute and 1 °C/minute) and two
final holding temperatures (120 °C and 100 °C) were
used. For the purpose of comparison, the uptake rate
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of Disperse Orange 30 for PET fibre was also de-
termined.

Building-up properties. The building-up proper-
ties of various dyes on polyesteramide fabrics were
measured in a dye concentration range from 0.5%
to 8% owf. The dyeing process was carried out at
100 °C for 80 minutes according to the profile illus-
trated in Figure 1.

2.3 Measurements

Exhaustion and adsorption of disperse dyes. The
absorbance of dye solutions was measured using a
Shimadzu UV-1800 UV-Vis spectrophotometer
(Shimadzu Co. Ltd., Japan). The exhaustion of dis-
perse dyes was assessed using the colourimetric
method. Due to the poor water solubility of disperse
dyes, a mixture of aqueous dye solution and acetone
at a ratio of 30:70 (v/v) was prepared before the col-
ourimetric analysis. The exhaustion percentage (E)
of disperse dyes was calculated using equation 1:

M x 100 (%)

E=
AO

(1),
where A, and A, are the absorbance at the maxi-
mum absorption wavelength of the dye solution be-
fore and after exhaustion, respectively.

The quantity of disperse dyes (C;) on polyestera-
mide fibre was calculated using the exhaustion per-
centage of dyes, the initial dye concentration and
the weight of the fabric using equation 2:

~ W,xE

f
where W, is the initial dye weight (g) determined by
fabric weight (1 g) and dye dosage (% owf) and W,
is the fabric weight (1 g).

The quantity of disperse dyes (C,) in the solution af-
ter dyeing was calculated using equation 3:

(),

C x 1000 (mg/g)

C

N

_ W;x(1-E)
—df (g/L) 3),

where V is the volume of the dye bath (L).

Migration properties. Two undyed fabrics (A and
B) with the same weight were prepared. Sample B
was dyed with 2% owf dyes at 100 and 120 °C. Af-
terwards, dyed sample B and undyed sample A, at a
liquor ratio of 50:1, were immersed in a blank dye-
ing bath that consisted of 1 g/L Dispersant NNO
and a buffer, without the addition of dyes. In order
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to carry out the dye migration test, the temperature
was raised at a rate of 2 °C /minute from 30 to 100
and 120 °C. At this temperature, the dye migration
was continued for 60 minutes, after which the tem-
perature was lowered to 80 °C. The migration rate
was calculated using equation 4:

(5),
(5,

where (K/S), and (K/S) are the colour depth values
of samples A and B, respectively after the migration
test.

Colour characteristics. The colour depth (K/S val-
ue) of each dyed sample was measured using a Hun-
terLab UltraScan PRO reflectance spectrophotome-
ter at the maximum absorption wavelength. A D65
illumination and 10° standard observer were used.
Each sample was folded twice to give it a thickness
of four layers.

Colour fastness. Prior to the assessment of colour
fastness, the polyesteramide fabrics dyed with 3%
owf dyes at 100 °C were subjected to reduction
cleaning in a solution containing 2g/L sodium hy-
drosulfite and 1g/L sodium carbonate at 60 °C for
15 minutes. The wash fastness test was carried out
in a WashTec-P fastness tester (Roaches Interna-
tional, UK), and the fastness level was accessed us-
ing a standard ISO 105-C06 test method. The fab-
rics were exposed to a xenon arc lamp for 35 hours
in an Atlas XenoTest Alpha (SDL Atlas, USA) light
fastness tester in standard testing conditions, and
colour fastness to light was assessed according to
ISO 105-B02. The sublimation fastness was meas-
ured on a sublimation fastness tester Model No. 620
(James H. Heal, UK) according to ISO 105-X11.

x 100 (%)

Migration = (4),

3 Results and discussion

3.1 Adsorption isotherm of disperse dyes
on polyesteramide fibre

The adsorption isotherms of disperse dyes can be
described by the relationship between the adsorp-
tion quantity of dyes on polyesteramide fibre (C;)
and the concentration of dyes in a solution (C,) at
equilibrium. Figure 2 shows the adsorption iso-
therms of two azo dyes and two anthraquinone
dyes. There was a clear linear relationship between
Cand C,, suggesting that the adsorption of disperse
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dyes on polyesteramide fibre follows the Nernst
model, and hydrogen bonding and the van der Waals
forces between dyes and fibres contribute to Nernst
adsorption. This observation is inconsistent with
the mechanism of the distribution of disperse dyes
on PET and the aqueous phase [15]. Moreover, it is
evident from Figures 2a and 2b that azo dyes (Dis-
perse Orange 30 and Red 74) did not exhibit a satu-
ration adsorption in the range of the used dye con-
centration, while the adsorption saturation of the
two anthraquinone dyes (Disperse Red 11 and Vio-
let 31) approached the range of 50-60 mg/g. It is ap-
parent that azo dyes had much higher adsorption
saturation than anthraquinone dyes.
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Figure 2: Adsorption isotherms of (a) azo and (b) an-
thraquinone disperse dyes on polyesteramide fibre at
100 °C

3.2 Dyeing temperature of polyesteramide
fibre

It is a well-known fact that dyeing temperature plays

a key role in the disperse dyeing of PET fibre because

it affects the exhaustion, uptake rate, migration and

diffusion of dyes, the colour depth and colour fastness
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of dyeing, and the efficiency of the dyeing process.
High-temperature dyeing is typically used to achieve
the high uptake of disperse dyes and the high colour
depth of PET fibre because of the higher kinetic ener-
gy of dye molecules and the greater segmental mobil-
ity of the less-ordered regions within the fibre [16].
Polyesteramide fibre has lower glass transition and
melting temperatures than PET fibre [13], and thus a
lower dyeing temperature is to be expected.

Figure 3 shows the effect of dyeing temperature on
the uptake of disperse dyes by polyesteramide fibre.
The exhaustion of the five disperse dyes increased
with the raising of the temperature, and almost
reached the maximum rate at 100 °C, irrespective of
their energy level or structure class. A further in-
crease in dyeing temperature did not improve the
exhaustion of dyes, with the exception of Disperse
Red 74. This finding shows that the dyeing of poly-
esteramide fibre can be carried out under normal
pressure. The good dyeing property of polyestera-
mide fibre is attributable to the fact that the incor-
poration of amide backbones into the polyester
chain decreases the structural regularity of the fibre,
as well as the glass transition temperature of the fi-
bre [13]. This study implies that the low-tempera-
ture dyeability of polyesteramide fibre, as a novel
synthetic fibre, has tremendous advantages in terms
of energy consumption and dyeing efficiency.

100
904
~ 804 7
2
c 70 W
b7 1 Azo
g 60+ —— Qrange 30
E —o—Red 74
50+ —-— Blue 79
1 Anthraquinone
40+ —i— Red 60
—¢— Blue 56
30 T

80 90 100 110 120 130

Dyeing temperature (°C)
Figure 3: Uptake of disperse dyes by polyesteramide
fibre at various temperatures

3.3 Dyeing rate of polyesteramide fibre

It is also a well-known fact that there are four fun-
damental steps involved in the uptake of dyes by
textile fibres: the diffusion of dyes in the external
water phase toward the diffusional boundary layer
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on the fibre surface, the diffusion of dyes through
the diffusional boundary layer, the adsorption of
dyes onto the fibre surface and the diffusion of dyes
into the fibre interior [17]. Of the four steps listed
above, the diffusion of dyes in the fibre interior is
the step that has the greatest impact on the dyeing
rate of fibres. Based on this, it is interesting to study
the dyeing rate of polyesteramide fibre.
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Figure 4: Uptake rates of Disperse Orange 30 for
polyesteramide fibre: (a) polyesteramide and PET fi-
bres, 120 °C, 2 °C/minute, (b) polyesteramide fibre,
100 °C, 2 °C/minute and (c) polyesteramide fibre,
100 °C, 1 °C/minute
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Figure 4a shows the uptake rates of Disperse Or-
ange 30 for polyesteramide and PET fibres at a hold-
ing temperature of 120 °C and a heat rate of 2 °C/
minute. The rapid uptake of Orange 30 by polyes-
teramide fibre clearly occurred in the range of 70 to
90 °C, while the rapid dyeing temperature range for
PET fibre was between 80 and 120 °C. Moreover,
the uptake rates of Orange 30 for polyesteramide
and PET fibres were 5.9 and 3.1%/minute, respec-
tively in the temperature range for the rapid uptake
of Orange 30. The dyeing rate of polyesteramide fi-
bre was almost twice as high as that of PET fibre.
Figure 4b shows the uptake rate of Disperse Orange
30 for polyesteramide fibre at a holding temperature
of 100 °C and a heat rate of 2 °C/minute. It is evi-
dent from Figure 4b that polyesteramide fibre dis-
played a rapid dyeing temperature range, dyeing
rate and final uptake rate of dyes similar to those in
Figure 4a. Figures 4a and 4b show that polyestera-
mide fibre exhibits a faster dyeing rate than PET fi-
bre, which can be explained by the lower glass tran-
sition temperature of polyesteramide fibre.
Although polyesteramide fibre exhibits good low-
temperature dyeability, its high dyeing rate would
lead to poor dyeing levelness. Certain special meas-
ures should therefore be taken to improve the dye-
ing levelness of polyesteramide fibre. To that end,
the most effective method is to decrease the uptake
rate of disperse dyes in the faster dye-uptake tem-
perature range or the critical temperature range
(where 80% of adsorption takes place) by reducing
the rate at which the temperature is raised [18]. Fig-
ure 4c shows the uptake rate of Disperse Orange 30
for polyesteramide fibre at a holding temperature of
100 °C and a heat rate of 1 °C/minute. When com-
paring Figures 4b and 4c, it is evident that using a
heat rate of 1 °C/minute resulted in a decrease in
the uptake rate of Disperse Orange 30 to 3.1%/
minute from 6.0%/minute at a heat rate of 2 °C/
minute. It can be suggested from this study that the
dyeing of polyesteramide fibre should be carried out
at a low heating rate to provide a dyeing levelness
effect.

3.4 Migration ability of disperse dyes

on polyesteramide fibre
The dyeing levelness of textile materials is depend-
ent on the migration ability of dyes [18], which in
turn are affected by many factors, such as fibre and
dye structures, dyeing temperature and time, and
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the dyeing auxiliaries used in the dye solution. The
good migration ability of dyes is beneficial for dye-
ing levelness. Figure 5 shows the migration ability
of three different disperse dyes on polyesteramide
fibre at 100 and 120 °C. All three of the disperse dyes
exhibited a high migration rate at 120 °C. Disperse
Orange 30 and Red 74 also exhibited a high migra-
tion rate at 100 °C. However, Red 60 displayed a
much lower migration rate at 100 °C than at 120 °C.
Nevertheless, the migration rate of Red 60 reached
66%. Overall, the good migration ability of disperse
dyes on polyesteramide fibre can be exploited to im-
prove the dyeing levelness of polyesteramide textiles
and to correct uneven dyeing.
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Figure 5: Migration ability of disperse dyes on polyes-
teramide fibre

3.5 Building-up property of disperse dyes
on polyesteramide fibre

The building-up property of dyes is of great impor-
tance for practical application. Disperse dyes with a
good building-up property can impart dark shades
to polyesteramide fibre. The building-up property
of disperse dyes primarily depends on the dye and
fibre structures, the affinity of dyes to fibres and
dyeing temperature. The building-up properties of
azo and anthraquinone dyes on polyesteramide fi-
bre are illustrated in Figure 6. In the case of azo
dyes, the colour depth of the polyesteramide fabrics
dyed with Disperse Red 74 and Blue 183 continually
increased as the dye concentration in all of the dye
concentration ranges was increased, while the same
trend was identified for the fabrics dyed with Dis-
perse Orange 30 and Brown 1, where dye concen-
trations in the range of 1% to 6% owf were used. In
the case of anthraquinone dyes, the dyed fabrics dis-
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played continually increasing colour depth when
the concentrations of Disperse Red 11 and Violet 31
were less than 4% and 6% owf, respectively. Fur-
thermore, the fabrics dyed with azo dyes exhibited
higher colour depth than anthraquinone dyes. On
the whole, azo dyes demonstrated a better building-
up property than anthraquinone dyes. This finding
is supported by the fact that azo dyes have a much
higher adsorption saturation than anthraquinone
dyes, as mentioned in subchapter 3.1.
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Figure 6: Building-up properties of (a) azo and (b)
anthraquinone disperse dyes on polyesteramide fibre
at 100 °C

3.6 Colour fastness of dyed polyesteramide
fabrics

In order to assess the colour fastness of dyed polyes-
teramide fabrics, the dyeing process was carried out
with widely used trichromatic disperse dyes at a
concentration of 3% owf. Reduction cleaning was
then carried out to remove loose colours. The wash,
sublimation, and light fastness ratings of the dyed
polyesteramide fabrics are presented in Table 2. The
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Table 2: Colour fastness of dyed polyesteramide knitted fabrics

Wash fastness Sublimation fastness
- - Light
Dyes Colour Staining Colour Staining fastress
change Polyester Cotton change Cotton
Orange 30 4-5 4-5 4-5 4 4-5 4-5
Red 74 4 4 4 3-4 3-4 3
Blue 79 4 4 4-5 4 4-5 4

fabrics dyed with Disperse Orange 30 and Blue 79
exhibited high wash, sublimation and light fastness
levels. Good wash fastness was also identified for
the fabric dyed with Disperse Red 74, while its sub-
limation and light fastness ratings were fair, at 3-4
and 3, respectively. According to GB 18401-2010:
National General Safety Technical Code for Textile
Products (Chinese National Standards for Textiles)
[19], wash colour fastness ratings greater than or
equal to 3-4 for baby/children products, and 3 for
products that come into direct and indirect contact
with skin are defined as “acceptable”. Thus, the fab-
rics dyed with three disperse dyes were found to
meet GB 18401-2010 in terms of acceptable colour
fastness to washing. On the whole, the dyed polyes-
teramide fabrics exhibited good fastness properties
that meet the requirements of consumers.

4 Conclusion

This study presented the dyeing properties of low-
temperature dyeable polyesteramide fibre. The
high exhaustion of disperse dyes at 100 °C re-
vealed the good dyeability of polyesteramide fibre
under atmospheric pressure. The Nernst adsorp-
tion isotherms of disperse dyes indicated a dyeing
mechanism of polyesteramide fibre similar to that
of PET fibre. The higher adsorption saturation and
better building-up property of azo disperse dyes
compared with anthraquinone dyes made the
former a good selection for dark shades. The rapid
uptake of dyes by fibres in the temperature range
of 70 to 90 °C suggested that raising the tempera-
ture slowly was important for the improved dyeing
levelness of polyesteramide textiles. The good mi-
gration of dyes on polyesteramide fabric can also
be used to improve dyeing levelness. The good col-
our fastness properties of the dyed polyesteramide
fabrics met the requirements of consumers. In

summary, polyesteramide fibre can be used as an
alternative to PET fibre to develop textile prod-
ucts, with regard to dyeing properties.
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Abstract

It is well-known fact that the supermolecular structure of museum textiles changes during aging and bio-
deterioration. These structural changes can be observed by different spectroscopic methods such as FT-IR,
FT-Raman, and dispersive Raman spectroscopy. The purpose of the presented research is to present the us-
ability of FT-Raman spectroscopy method for the analysis of the cellulose structure of the biodeteriorated
historical textile fibers. Although historical textiles have already been analyzed using FT-Raman spectrosco-
py the method has been rarely used to analyze the changes of supermolecular structure of the biodeterio-
rated historical textiles attacked by microorganisms. In the research, cellulose textile samples from different
museums and religious institutions were analyzed. Contemporary and historical cellulose textiles were
scanned by FT-Raman spectra of reference and compared to determine the supermolecular cellulose fiber
structure of each material. It has been shown that structural changes such as depolymerization and crystal-
linity changes can be detected using FT-Raman spectroscopy. The supermolecular changes of the cellulose
fiber structure have been detected in biodeteriorated as well as in historical objects not infected by micro-
organisms. In the spectra of biodeteriorated objects, more intensive changes of spectral features were ob-
served compared to spectra of non-infected samples. The changes were more pronounced at the museum
objects made of flax. It can be concluded that biodeterioration causes more intensive structural changes
than aging. On the basis of the research work, it has been shown that FT-Raman spectroscopy method can
be used for the analysis of supermolecular structure changes of cellulose textiles.

Keywords: historical textiles, cellulose, biodeterioration

lzvlecek

Dobro znano dejstvo je, da se nadmolekulska struktura muzejskih tekstilij med staranjem in biorazgradnjo spreminja.
Strukturne spremembe opazujemo z razlicnimi spektroskopskimi metodami, npr. s FT-IR, FT-ramansko in disperzno
ramansko spektroskopijo. Namen predstavijene raziskave je prikazati uporabnost FT-ramanske spektroskopske meto-
de za analizo strukture celuloze biorazgrajenih zgodovinskih tekstilnih viaken. Ceprav so bile zgodovinske tekstilije v
preteklosti Ze analizirane z uporabo FT-ramanske spektroskopije, pa je bila metoda redko uporabljena za analizo spre-
memb v nadmolekulski strukturi biorazgrajenih zgodovinskih tekstilij, ki so jih napadli mikroorganizmi. V raziskavi
smo analizirali celulozne tekstilne vzorce iz razlicnih muzejev in verskih ustanov. Zgodovinske celulozne tekstilije smo
primerjali s sodobnimi referencami, da bi identificirali nadmolekulsko strukturo vsakega materiala. Pokazali smo, da
lahko depolimerizacijo in spremembe kristalinosti detektiramo z uporabo FT-ramanske spektroskopije. Spremembe
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nadmolekulske strukture celuloznih viaken smo opazili tako v biorazgrajenih kot tudi v neokuzenih zgodovinskih viak-
nih. V spektrih biorazgrajenih predmetov smo opazili intenzivnejse spremembe kot v neokuzenih vzorcih. Spremem-
be so bile izrazitejSe na zgodovinskih tekstilijah, izdelanih iz lanu. Zato lahko sklepamo, da biorazgradnja povzroci iz-
razitejSe spremembe kot staranje. Na podlagi raziskovalnega dela smo pokazali, da s FT-ramansko spektroskopijo
lahko analiziramo spremembe nadmolekulske strukture celuloznih tekstilij.

Kljucne besede: zgodovinske tekstilije, celuloza, biorazgradnja

1 Introduction

The aim of all institutions dealing with cultural her-
itage is to preserve objects from the past for future
generations. Among the most susceptible materials
to be preserved are textiles. Materials produced
from cellulosic (plant) fibers which consist mainly
of cellulose (cotton more than 90%, flax 60-70%,
and hemp up to 77%) represent an important part
of textile materials in museums. In flax and hemp
fibers, the main accompanying materials to cellu-
lose are hemicelluloses (17%) and lignin (2-3%) [1].
Cellulose supermolecular structure in plant fibers is
semi-crystalline which means that a certain part of
cellulose fibers is ordered, i.e. crystalline, and a cer-
tain part is non-ordered, i.e. amorphous. The ratio
between the crystalline and the amorphous phase
differs between different plant types and depends
on growth conditions, processing, use, and storing
conditions. Features of the inner structure of cellu-
lose fibers can be detected by spectroscopic meth-
ods. External influences, e.g. physical, chemical, or
biological agents, cause changes of the textile fiber
inner (supermolecular) structure as well as changes
of appearance (fading of dyes and yellowing) [2].
The changes of inner structure of textile fibers cause
changes of material mechanical properties. Textile
fibers and textile materials become more fragile and
prone to mechanical damages. Additionally, chang-
es in the inner structure of textile fibers enable easi-
er penetration of enzymes, produced by different
types of living organisms into the structure [3, 4].
This is the case especially with fungi, which are
among the most severe deteriorating agents of tex-
tiles [5] and which attack mainly pre-degraded fib-
ers. Since fungi can cause changes in the supermo-
lecular structure of textile fibers [6-11], an analysis
of infected materials is of crucial importance. Such
an analysis allows us to see the level of structural
changes caused by aging processes or/and fungi at-
tack and to decide what measures need to be taken
to prevent further deterioration or even destruction

of the historical objects. Biodeterioration of histori-
cal textile objects is usually investigated from the
point of the infesting microorganisms [12, 13] and
only rarely from the viewpoint of structure and
properties of the attacked material(s). The latter
were mainly analyzed on the buried contemporary
samples [6, 14, 15].

Supermolecular structure of materials can be ana-
lyzed by different analytical methods, e.g. infrared
and Raman spectroscopy, x-ray diffraction, etc.
With the results obtained by the above-mentioned
methods and their correlation with other visible and
mechanical properties, it is possible to understand
the changes and the plan of further treatment of his-
torical objects. Spectroscopic techniques present a
widely accepted approach for the analysis of histori-
cal objects. For the analysis of organic materials, in-
frared spectroscopy has proved to be a reliable and
effective method [16]. Raman spectroscopy, on the
other hand, can cause several problems when ana-
lyzing degraded organic materials. The research of
historical textiles with dispersive Raman spectrom-
eter using the visible laser wavelength 785 nm has
already been presented by the authors of this paper
[17]. Those problems can, to a certain extent, be
solved by drench quenching (photobleaching), a
prolonged exposition to a reduced laser power [18].
This method takes a long time to obtain spectra,
sometimes more than a single working day. On the
other hand, FT-Raman spectroscopy has proved to
be a reliable tool when analyzing historical materi-
als of organic origin [19, 20]. The near-infrared la-
ser with 1064 nm wavelength should allow the ana-
lyst to obtain spectra with reduced luminescent
background and enhanced Raman signal. The meth-
od was invented in 1986 as a response to high fluo-
rescence in Raman spectra of certain types of mate-
rials [21].

The present study is a part of a broader research on
the influence of different fungal species on structure
of different natural fibers, being part of historical ob-
jects. The aim of the present study is twofold. Firstly,
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to analyze historical textile materials infected by
fungi using FT-Raman spectroscopy method and to
detect whether fungi cause additional structural
changes to natural aging, and, secondly, to compare
the usefulness of different spectroscopic methods
(dispersive Raman spectroscopy and Fourier trans-
form infrared spectroscopy (FI-IR)) in the analysis
of the structure of historical cellulose textiles.

2 Materials and methods

2.1 Textile samples

Textile samples for the analysis were obtained from
14 different historical textile objects stored in Slov-
ene museums, different religious institutions or

FT-Raman Analysis of Cellulose based Museum Textiles:
Comparison of Objects Infected and Non-infected by Fungi

were under conservation at the Restoration Centre
of the Institute for the Protection of Cultural Herit-
age of Slovenia (IPCHS). The historical textile ob-
jects originate from different historical periods from
the 16! century or later. The analyzed textile objects
are listed in Table 1 and presented in Table 2. Fig-
ure 1 presents an example of infection on one of the
infected historical artefacts. Textile objects were
made from different cellulosic fibers, which were
identified by optical microscopy as described in our
previous work [16]. The objects were selected ac-
cording to their appearance: objects with visible
mycelium growth or uncommon stains appearing
like fungal spots were selected. The samples for the
analysis were taken from historical objects in form
of small pieces of fabrics or single threads according

Table 1: List of the selected historical objects with their description, source institution (and for paintings also
storage institution), dating, material, and information about fungal infection in the upper rows non-infected

objects are listed and in lower rows the infected

Sample Object description Dating Institution Material | . Fungal
label infection
MKS03 | cloth, partly embroidered | unknown Slovene Museum of cotton no
with metal threads Christianity
PMPO02 | embroidered tablecloth 15 20t cent. Ptuj Regional Museum | flax no
PMPO5 | leather belt with textile 15 20 cent. Ptuj Regional Museum | cotton no
lining
RCS04 | painting on canvas end of 17th IPCHS® (Convent) flaxand | no
cent. hemp
RCS06 painting on canvas 15t decade of IPCHS® (Convent) flax no
18t cent.
RCS07 | painting on canvas 1582-1584 [PCHS? (Provost flax no
church)
RCS08 | painting on canvas unknown [PCHS?® (Convent) hemp no
and flax
MKS02 | painting on canvas witha | unknown Slovene Museum of flax yes
paper patch on the back Christianity
MKS04 | painting on canvas unknown Slovene Museum of flax yes
Christianity
PMPO0O3 | underwear unknown Ptuj Regional Museum | cotton yes
RCS01 | painting on canvas Y2 19t cent. IPCHS® (Succursal flax yes
church)
RCS05 | painting on canvas 1729 [PCHS® (Monastery) flax yes
RCS09 | painting on canvas 17 cent. IPCHS® (Cathedral) flax yes
RCS14 | painting on canvas 1821 IPCHS? (Parish flax yes
church)

ATPCHS = the Institute for the Protection of Cultural Heritage of Slovenia
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to the conservators and restaurateurs code [2]. The
current storage conditions of all analyzed objects
are listed in our previous work [2]. Environmental
conditions in the past, which had influence on prop-
erties of objects, are not known.

2.2 Isolation and identification of fungi

The historical samples were analyzed for possible
fungal contamination [2]. The sampling for the fun-
gi was performed with areas of the material that we
supposed could be infected by fungi (e.g. unusual
stains, mycelium like spots etc.).

FT-Raman Analysis of Cellulose based Museum Textiles: 113
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The fungi were sampled from the selected objects by
rubbing with a sterile cotton swab that was either
soaked in physiological solution (0.9% [w/v] NaCl),
or was dry, in the cases of more sensitive objects.
The fungi were isolated from these swabs by subse-
quent inoculation onto malt extract agar medium
with the added antibiotic chloramphenicol (50
mg/l), to prevent bacterial growth. The plates were
incubated at 25 °C for up to 21 days. Pure cultures
of the fungi were obtained from the primary isola-
tion plates by the further culturing of selected colo-
nies with different morphologies. All of the isolated

Table 2: Photographs of all analyzed historical objects and close-up captures of spots which might be infected by fungi
(first and second column - infected historical objects; third and fourth column - non-infected historical objects)

INFECTED

NON-INFECTED

MKS03
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fungi are stored in the Microbiological Culture Col-
lection EX of the Department of Biology, Biotechni-
cal Faculty, University of Ljubljana (www.ex-gene-
bank.com).

FT-Raman Analysis of Cellulose based Museum Textiles:
Comparison of Objects Infected and Non-infected by Fungi

S T TR TR

The fungi in the fungal isolates were identified ac-
cording to their macromorphological and micro-
morphological characteristics, and using genus/
species-specific molecular markers, according to
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taxonomic standards. For the fungal DNA isolation,
the strains were grown on malt extract agar medi-
um for 7 days. Their DNA was extracted according
to Gerrits van den Ende and de Hoog [22], by me-
chanical lysis of ca. 1 cm? of their mycelia.

Figure 1: An example of infection spot on the infected
historical artefact (MKS 02)

For the purpose of the research, contemporary cot-
ton and flax fabrics were analyzed using the same
testing conditions and procedures as in the case of
historic samples (see chapter 2.2). The reference ma-
terials were not bleached and were unsized to re-
semble the historical materials. Reference fabrics
with the mixed content of hemp and flax were not
available to us to directly compare historical textiles
made of hemp/ flax mixture.

2.2 FT-Raman spectroscopy method

For the FT-Raman analysis, Bruker multiRam in-
strument was used. The instrument is equipped
with cryo-cooled Ge detector, Nd-YAG laser with a
wavelength of 1064 nm with a line width of ~ 5 cm™!
to 10 cm™!, and a resolution of 4 cm'!. Raman spec-
trometer was calibrated each day before use. The
applied laser intensity varied between 30 mW and
150 mW. The number of accumulated scans varied
between 100 and 5000. Raw fibers or pieces of tex-
tiles were used without additional sample prepa-
ration and put under the FT-Raman microscope.
The surface area of the analysis was approximately
20 um in diameter. Several areas, selected random-
ly, were analyzed on each historical as well as refer-
ence sample. By comparison of reference and histor-
ical samples’ spectra structural changes in historical
objects were determined.

FT-Raman Analysis of Cellulose based Museum Textiles: 115
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All spectra are shown in the range between 150 cm~!
and 2000 cm~!. Lower wavenumbers would not be
reasonable due to high fluorescence in this region,
as observed from obtained the spectra. Spectra were
baseline-corrected to give clearer results and better
visual comparison.

The ratios 11121/110% [20] and I380/11096 [23] were cal-
culated for all the samples (where bands were clear-
ly visible). Bands are typical of symmetrical vibra-
tions of glycoside bonds (1120 cm™!), asymmetrical
vibrations of glycoside bonds (1096 cm~!) and CCC
vibrations of glycoside ring (380 cm™!) [24]. The ra-
tios were selected as the most often occurring and
proved as reliable for cellulose crystallinity determi-
nation in the available literature. The first ratio has
proved to be stable and reliable in several articles
(as confirmed by Jahn and co-workers [25]). For the
second ratio Agarwal and co-workers [23] have
proved that the bands at 380 cm™! and 1096 cm™ are
significantly affected by cellulose crystallinity modi-
fication and that this ratio generated excellent re-
gression (R2 = 0.992) and showed good sensitivity
to crystallinity change.

Heights of the bands were measured using OPUS
software. Band heights were measured from a select-
ed baseline in the spectrum as shown in Figure 2.
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Figure 2: Baseline selection and peak height measure-
ment for quantitative analyses

3 Results and discussion

As it can be seen from the Table 1, three of the se-
lected historical specimens were made of cotton
(MKS03, PMPO03, and PMPO05), nine objects were

made of flax, and two were mixed, made of flax in
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the warp direction and hemp in the weft (RSC04
and RCS08). The textile materials were identified by
optical microscopy as described in our previous
work [16].

3.1 FI-Raman analysis of the cotton samples
Two of the analyzed cotton samples turned out not
to be infected by fungi. Infection with fungi was
confirmed on one sampled underwear (PMP03, Ta-
bles 1 and 2) [2]. FT- Raman spectra of different
quality were obtained from the cotton specimen.
Two different spectra were obtained from the speci-
mens taken from the infected underwear (PMP03)
sample (Figure 3). This fact leads us to the conclu-
sion that the degree of deterioration is not uniform
over the whole sample and depends mostly on the
fungal contamination and activity. As it can be seen
in the Figure 3a, spectrum b resembles contempo-
rary cotton (spectrum a) to a great extent. The band
heights are decreased. However, the ratio between
them remained similar to those of reference spectra,
as confirmed also by quantitative analyses (Table 3).
Decreased band heights can be a consequence of lu-
minescent background due to surface dirt or fungi
[20]. It can be concluded that no severe deteriora-
tion occurred in this area of the sample. In the case
of the spectrum c (Figure 3a), structural changes of
the cotton fibers could be clearly observed when
compared to reference spectra of the cotton (spec-
trum a). Some bands in the spectrum c decreased
relative to other when compared to the reference
spectrum. The decrease of the band at 380 cm™!,
typical of vibrations of glycoside ring [24], is a sign
of decreased crystallinity of the cellulose [23]. The
decrease of the band at 437 cm™1, typical of glucose
rings vibrations [24, 26], is a sign of cellulose degra-
dation [26]. Additionally, the bands at 1096 cm™!
and 1120 cm™!, typical of asymmetric and symmet-
ric B-glycosidic linkages respectively [24], decreased
strongly relative to the reference spectrum. This is a
sign of a hydrolytic fission of the glycosidic bonds
[27]. The decrease of the intensities occurred at the
bands between 1250 cm~! and 1450 cm™!, typical
mainly of CH, vibrations, as well as HCC, HCO,
and COH bending, all indicating cellulose deterio-
ration [20, 28]. On the basis of the above-mentioned
results, it can be concluded that cotton fabric infect-
ed with fungi is subjected to depolymerization and
the decrease of crystallinity. The deterioration takes
place only in the infected spots.

FT-Raman Analysis of Cellulose based Museum Textiles:
Comparison of Objects Infected and Non-infected by Fungi

a cotton reference
b PMP03(1)
¢ PMPO3(2)

Raman intensity

200 400 600 800 1000 1200 1400 1600 1800
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Figure 3a: Comparison of two different spectra form
infected cotton object (PMPO03; spectra b and c) with
cotton reference (spectrum a)
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Figure 3b: Spectrum MKS03, showing poorly resolved
bands and unidentified bands (around 1500 cm™!)

The spectra of belt lining made of cotton (PMPO05)
did not show any changes in typical cellulose fea-
tures, only a strong luminescent background be-
cause of which a clear analysis of its supermolecular
structure was not possible. Luminescence is usually
a consequence of severe deterioration or presence of
dirt or fungal hyphae on the surface of the analyzed
objects [20]. Since the object was not subjected to
fungal deterioration, the strong luminescence was
probably a consequence of deterioration caused by
aging and surface dirt. According to FTIR spectros-
copy results obtained previously [16], it has been
discovered that the crystallinity of the sample was
higher compared to the reference sample, as ob-
served by decreasing of the band at 900 cm~! and the
presence of a strong band 1280 cm~!. Higher crys-
tallinity could be a consequence of the deterioration
of the amorphous regions caused by aging [29].
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The spectra of the third cotton specimen (MKS03)
exhibits very low intensity. Since the objects were not
infected by fungi and the bands are very low, severe
deterioration of the cellulose can be assumed. Addi-
tionally, a strong decrease of the bands at 1337 cm™!
and 1380 cm™! is a sign of cellulose deterioration.
Changes in the structure could have been caused by
different environmental factors, e.g. light, as well as
fluctuations in humidity and temperature.

The comparison of the state of preservation of the
three investigated cotton samples shows that fungi
did not cause more severe deterioration than envi-
ronmental impacts. Processing and environmental
impacts of the past decades, which could be of cru-
cial importance for the state of preservation of each
object, are unknown to us. However, even in time of
sampling, most objects were not kept under the
most appropriate conditions (relative humidity 40
to 65% and temperature 16 to 18 °C [30]) as de-
scribed in our previous article [2].

Intensity ratios of the selected spectral bands were
calculated for cotton historical objects and for cotton
reference (Table 3). For both analyzed objects, the ra-
tio I1121/110% decreased, as was expected according to
the literature [20, 31]. The ratio in the spectrum of
the non-infected object (MKS03) also showed a small
decrease relative to the ratio in the reference spec-
trum of cotton. It can be concluded that non-infected
structure of the cotton also changed during aging.
The differences in values of different areas (4b and
4c) of the infected object (PMPO03) are a consequence
with natural processes in fibers and fungal growth
which do not affect all the areas equally. Comparing
both ratios of cotton samples, it can be seen that in
both cases the highest crystallinity ratio exhibits the
sample PMP03_4b? which is followed by the sample
PMP03_4c¥. The lowest crystallinity ratio exhibits
the sample MKS03. The degree of crystallinity is a
function of many interconnected processes to which
a textile material is subjected during its life.

Table 3: Intensity ratios I'121/[19% gnd [80/T10% for
the cotton samples

Sample [1121/]1096 1380/71096
cotton reference 0.82 0.33
MKS03 0.77 0.27
PMPO03_4b? 0.81 0.43
PMPO03_4c¥ 0.79 0.38

dnfected objects
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The ratio I380/119% was suggested by Agarwal and co-
workers [23] to be the most appropriate to determine
the cellulose crystallinity. It shows different tendency
than the ratio I'121/119%, According to the ratio 180/
I10%, the crystallinity decreased in the sample MKS03
and increased in the sample PMP03 compared to the
reference sample. On the basis of the presented re-
sults, it can be concluded that aging decreased the
crystallinity ratio I380/119% and fungal infection in-
creased it. This could be explained by faster deteriora-
tion of amorphous regions compared to crystalline
when subjected to fungal infection and by the fact that
the amorphous/crystalline ratio is changing. The ratio
[H21/110% remains relatively similar in all tested sam-
ples. This is to be expected, since both the 1121 cm™!
and 1096 cm™! bands are assignable to the -glycosidic
COC vibration of cellulose [20].

3.2 FI-Raman analysis of the bast fibers
samples

Nine of the analyzed fabrics were made of flax fib-
ers, and two of a mixture of flax and hemp fibers.
One sample was taken from an embroidered table-
cloth and the rest were taken from painting canvas-
es, most of which are still kept in churches or clois-
ters, whereas two are kept in a museum in improper
conditions with too high relative humidity and fluc-
tuating temperature [2]. Neither of the two samples
with mixed composition was infected by fungi. On
the other hand, six of nine samples made from pure
flax were infected by different fungal species (Tables 1
and 2). Spectra of both samples with mixed fibers
had a strong luminescent background, which pre-
vented us to make any conclusions regarding their
supermolecular structure. The reason for bad quality
is the presence of hemp, as it contains many non-cel-
lulosic substances (e.g. lignin, hemicellulose, pectin,
etc.) which, according to Agarwal, cause lumines-
cent background [18].

At FT-Raman spectrum of non-infected flax sample
taken from the embroidered tablecloth, (PMP02) a
relatively strong band at 457 cm™! (Figure 4, spec-
trum b), compared to the band at 435 cm~!, ap-
peared which is typical of ring vibrations [20]. This
is a sign of relatively high crystallinity [26]. The same
is true for the intensive band at 520 cm™, typical of
glycoside links [19, 20]. A relative increase of the
band at 1120 cm™! regarding the band at 1096 cm™!
is also seen, which is again a sign of more organized
structure in cellulose fibers [27]. However, according
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to Kovur et al,, it could also be a consequence of cel-
lulose degradation and remaining of non-cellulosic
compounds (lignin, hemicelluloses) [32]. The latter
is, in this case, less probable since the absence of the
band at 1276 cm™! signifies the absence of lignin
[33]. Therefore, it can be concluded that during the
aging process the amorphous regions deteriorated
and only the crystalline regions remained. The band
at 780 cm! in Figure 4, spectrum d (RCS07) is most
probably due to lignin [34].

a) flax reference
b) PMPO2
c) RCS06
d) RCS07
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Figure 4: Comparison of non-infected flax objects
PMPO2 (spectrum b), RCS06 (spectrum c) and RCSO7
(spectrum d) with flax reference (spectrum a)

According to the FT-Raman spectra of non-infected
specimens of two paintings treated at the Restora-
tion Centre of the IPCHS (RCS06 and RCS07, Fig-
ure 4, spectra ¢ and d), it can be seen that not only
biodeterioration is the cause of luminescence. The
older painting from the 16 century (RCS07) has
the more intensive luminescent background and
consequently weaker bands, especially in the region
between 300 cm~! and 600 cm~!, which makes the
evaluation of its structure difficult. On the other
hand, the spectra of younger painting from the be-
ginning of the 18 century (RCS06) show relatively
well-resolved bands despite moderate luminescent
background. The decrease of the band at 1380 cm™!
is a sign of cellulose depolymerization [28]. This
band decreased at spectra of both objects. Addition-
ally, the ratio between 1120 cm~! and 1096 cm-!
bands also decreased, indicating the degradation of
cellulose [27]. The cellulose degradation is probably
the main reason for low spectra quality.

Six of the investigated linen fabrics were infected by
fungi (Tables 1 and 2). All of the infected investigat-
ed objects were painting canvases. Two of them

FT-Raman Analysis of Cellulose based Museum Textiles:
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were from the Slovene Museum of Christianity and
all others were from different religious institutions,
treated at the Restoration Centre of the IPCHS.
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Figure 5: Spectra MKS02 and MKS04 showing an in-
tensive background with only slightly visible main
bands around 1100 cm™ (arrow)

The spectrum of one of the two paintings from the
Museum of Christianity (MKS02, Figure 5, solid
spectrum) had a strong luminescent background
and no spectral bands could be observed. Therefore,
no estimation of its structure was possible by FT-
Raman spectroscopy. At spectra of the other paint-
ing from the same museum (MKS04, Figure 5, dot-
ted spectrum), which is approximately one century
older, the background is strong. However, weak
bands of the cellulose could still have been ob-
served. However, most of the bands are difficult to
interpret. Therefore the structure of cellulose could
not be estimated properly. This example shows, that
the higher age of the sample is not necessary the
cause of stronger deterioration. Since the history of
neither object is familiar to us, no further conclu-
sions can be drawn about what caused faster deteri-
oration of the later produced textile.

Figure 6 represents a comparison of biodeteriorated
flax objects sampled during the conservation proc-
esses at IPCHS: RCS01 (spectrum a), RCS05 (spec-
trum b), RCS08 (spectrum c), RCS09 (spectrum d),
RCS14 (spectrum e) with flax reference (spectrum f).
The most severely and visibly infected (of all the in-
vestigated objects) was the painting from a succurs-
al church, dating from the first half of the 19t cen-
tury (RCSO01). The mycelium growth was visible
with a naked eye on the whole back side (Table 2).
The FT-Raman spectra of the sample RCS01 (Fig-
ure 6, spectrum a) exhibited too strong background
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and no spectral bands could be observed. The rea-
son for the strong background is the presence of
fungal hyphae as proposed by Edwards and co-au-
thors [20] or severe deterioration of the cellulose, as
confirmed by FTIR spectroscopy [1].

a RCS01
b RCS05
c RCE08
d RC509
e RC314
f flax reference

Raman intensity

200 400 600 BOD 1000 1200 1400 1600 1800
Wavenumber/cm

Figure 6: Comparison of biodeteriorated flax objects
RCSO01 (spectrum a), RCSO5 (spectrum b), RCSO8
(spectrum c), RCS09 (spectrum d), and RCS14 (spec-
trum e) with flax reference (spectrum f)

The strong luminescent background can be seen also
in some other samples as well (Figure 6, spectra b, ¢
and d). At the spectrum of sample RCS05 from the
Franciscan monastery, dating from 1729 (Figure 6,
spectrum b), only the strongest bands in the spec-
trum are visible, therefore the structural determina-
tion is difficult. In the region around 1100 cm~!, only
a broad band with the peak at 1096 cm~! could be
observed (Figure 6, spectrum b), with only a slight
shoulder towards 1120 cm~!. According to the FT-
Raman spectra of sample RCS05, it can be conclud-
ed that the fibers are severely deteriorated and the
glycoside vibrations are weak.

In the FT-Raman spectrum (Figure 6, spectrum d)
of the painting from the Ljubljana cathedral (RCS09),
which was painted in the 17 century, the back-
ground was strong as well. However, the most char-
acteristic features of cellulose could still be observed.
The disappearance of the band at 995 cm~! and the
decrease in intensities of the bands at 1096 cm™1,
1120 cm~!, and 1380 cm™! are a sign of cellulose de-
terioration [27]. The disappearance of the band at
1480 cm! is a sign of crystallinity decrease [20]. It
can be concluded on the basis of all these findings
that the fibers are severely deteriorated and the crys-
tallinity content in the fibers has decreased.
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In the FT-Raman spectrum (Figure 6, spectrum e)
of the infected sample RCS14, the background is
rather intensive. However, the bands could still be
distinguished relatively clearly. Several differences
could be observed compared to contemporary ref-
erence spectra. Decreased intensities were observed
at bands at 1096 cm™!, 1120 cm™!, 1380 cm™! and
1480 cm™! indicating cellulose deterioration and the
decrease of crystallinity [35, 36].

At the FT-Raman spectrum of the sample RCS08
(Figure 6, spectrum c), all the bands are very weak.
Thus, it is difficult to compare visually with refer-
ence spectra. All the main bands are visible. Their
ratios, however, are difficult to interpret.

The features were less visible and more difficult to in-
terpret in all FT-Raman spectra of flax samples than
at cotton samples spectra. The most probable cause
for luminescent background masking spectral bands
is the presence of lignin and other non-cellulosic fea-
tures, which are present in bast fibers and absent in
cotton. However, when comparing the results of in-
fected and non-infected objects, it seems, that fungi
influence the cellulose structure that it becomes more
crystalline and the ageing itself to become more
amorphous. Due the small number of the samples
this cannot be seen as rule, but could be explained
that the enzymes can more easily degrade amor-
phous structures, whereas (mainly) physical influ-
ences during ageing influence crystalline structure.

Table 4: Intensity ratios for flax fibers

Sample Il 121/11096 I380/IIO96
Flax reference 0.57 0.16
PMP02 0.75 0.35
RCS05% 0.26 0.05
RCS06 0.53 0.23
RCS07 0.42 0.06
RCS08 0.58 0.18
RCS092) 0.59 0.39
RCS14% 0.61 0.17

dnfected objects

In Table 4, the calculated intensity ratios of flax
samples are presented. It can be seen that neither
aging nor fungal infection causes the same crystal-
linity changes in all the cases. An increase or a de-
crease of the ratios are not directly connected to
fungal deterioration. The degree of crystallinity is a
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function of many interconnected processes to
which a textile material is subjected during its life.
The reason for this is unique influences of physical
environmental factors (light, relative humidity,
temperature) and of different fungal species to a
specific investigated object.

3.3 Comparison of FTI-Raman, dispersive
Raman, and FTIR methods
Selected samples were analyzed using FT-Raman
spectroscopy method. The same samples were pre-
viously analyzed also with the dispersive Raman
and FT-IR spectrometers [11, 12]. Especially with
dispersive Raman spectrometer we met with several
difficulties, since fluorescence masked spectral
bands [17]. Raman spectrometers give information
about skeletal structure of the polymers [28],
whereas infrared spectra base more on functional
groups' vibrations [37]. FT-Raman spectroscopy
was invented as an upgrade of dispersive Raman
spectroscopy, to reduce the luminescence [21]. The
aim of presented work is also to test the applicabili-
ty of this analytical method in the field of historical
materials especially for their analysis, restoration
and conservation.
Obtained FT-Raman spectra were analyzed and
compared to dispersive Raman spectra and FT-IR
spectra. Figure 7a represents a comparison of FT-
Raman spectrum of the sample RCS14 (solid line)
to dispersive Raman spectrum of the same speci-
men (dotted line). In FT-Raman spectra, several mi-
nor bands can be observed. They are hidden in the
case of dispersive Raman spectra by fluorescent
background (Figure 7a).

Intensity [a. u.]

RCS14, FT-Raman
| —— RCS14, dispersive Raman

200 400 600 800 1000 1200 1400 1600 1800
Raman shift [em''] a
Figure 7a: Comparison of FT-Raman spectrum of the
sample RCS14 (dotted line) to dispersive Raman spec-

trum of the same specimen (solid line)
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Comparing the FT-Raman and dispersive Raman
spectroscopy methods and their results it can be
clearly seen that additional information could be
gathered from the FT-Raman spectra when com-
pared to dispersive Raman spectra. Additionally, the
scanning time for FT-Raman spectra is shorter,
since samples need no or only little signal quench-
ing whereas dispersive Raman spectra sometimes
needed several hours of signal quenching to obtain
informative spectra. Therefore if one has a choice
the use of FT-Raman spectroscopy would be ad-
vised for the analysis of historical textiles analyses.
Figure 7b shows FTIR spectra of the same specimen
(RCS14). In FTIR spectra, all peaks and details can
be clearly seen and well resolved. However, the main
vibrations which are seen on FTIR spectra are vi-
brations of functional groups whereas Raman spec-
troscopy shows more clearly the cellulose backbone
structure vibrations [28]. Therefore FTIR and Ram-
an spectroscopy and their results are complementa-
ry. In FT-IR spectrum of the sample RCS14 no sig-
nificant changes were observed, when compared to
contemporary reference flax spectra in one spot, but
the other one shows some changes in the cellulose
vibrations regions (1300 to 1400 cm~! and 1200 do
1000 cm!), showing cellulose deterioration and
crystallinity decrease [38, 39, 40]. FT-Raman spec-
tra as well show decrease of certain bonds (as men-
tioned above), also indicating cellulose deteriora-
tion and the decrease of crystallinity [27, 28]. Since
FT-IR spectra are easy and quick to obtain, although
not without problem, especially when working in
transmission mode [16], it will remain the preferred
method for the authors.
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Figure 7b: FTIR spectrum of the sample RCS14
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4 Conclusion

FT-Raman spectroscopy has proved to be a useful
tool for investigation and analysis of cellulose his-
torical textile objects and fiber supermolecular
structure for cotton and in most cases for bast fib-
ers. In the case when cellulose fibers contain many
non-cellulosic substances, as it is in the case of
hemp fibers, or are subjected to severe deteriora-
tion, a strong luminescent background appears
which masks spectral bands and prevents the analy-
sis of the cellulose fiber supermolecular structure.
Compared to dispersive Raman spectroscopy, FT-
Raman spectroscopy enables clearer spectra with
more visible spectral bands and with less lumines-
cence which leads to more accurately interpreted
supermolecular structure of cellulose fibers. To ob-
tain even more precise information about the su-
permolecular structure of investigated materials
combining FT-Raman method with other analytical
methods (especially FT-IR spectroscopy) is highly
recommended.

The FT-Raman analysis also clearly confirmed the
fact that the physical and biological factors cause se-
vere deterioration of cotton and flax fibers as a con-
sequence of fungi attack or other, especially physi-
cal, deteriorating factors (e. g. light and humidity).
The results show relatively more intensive changes
at infected objects compared to non-infected. This
confirms the prediction that the supermolecular
structure of cellulose fibers change more at objects
subjected to fungal infection than at those which
were not infected by fungi and were only only in-
fected by the physical environmental factors. This is
confirmed especially for cotton fibers. Other cellu-
losic fibers (bast fibres) exhibit too high lumines-
cence to be reliably analysed.
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Abstract

Air-jet spinning variables play a significant role in determining MJS (Murata Jet Spinner) yarn structure and
quality. This research work is an attempt to highlight the effect of a few imperative MJS spinning parame-
ters on yarn quality characteristics. In order to investigate the effect of the MJS spinning speed, first-nozzle
pressure and feed ratio on resultant yarn quality parameters, a Box-Behnken experimental design for three
factors and three levels was adopted for research design and sample preparation. An analysis of variance
(ANOVA) was performed to test the statistical significance of all effects.

Keywords: spinning speed, first-nozzle pressure, feed ratio, air-jet yarn

Izvlecek

Procesni parametri curkovnega predenja imajo pomemben vpliv na strukturo in kakovost preje, izdelane na cur-
kovnem predilniku MJS Murata. Raziskava se osredinja na vplive nekaterih pomembnih parametrov MJS Murata
curkovnega predenja na lastnosti preje. Priprava vzorcev za proucitev vplivov hitrosti predenja, tlaka v prvi Sobi in
dovajalnega razmerja na kakovost koncne preje je temeljila na eksperimentalnemu nacrtu po Box-Behnkenu za tri

faktorje in tri stopnje. Z analizo variance (ANOVA) je bila preizkusena statisticna pomembnost vseh ucinkov.
Kliucne besede: hitrost predenja, tlak v prvi Sobi, dovajalno razmerje, curkovna preja

1 Introduction

The effect of MJS spinning variables on yarn quality
has been studied by many researchers in the past. It
has been demonstrated in air-jet spinning machines
that yarn tensile properties improve with an increase
in delivery speed and first-nozzle pressure up to a cer-
tain limit, but that yarn quality deteriorates due to an
increase in imperfection levels [1-3].Yarn hairiness
increases with an increase in spinning speed due to a
reduced number of wrapper fibres, which become in-
adequate for binding all protruding fibres [4-6]. It has
been reported that an increase in first-nozzle pres-
sure significantly improves MJS yarn tenacity and
breaking elongation [7]. The number of core fibres
decreases, while wrapper, wild and wrapper-wild fi-
bres increase with an increase in first-nozzle pressure.
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First-nozzle pressure has a significant effect on yarn
evenness due to the increased concentration of mass
in a very short length on account of an increasing
number of wrapper fibres [8-9]. It is believed that the
yarn uniformity will improve with an increased feed
ratio. The optimum value was found to be 0.98 (ratio
of the surface speed of the delivery roller to the sur-
face speed of the front roller). It has been reported
that fibre orientation improves with an increase in
feed ratio [10-11]. MJS yarn flexural rigidity and
abrasion resistance improve with an increase in feed
ratio [11-13].

In order to study the effect of scrutinised MJS spinning
variables on viscose yarn quality, spinning speed, first-
nozzle pressure and feed ratio were taken into account.
For this purpose, draw-frame sliver was processed pre-
cisely on a MJS machine during sample preparation.
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2 Materials and methods

2.1 Material

Air-jet spun viscose yarns of 14.76 tex were produced
from 51 mm fibre length and 1.5 denier fibre fine-
ness, taking into account a fibre density of 1.52 g/cm?
Drawn viscose sliver hank of 3.28k tex was processed
on a Murata air-jet spinner 802 machine for the
preparation of yarn samples.

Preparation of yarn samples and experimental
plan

In order to investigate the effect of MJS spinning
variables on yarn quality parameters, a three-fac-
tor and three-level Box-Behnken experimental de-
sign technique was adopted for research design
and the optimisation of the number of standard
runs of manufactured yarn samples. The Box-
Behnken design for three variables, together with
the actual values of variables corresponding to the
coded levels, is presented in Table 1 and Table 2
respectively. The most influential MJS spinning
parameters, such as spinning speed, first-nozzle
pressure and feed ratio, were shortlisted and taken
into account as independent parameters to moni-
tor their effect on dependent parameters, such as
yarn unevenness and imperfections. The numeri-
cal values of each independent parameter were
scrutinised in such a way that the difference be-
tween the low-to-middle and middle-to-high val-
ues remains constant, as seen in Table 2. An ap-
propriate randomisation and replication technique
was taken into account during sample preparation
for an effective statistical analysis.

Table 1: Box-Behnken design for three variables
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Conditioning of sample

The yarn sample was conditioned under standard
atmospheric conditions, in a tropical atmosphere of
27 + 2 °C and 65 + 2% relative humidity, while the
number of readings was determined according to
the variation in the sample in order to achieve a
95% confidence interval.

2.2 Methods

Design of experiment
Table 1 and Table 2

Statistical analysis

The effect of the independent MJS spinning varia-
bles were statistically investigated using an ANOVA
at a 95% confidence interval using statistical soft-
ware. The independent factors taken into account
were spinning speed, first-nozzle pressure and feed
ratio to check for any statistically significance.

Yarn testing

Adequate numbers of yarn samples were tested tak-
en into account a coefficient of variation. Yarn even-
ness and total imperfections, including thick +50%,
thin -50% and neps +200%, were measured on a
Star Evenness Tester, while maintaining a yarn
speed of 50 m/min. Yarn hairiness was measured
using a ZWEIGLE G565 instrument. An Instron
tensile tester was used to test 20 samples per run of
the single yarn strength and elongation percentage
at break. Testing gauge length was kept at 500 mm
at a 200 mm/min extension rate. Flexural rigidity
was calculated using Owen’s ring-loop method [14].

Standard runs 1|23 |4|5|6]7]38 10| 11|12 |13 |14 | 15
Spinning speed -1 |1 |-1|1|-1|1]-1]1 0010
First-nozzlepressure | -1 (-1 |1 (1 [0 [0 | 0|0 |-1]1/|-1]1]0]0
Feed ratio o|o0f(O0 |0 |-1|-1|1 |1 |-1|-1|1]1|0|0]O

Table 2: Actual values of variables corresponding to the coded levels

Variables -1 0 +1
Spinning speed [m/min] 150 170 190
First-nozzle pressure [kg/cm?] 2 2.5 3
Feed ratio 0.96 0.97 0.98
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3 Results and discussion

Effect of MJS Spinning Variables on Yarn Quality

Table 3: Box-Behnken sample design, together with variables and their corresponding responses

Variables Responses
Runs | Spinning :(Zrzsztl_e Feed Total Tenacity F%e).(u‘ral Hairin'ess
speed | U[%] |. . rigidity [S3hairs/
[m/min] pressure | ratio imperfections | [g/tex] Tyt 100 m]
[kg/cm?]
1 -1 -1 0 12.29 200 8.81 1.59 130
2 1 -1 0 14.10 304 9.38 2.58 155
3 -1 1 0 13.02 424 9.71 1.87 86
4 1 1 0 15.20 488 9.67 3.65 127
5 -1 0 -1 12.80 400 8.51 1.55 110
6 1 0 -1 14.50 520 7.77 2.62 155
7 -1 0 1 12.90 304 9.73 1.89 112
8 1 0 1 14.50 376 10.31 2.9 152
9 0 -1 -1 13.10 272 6.72 1.92 170
10 0 1 -1 14.20 544 9.31 2.15 121
11 0 -1 1 12.62 208 9.35 2.39 175
12 0 1 1 13.60 408 9.98 2.44 123
13 0 0 0 12.46 216 6.41 1.5 154
14 0 0 0 12.56 228 6.69 1.54 149
15 0 0 0 12.61 240 6.92 1.57 145
Table 4: ANOVA of MJS yarn quality parameters
Effects
T ] 000 | pereions| e | e | ins
Spinning speed [m/min] | 0.00%),s® 0.00, s 0.00, s 0.00, s 0.00, s
First-nozzle pressure 0.00, s 0.00, s 0.00, s 0.00, s 0.00, s
Feed ratio 0.00, s 0.00, s 0.00, s 0.03,s 0.62, ns
) p-value

b) significant if p <0.05 at a 95% confidence interval

9 ns- not significant if p > 0.05
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Figure 1: Effect of spinning variables on MJS yarn quality parameters

3.1 Effect of spinning speed on MJS yarn quality
At a high spinning speed, the air flow at the front roller
nip causes the edge fibres to move away from the main
bundle of fibres and increase the proportion of wrap-
per fibres. For this reason, yarn hairiness increases
with an increase in spinning speed from 150 m/min to
190 m/min. Yarn unevenness increased slightly from
150 m/min to 170 m/min, while a further increase
in spinning speed resulted in an increased number
of imperfections in yarn, and thus, contributes to a

deterioration in yarn quality, as seen in high level of
unevenness. The interpretation of the experimental
results shown in figure 1 reveals that yarn strength
improves with an increase in spinning speed from
170 m/min to 190 m/min, but that yarn unevenness
and total imperfections also increase. Yarn tenacity
and flexural rigidity also increase slightly at a higher
spinning speed due to the presence of more wrapper
fibres and a compact yarn structure. Analysis of vari-
ance confirms the experimental findings.
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3.2 Effect of first-nozzle pressure on MJS yarn
quality

First-nozzle pressure has a significant effect on yarn
structure, and due to an increased concentration of
mass in a very short length as the result of an in-
creasing number of wrapper fibres at a higher first-
nozzle pressure. Thus, yarn hairiness decreases with
an increase in first-nozzle pressure. It was observed
that yarn unevenness and the total number of im-
perfections increases with an increase in first-noz-
zle pressure. Moreover, an increase in first-nozzle
pressure will lead to an increase in yarn tenacity,
while increased flexural rigidity may be due to the
presence of an increased number of wrapper fibres.

3.3 Effect of feed ratio on MJS yarn quality

It was observed that there is no significant change
in yarn quality characteristics with a change in the
feed ratio from 0.96 to 0.98. However, the twist level
of the yarn increases at a lower feed ratio, resulting
in a harsher yarn.

4 Conclusion

It was observed that the spinning speed and first-
nozzle pressure have a significant effect on MJS yarn
quality parameters, while the feed ratio has a mar-
ginal effect on yarn quality parameters. The experi-
mental results demonstrate that both unevenness
and total imperfection increase with an increase in
spinning speed and first-nozzle pressure. This study
shows that an increase in spinning speed results in
an increase in yarn hairiness, while the latter de-
creases with an increase in first-nozzle pressure. The
effect of spinning variables on yarn tenacity and
flexural rigidity was found to be marginal.
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Abstract

Bio-polymer gelatine can be found in a broad variety of applications, mostly in the food industry. Moreover, it
is used in the encapsulation of active pharmaceutical ingredients. In electrospinning, it is used for drug release,
but can also strongly influence the morphologies of nanofiber mats when blended with other polymers. In a
recent project, we studied the influence of adding citric acid and coconut oil to gelatine electrospinning solu-
tions. While the former can be used to modify gelatine nanofiber diameters and create diverse morphologies
between the fibres and sprayed droplets of different shapes, the latter results in an electrospraying process and
additionally increases water resistance, suggesting a possible use of the combination for tailored drug release.
Keywords: nanofiber mat, water resistance, electrospraying

Izvlecek

Biopolimerno Zelatino uporabljajo na stevilnih podrocjih, Se posebno v Zivilski industriji, pa tudi pri kapsuliranju ak-
tivnih farmakoloskih sestavin. Pri elektropredenju jo uporabljajo za sproscanje zdravil. Ko jo mesajo z drugimi po-
limeri, pa lahko pomembno vpliva na morfologijo nanovlaknatih kopren. V nedavnem projektu sta bila preuceva-
na vpliva dodatka citronske kisline in kokosovega olja k raztopljeni Zelatini za potrebe elektropredenja. Medtem ko
se citronska kislina lahko uporabi za spreminjanje premera nanovlaken iz Zelatine in ustvarjanje razlicne morfolo-
gije med vlakni in razprsenimi kapljicami razli¢nih oblik, pa povzroci kokosovo olje elektrorazprsevanje in dodatno
poveca vodoodpornost, kar kaze na mozno uporabo kombinacije za nacrtovano sprosc¢anje zdravil.

Kliucne besede: nanovlaknata koprena, vodoodpornost, elektrorazprsevanje

1 Introduction in the presence of different other chemicals [4, 5],

addition of diverse acids [6] or toxic materials, such

Gelatine belongs to bio-polymers which are often
electrospun to create nanofiber mats for diverse pur-
poses. Gelatine nanofibers can be used to mimic an
extra-cellular matrix [1, 2] and are therefore expect-
ed to provide good growth and proliferation condi-
tions for cells. Gelatine is known to bind cell surfac-
es via fibronectin binding better than native collagen
[3]. However, gelatine has a disadvantage since it is
water-soluble, which makes crosslinking after the
electrospinning necessary, e.g. with a heat-treatment

Corresponding author/Korespondencna avtorica:
Prof. Dr. Dr. Andrea Ehrmann
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as glutaraldehyde [8].

Another possibility is using gelatine blended with
other polymers. Blending silk fibroin with gela-
tine, for example, resulted in an increased nanofib-
er diameter and hydrophobicity, while the me-
chanical properties decreased [8]. Testing diverse
PAN/bio-polymer blends, gelatine was found to be
the only bio-polymer which significantly increased
the PAN fibre diameters, an effect which survived
wetting the samples although no cross-linking step
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was included [9]. Similarly, large fibre diameters
could not be gained by modifying spinning and so-
lution parameters of pure PAN [10]. Electrospin-
ning PVA/gelatine blends was used to create scaf-
folds with modified hydrophobicity and morphology
[11]. Similar results were found in ethyl cellulose/
gelatine blends, which could be tailored between
hydrophobic and hydrophilic properties, showing
tuneable water stability [12]. Zein/gelatine blends
were found to show high crystallinity, resulting in
the preservation of a porous 3D structure gained by
electrospinning, which was not possible in pure gel-
atine or pure zein nanofibers [13].

Blended with cellulose acetate, gelatine loaded with
gabapentin was found to significantly increase inju-
ry regeneration in rats [14]. Similarly, gelatine-coat-
ed poly(butylene succinate) nanofiber mats could
be used to immobilize thrombin, a haemostat, re-
sulting in shorter haemostasis times and less blood
loss than commercial gelatine sponges when tested
in a rat liver model [15].

In the research, apart from some pre-tests with respect
to pure gelatine, we examined the influence of citric
acid on water resistance and morphology of pure gel-
atine fibres. This acid was shown to increase water sta-
bility of collagen/PEO nanofibers [16], of gelatine
scaffolds which were not produced by electrospinning
[17], and of electrospun native collagen fibres [18]. It
must be mentioned that according to the literature,
the bio-polymer which should be crosslinked and the
citric acid need to be incubated for several hours and
should afterwards be electrospun from the solution
containing a high ratio of ethanol or similar solvents
[19]. The latter was not possible in the electrospinning
machine used in this project. Thus, our experiments
aim at investigating whether the electrospinning proc-
ess itself can replace the incubation process due to the
large forces and high dynamics working during na-
nofiber formation. Electrospinning both materials to-
gether without former incubation has, to the best of
our knowledge, not been reported before in the scien-
tific literature and therefore represents a new approach
to create water resistant gelatine nanofiber mats. If
working, it would allow creating waterproof gelatine
nanofiber mats without the necessity of using toxic
cross-linkers afterwards, which could lead to the use
of gelatine nanofiber mats for medical or biotechno-
logical applications.

Additionally, the influence of coconut oil - which is
known to work as a plasticizer [20] - was tested.

Water Resistance and Morphology of Electrospun Gelatine
Blended with Citric Acid and Coconut Oil

Coconut oil also shows good antibacterial, anti-in-
flammatory and anti-viral properties [21, 22]. Elec-
trospinning blends of gelatine and coconut oil were
not found in the literature either, and might not
only increase the possible application of such elec-
trospun nanofiber due to combining the intrinsic
medical properties of both materials, but may also
stabilize gelatine to increase its water resistance.

2 Materials and methods

For electrospinning, a needleless electrospinning
machine “Nanospider Lab” from Elmarco (Czech
Republic) was used. The spinning parameters were
as follows: temperature in the spinning chamber
(21 £ 1) °C, relative humidity 33%, carriage speed
75-150 mm/s, substrate speed 0 mm/min, electrode
distance 175-220 mm, electrode-substrate distance
50 mm, high voltage 70-75 kV between the lower
electrode and the grounded upper electrode, and
nozzle diameter 0.6-0.9 mm, depending on the vis-
cosity of the spinning solutions. A polypropylene
(PP) substrate (from Elmarco) was used as the sub-
strate during electrospinning. A sketch of the elec-
trospinning machine is shown in Figure 1.

Ground electrode

Substrate
= (e.g. textile fabric)

High voltage electrode

Figure 1: Electrospinning setup in “Nanospider Lab”

Gelatine powder was purchased from Abtei (Ger-

many), coconut oil from BioWise (Germany). The

following spinning solutions were prepared from

these materials, using aq. dest. as a solvent (all frac-

tions are given as weight percentage, all spinning

solutions besides the one with coconut oil had room

temperature during electrospinning):

- GI: 35% gelatine,

- Glb: 35 wt.-% gelatine, boiling the solution and
cooling down before spinning,

— G2b: 40 wt.-% gelatine, boiling the solution and
cooling down before spinning,

- GCAI: 33 wt.-% gelatine + 3 wt.-% citric acid
(solid),
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GCA2: 31 wt.-% gelatine + 14 wt.-% citric acid
(solid),
- GCA3: 27 wt.-% gelatine + 24 wt.-% citric acid
(solid),
GCA4: 24 wt.-% gelatine + 33 wt.-% citric acid
(solid),
GCO: 26 wt.-% gelatine + 26 wt.-% coconut oil
(heated to ~ 40 °C before spinning to reduce vis-
cosity).

An optical examination of nanofiber mats was per-
formed using a confocal laser scanning microscope
(CLSM) VK-9000 (Keyence, Germany) with a nom-
inal magnification of 2000x. All scale bars have the
dimension of 10 um.

Water resistance tests were performed by immers-
ing the nanofiber mats completely into water for 1
min and letting them dry at room temperature af-
terwards.

Fibre diameters were measured on 10 fibres per im-
age using Image] 1.51j8 (National Institutes of
Health, USA).

3 Results and discussion

The first experiments aimed at investigating the in-
fluence of boiling the gelatine solution on the na-
nofiber mat morphology, as compared to its work-
ing at room temperature. Figure 2 depicts nanofiber
mats, prepared from the solutions G1 and G1b, spun
at the voltage of 70 kV. The images show that, on the
one hand, the fibres became thinner after boiling the
solution, and on the other hand, spherical agglom-
erates were formed. Thinner fibres can be explained
by the reduction of gel-building abilities of gelatine
when it is boiled. Both changes in the nanofiber mat
morphology are not desired; the relatively thick gel-
atine nanofibers are often preferable for the applica-
tion in cell growth, compared to the thinner ones.

Consequently, in the next test, a slightly higher con-
centration of gelatine was used to prepare a solution
which had to be boiled again before the spinning to
slightly reduce the viscosity and thus support the
spinning process. Higher concentrations often re-
sult in thicker fibres, as investigations of other poly-
mers have shown [10,23]. Figure 3 depicts the re-
sults of this experiment. Unfortunately, in this way
only relatively few, chaotically arranged nanofibers
were produced, which after the spinning duration

Water Resistance and Morphology of Electrospun Gelatine 1317
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of 35 min merely covered the thick substrate fibres,
without creating a visible nanofiber mat.

Figure 2: Nanofiber mat, created from solutions with
35% gelatine, prepared at room temperature (left
panel, diameters (770 £ 210) nm) and after boiling,
respectively (right panel, diameters (440 = 130) nm)

Figure 3: Nanofiber mat, created from solution
with 40% gelatine, prepared after boiling (diame-
ters (580 + 140) nm)
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Since former experiments in our group revealed a
similar trend to significantly higher spinnability for
slightly lower gelatine concentrations, the experi-
ments with gelatine/citric acid blends were per-
formed with reduced gelatine concentrations and
without boiling.

The results are depicted in Figure 4. While sample
GCAl, containing the highest gelatine and the
lowest citric acid concentration, resulted in a mat
of nanofibers with reduced diameters, increasing
the citric acid concentration and at the same time
decreasing the amount of gelatine resulted in elec-
trospraying instead of electrospinning, with
strongly changed droplet morphologies between
spiky arrangements of very short nanofibers
(GCA2) and smooth drops in a broad variety of
diameters (GCA4). This finding can be explained
by the well-known suppression of the gelling prop-
erties of gelatine in the presence of acids. The most
interesting structure, however, is visible in sample

L
-
-

Water Resistance and Morphology of Electrospun Gelatine
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GCA3. Here, a relatively thick coating on substrate
fibres can be recognized, on top of which a laby-
rinth-like structure is revealed, looking like a
strongly cross-linked net of thick gelatine fibres. It
should be mentioned that the width of these fea-
tures is approx. 1.5-2 pm, i.e. thicker than the na-
nofibers gained for sample GCA1 with the diame-
ters in the range of 600-900 nm.

Unfortunately, the tests of water resistance of these
nanofiber mats showed that all electrosprayed or
electrospun structures were completely washed off
of the substrate. The same occurred at all tests to
increase water resistance by spraying citric acid
onto pure gelatine fibre mats or vapour coating the
electrospun gelatine mats with citric acid. It does
not seem to be possible to increase water resist-
ance of gelatine nanofiber mats in this way. Appar-
ently, the incubation step mentioned in the litera-
ture cannot be replaced by the electrospinning
process itself.

Figure 4: Nanofiber mats and electrosprayed samples GS1-GS4, prepared combining gelatine and citric acid,
using carriage speed of 75 mm/s, electrode distance of 200 mm and high voltage of 75 kV
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Finally, an experiment was performed combining
gelatine with coconut oil. The solution could only
be spun in a relatively warm state, i.e. for a limited
time of approx. 30 min after heating the solution
and putting it into the spinning equipment. The re-
sults of the electrospinning process and of wetting
the sample afterwards are depicted in Figure 5.

Figure 5: Electrosprayed samples GCO, prepared from
warm gelatine/coconut oil solution, using carriage
speed of 75 mm/s, electrode distance of 200 mm and
high voltage of 75 kV

Figure 5 again shows an electrosprayed coating of
the support nonwoven with another morphology
than the other samples. Typically, electrospraying
results in single, round dots, such as for sample
GCAA4. A similar structure, however, can be created
by electrospraying poloxamer/dextran blends [24].

Opposite to the tests with gelatine/citric acid, which
aimed at increasing water resistance compared to
pure gelatine, adding coconut oil could indeed reduce
the water solubility of the gelatine spray-coating. As
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depicted in Figure 5 (right panel), the surface mor-
phology clearly changed after wetting the sample with
a drop of water which dried on the fabric at room
temperature, not washing off the coating. This find-
ing is consistent with former experiments on casein,
for which water stability could be significantly in-
creased by adding wax or paraffin oil to the spinning
solution [25]. We assume that this reduction of water
solubility can be attributed to closing small pores in
the coating, thus reducing the contact area between
gelatine and water [26]. This suggests further experi-
ments with different gelatine : coconut oil ratios to
create nanofibers which may also show increased wa-
ter resistance, making them suitable for a slow release
of medical drugs etc.

4 Conclusion and outlook

To conclude, this study shows that citric acid can be
used to modify the nanofiber mat morphology and
create not only thinner fibres than with pure gela-
tine, but also different sprayed structures, including
a labyrinth-like surface. Coconut oil, on the other
hand, has indeed increased the water resistance of
the resulting electrosprayed coatings.

Future research will concentrate on combining both
features, i.e. creation of nanofiber mats or labyrinth-
like coatings with increased water resistance, possi-
bly also using the combination of coconut oil and cit-
ric acid to enable the use of such materials for drug
delivery and similar applications where a large sur-
face : volume ratio of nanofibers should be combined
with slow dissolving in aqueous environments.
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Abstract

Polyamide 6 is one of the key engineering polymers with excellent mechanical properties and resistance
which enable its global production and wide use in the industrial and domestic plastic manufacturing. Polya-
mide 6 also represents an important raw material for the production of technical filament yarns. However,
an important drawback associated with the flammability of PA6 fibres has not been resolved yet. This paper
reviews the most common halogen-free flame retardant additives for polyamide 6, their mode of action as
well as different strategies for the incorporation of flame retardant additives in the production process of
flame ratardant polyamide 6 fibres. The most recent research and patents on this topic are critically dis-
cussed.

Keywords: textile, bulk polymers, flame retardancy, flame retardant additives, production strategies

lzvlecek

Poliamid 6 je eden kljucnih inZenirskih polimerov z odlicnimi mehanskimi lastnostmi in visoko odpornostjo, ki omo-
goca njegovo Siroko uporabo pri proizvodnji industrijskih in gospodinjskih plasticnih mas. Poliamid 6 predstavija
tudi pomembno surovino za proizvodnjo filamentnih prej za tehni¢ne namene. Vendar pa pomembna pomanj-
kljivost, povezana z vnetljivostjo poliamidnih 6 viaken, Se ni bila odpravijena. Clanek vklju¢uje pregled najpogoste-
Jje uporablienih ne-halogenih ognjevarnih aditivov za poliamid 6, njihovega nacina delovanja in razli¢nih pristo-
pov za vgradnjo ognjevarnih aditivov v proizvodnem procesu ognjevarnih vliaken iz poliamida 6. Predstavljena je
kriticna razprava o najsodobnejsih raziskavah in patentih na podrocju.

Kliucne besede: tekstilije, plasticne mase, ognjevarnost, ognjevarna sredstva, proizvodne strategije

1 Introduction

the most important raw materials in the produc-
tion of textile fibres for technical applications, such

Polyamide 6 (PA6) is one of the key engineering
polymers with excellent mechanical properties and
resistance which enable its global production and
wide use in the industrial and domestic plastic
manufacturing. Excellent processing properties,
low moulding shrinkage and simple and low cost
processing on one hand as well as its toughness,
high tensile strength, abrasion and creep resistance
on the other hand enabled PA6 to become one of
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as technical clothing, carpets and carpet paddings,
tabrics for furniture upholstery, transport seats,
floor coverings and air bags [1]. Whereas PA6 plas-
tics represent the largest segment of the global
polyamide market, the PA6 textile fibre application
segment is the fastest growing [2]. Furthermore,
PA6 has an exceptional feature, i.e., its chemical
recyclability back to monomer e€-caprolactam,
which classifies PA6 as a “sustainable polymer”
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and, consequently, dramatically enhances its reus-
ability and added value [3].

Despite the widespread use of PA6 in various eco-
nomic areas, a problem associated with the flam-
mability of PA6 fibres has not been solved yet. Spe-
cifically, a very hazardous drawback of PA6 is its
inherent flammability, which can lead to rapid
burning with an intensive flammable melt-drip-
ping and a release of toxic smoke, which may
present a great risk and danger for lives and mate-
rial goods. Despite the rather successful produc-
tion of flame retardant (FR) PA6 moulding plastic
materials, the development of FR PAG6 textile fibres
remains a challenging scientific problem, and
commercially available FR PA6 textile fibres still
do not exist [4].

Much effort has been put into the production of FR
PAG6 fibres during the last decades [4-8]. For effec-
tive FR action, it is crucial that the FR additive
matches the processing and pyrolysis specifics of
PA6. Accordingly, the FR additive needs to be ther-
mally stable and non-volatile at the processing tem-
peratures of PA6 composites and filaments. The
thermal stability and mode of action of the FR addi-
tive must match those of PA6 during pyrolysis, dur-
ing which the mostly volatile cyclic monomer
e-caprolactam, alkyl cyanides and ammonia are
produced, leaving no charred residue in the con-
densed phase [9]. According to the literature, FR
loadings higher than 15 wt% are required to achieve
an effective FR action in the PA6 bulk polymers [4],
but these high loadings are unacceptable for the tex-
tile fibres because of their impaired spinnability and
tensile properties. These represent the most impor-
tant limitations in the production of FR PA6 fibres
in comparison with PA6 bulk polymers. Further-
more, compared to bulk plastic, the lightweight PA6
textile fibres and fabrics have an open structure with
a much higher surface, which intensifies the burn-
ing rate.

2 Structures of FR additives
and their mode of action

Although halogenated FR additives are very effec-
tive and have been some of the most important FR
additives for PA6 over the decades, they have been
prohibited as substances of Very High Concern
(REACH SVCH), and due to their persistence, bio-
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accumulation and high toxicity (PBT), there is a gap
in the market for FR additives. The most intensively
investigated halogen-free FR additives for PA6 in-
clude phosphorus (P)- and nitrogen (N)-based FRs,
inorganic hydroxides and different nanoparticles
[4-8, 10-12]. The most common FRs for PA6 are
summarised in Table 1, and some of them are pre-
sented in Figure 1.

FR mechanisms and modes of action depend on the
chemical structures of the FR additives as well as
the structure and thermal decomposition pathway
of the polymers. Accordingly, FR additives act
chemically and/or physically in the gas phase and/
or in the condensed phase (Figure 2) [4-8, 10-12].
It is known that the same FR additive can provide
different flame retardancy for different polymers. In
general, P-based FR additives are active in both the
condensed phase and the gas phase depending on
the oxidation state of the P atom [67]. According to
the condensed-phase mode of action, phosphorous
compounds, i.e., phosphates and phosphonates,
promote char formation by influencing the decom-
position pathway of the polymers. If this reaction is
accompanied by the release of water, the combus-
tive vapours are also diluted. According to the gas-
phase mechanism, phosphorous compounds, i.e.,
phosphinates and phosphine oxides, decompose to
radical scavengers, which terminate the oxidative
radical chain reactions in the combustion cycle. In
the case of PA6, the gas phase contributes more to
flame retardancy than char formation because the
polymer chain scission, which occurs during ther-
mal decomposition, leads to the generation of
e-caprolactam and other volatiles from the shorter
chain fragments, and very little char residue is
formed. Therefore, char-promoting phosphorous
FRs alone are not enough to be effective in PA6. In
contrast, the gas phase active P-based FR additives
are of great importance for the protection of PA6.
Specifically, phosphorous radicals in the flame, i.e.,
HPO,:, PO:, PO,- and HPO-, can scavenge H- and
OH- radicals that propagate fuel combustion. This
leads to a reduction in concentrations of H- and
OH- radicals and the quenching of the flame.
Among N-based FR additives, MeCy has special im-
portance since it is considered as one of the most ef-
fective FR additives for aliphatic polyamides [68].
MeCy exhibits a strong condensed-phase mode of
action; however, it is also active in the gaseous
phase [18]. At higher temperatures, MeCy undergoes
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Table 1: The most common halogen-free FR additives for PA6

FR-active chemical Chemical structure Reference
element or group
Phosphorous 6-((6-oxidodibenzo[c,e][1,2]-oxaphosphinine-6-yl) [13]
methoxy)dibenzo[c,e][1,2]-oxaphosphinine-6-oxide)
(Di-DOPO-MeO)
Nitrogen ammonium sulfamate (AS) [14-17]
melamine cyanurate (MeCy) [18-27]
Phosphorous, ammonium polyphosphate (APP) [28]
nitrogen melamine polyphosphate (MPP) [29-32]
6-(2-(4,6-diamino-1,3,5-triazin-2-yl)ethyl)dibenzol[c,e] | [33]
[1,2]oxaphosphinine-6-oxide (DTE-DOPO)
6, 60-(ethane-1,2-diylbis(azanediyl))bis(dibenzo[c,e] [13]
[1,2]-oxaphosphinine-6-oxide) (Di-DOPO-EDA)
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10- [34, 35]
oxide-based diepoxide (DEP)
cyclotriphosphazene [36-38]
Phosphorous, aluminium dialkylphosphinate (AIPi) [16, 28-31, 33, [38-46]
aluminium aluminium hypophosphite [41, 42, 47]
Phosphorous, boron | boron phosphate [44, 48, 49]
Phosphorous, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10- [50, 51]
silicon oxide-functionalised triethoxysilane (SiDOPO)
diethylphosphatoethyltriethoxysilane (SiP) 52
Boron zinc borate 44,53
Group II or I1I alumina monohydrate, AIO(OH) (4, 54, 55]
hydroxides magnesium hydroxide, Mg(OH), [55, 56]
Silicon tetraethoxysilane [52]
Aluminium, silicon | pristine clays (bentonite, kaolinite, zeolite), pristine [14, 27, 57-60]
nanoclays (halloysite nanotubes)
organically modified nanoclays (montmorillonite (30, 31,61,62]
(MMT))
Carbon carbon nanotubes (CNTs) [63-66]

endothermic decomposition to melamine and cya-
nuric acid. Melamine partially sublimes at approxi-
mately 350 °C, which is accompanied by a significant
absorption of energy. In the condensed phase, mela-
mine undergoes endothermic self-condensation
with the release of ammonia, which volatilises and
dilutes the fuel gases that support combustion. MeCy
also decreases the thermal stability of PA6 and ca-
talyses the chain scission of PA6 macromolecules to

oligomeric segments, which are less flammable than
caprolactam. The chain scission also decreases the
melt viscosity and accelerates melt flow and dripping.
Because the melt drips remove heat from the polymer
matrix, the phenomenon of flame self-extinguish-
ment occurs. MeCy also promotes the formation of a
cross-linked structure in the self-condensation reac-
tion with the generated oligomers. This promotes the
formation of a closed char layer.
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Figure 1: Chemical structures of some representative FR additives for PA6

Flame retardant mechanisms
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Figure 2: Flame retardant mechanisms of FR additives

Condensed phase action

Cooling

Removal of heat and decrease
of temperature

Drip promotion

Formation of oligomers of lower
viscosity resulting in the
enhanced melt flow down from
the pyrolysis zone

Heat barrier
creation

Promoted formation of charred,
inorganic and intumescent
residue resulting in the
protective barrier layer

MPP, as a representative of the P/N-based FR ad-
ditives, was developed as a char former in the in-
tumescent FR action. The latter is characterised by
swelling and expanding at temperatures higher
than critical temperature, leading to the formation
of a foamed cellular charred layer [4, 9, 69]. In the
intumescent FR formulations, MPP acts as an acid
source because the release of phosphoric acid pro-
motes the creation of a carbonaceous shield on the
polymer surface, which acts as a heat-barrier and
physically prevents contact between the polymer
and the flame and hinders the flow of oxygen and
heat to the polymer surface. As an acid source,
ammonium phosphate, ammonium polyphosphate
or AS can also be used [8]. For effective intumes-
cent FR action, the acid source-containing FR ad-
ditives are usually combined with the carbon
source-containing additives, for instance, pentaer-
ythritol, as well as a blowing agent, mostly mela-
mine or guanidine, which releases non-combusti-
ble gases.
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The FR action of inorganic hydroxides, such as
AlO(OH) and Mg(OH),, involves heat sink and
heat-barrier effects 8, 54, 56]. At temperatures be-
tween 340-350 °C and above 300-320 °C, boehmite
and magnesium hydroxide, respectively, undergo
endothermic decomposition (absorbing heat) in
which free water is produced. This results in the
cooling of the polymer and the diluting of the com-
bustive gas mixture by the release of the vapours.
The water release could also enhance the decompo-
sition of PA6. In addition, a mineral layer formed
on the polymer surface acts as a barrier that pre-
vents contact between the heat and the polymer.
Silica as well as different clays exhibit the heat-bar-
rier FR effect. They contribute to the formation of a
reinforced insulating charred layer, which acts as a
heat and gas barrier and protects the polymer
against thermal oxidation and mass loss during
combustion [30, 61, 70]. The presence of the protec-
tive layer increases the thermal stability of PA6 and
significantly reduces the heat release rate during
combustion relative to pristine PA6, suggesting im-
proved fire behaviour. Additionally, smoke obscura-
tion is significantly lowered in the presence of clays.
Well-dispersed particles of clay can act as nucleat-
ing sites for bubble formation in the residue during
the decomposition process, leading to an expanded
carbonized material composed of a large bubble
covering the residue. The gases trapped under the
bubble insulate the surface of the polymer [30].

The FR mechanism of CNTs differs from that of clays
[63]. It is assumed that CNTs act as inert fillers that do
not significantly influence the thermal decomposition
behaviour of PA6. The presence of CNTs in the PA6
composite increases the time to ignition and decreas-
es the heat release rate but does not significantly lower
the total heat release in comparison to pristine PA6.
The reason for the increase in the time to ignition is
attributed to the improved thermal conductivity or
the increased melt viscosity of the composite. A de-
creased heat release rate caused by the CNTs in the
composite would indicate a reduction in flammability.
However, on the contrary, during ignition, the CNTs
form a thermally stable interconnected network struc-
ture, which fixes the molten material in the pyrolysis
zone and prevents melt-dripping. This results in the
increase in the composite burning intensity. Since
CNTs subsequently decompose in the thermo-oxida-
tive reaction, no charred residue is created during the
thermal decomposition of the PA6 composite.

Recent Advances in Production of Flame Retardant Polyamide 6
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3 Strategies for the production
of FR PA6 fibres

The most common strategy for the production of FR
PAG fibres includes the use of the melt-compounded
PA6/FR composites in the melt-spinning process
[71]. However, there are several drawbacks in the fi-
bre production process when using the “melt-com-
pounding approach” related to the agglomeration of
FR additives in the PA6 matrix [26, 32]. Specifically,
the high melt reactivity of PA6 and its poor compati-
bility with FRs due to the strong intermolecular hy-
drogen bonds between the polymer chains cause the
agglomeration of FR additive species. This results in
the non-uniformly dispersed and low-dispersed mi-
cro-sized FR additive particles in the PA6 matrix. The
flame-retardant action of the FR molecules entrapped
in the micro-sized agglomerates is inhibited because
of the inability of the entrapped FR molecules to ac-
tively participate in the flame retarding action. The
flame retarding action occurs at the nanoscopic level.
In the case of the micro-sized aggregates, only the
outermost molecules can efficiently participate in the
flame retarding action. Thus, in the case of the aggre-
gated FRs, increased weight percent loading of the FR
additive is unavoidable for efficient flame retardancy.
Furthermore, the micro-sized FR agglomerates im-
pair the spinnability of the PA6 composite filaments
since they cause clogging of the filters and spinnerets
at higher FR additive loadings. The agglomerates also
significantly impair the physical and mechanical
properties of the fibres. Consequently, the loading of
FR additives that are acceptable for the continuous
melt-spinning process provides only a poor FR effect.
To solve these problems, three main approaches in
the production process of FR PA6 fibres have been
introduced: (i) preparation of the melt-compound-
ed PA6/FR composites with the incorporation of
FR nanoparticles as well as FR mixtures with a
synergistic action, (ii) in situ polymerisation of
e-caprolactam in the presence of the FR additives,
and (iii) synthesis of PA6 copolymers with the in-
corporation of reactive FR co-monomers.

3.1 Melt-compounded PA6/FR composites
with the incorporation of nanopatrticles
and synergistic FR mixtures

The incorporation of nanoclays into the PA6 com-

posite fibres was first reported by Bourbigot et al.

[61], who prepared a PA6 nanocomposite with 5 wt%
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Cloisite 30B (Southern Clay Products Inc., USA),
which is organically modified montmorillonite. The
composite masterbatch was used in a melt-spinning
process for the production of multifilament yarn,
which was afterwards knitted into knit fabric. Flame
retardancy was evaluated in terms of cone calorimet-
ric analysis. The results show that the presence of na-
noclay reduced the heat release rate by 40% and sig-
nificantly lowered smoke obscuration in comparison
with the pristine PA6 fabric. However, the flame
spread test was not carried out.

Onder et al. [62] also used two types of nanoclays,
i.e., a commercially available organically modified
montmorillonite, SA682640 (Sigma-Aldrich, UK),
and a self-produced organoclay, and melt spun PA6
nanocomposite monofilaments comprising varying
amounts of the organoclay ranging between 0.5 and
5 wt%. The results of the thermogravimetric (TG)
analysis reveal that the presence of both nanoclays
considerably improves the thermal stability of the
nanocomposite structures, which is caused by the
shift of their mass loss to higher temperatures by 25
to 33 °C. In addition to improved thermal proper-
ties, the mechanical properties of the PA6 compos-
ite yarns met the requirements of many textile ap-
plications.

Dogan and Bayramli [49] investigated the influence
of boron phosphate (BPO,) particles of spherical
shapes with diameters of approximately 200 nm on
the thermal and mechanical properties of the PA6 fi-
bres. They mixed the PA6 pellets with the BPO, pow-
der to prepare composites with 3 wt% and 10 wt%
BPO, from which monofilament fibres were melt
spun. The flame retardancy of the fibres was investi-
gated by TG analysis and micro-combustion calor-
imetry. The results show that the presence of BPO,
slightly reduced the thermal stability of the PA6
composite fibres, which was caused by the decrease
in the maximum decomposition temperature of PA6,
reducing the total heat release and increasing the
amount of char residue. The latter phenomenon was
more susceptible at higher BPO, concentrations. The
incorporation of BPO, deteriorated the mechanical
properties of the PA6 composite fibres, resulting in a
decrease in the Young’s modulus, stress at break and
elongation of break. The deterioration of the me-
chanical properties increased with the increase in
BPO, concentration.

Coquelle et al. [15] prepared PA6 composite mono-
filament fibres with the addition of 3 wt%, 5 wt%,
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7 wt% and 10 wt% of AS (Sigma-Aldrich, Germany)
as the FR additive. The results of the TG and a pyrol-
ysis combustion flow calorimetric analyses show that
7 wt% AS reduced the peak of heat release rate by
30 % due to the combined gas and condense phases
action of AS. However, fibres containing 7 wt% of AS
were spinnable but were very brittle, therefore lower
AS loadings were recommended for the production
of PA6/AS fibres for the textile applications.

Sun et al. [32] studied the influence of MPP in the
form of the commercial product, Melapur 200
(BASE Germany), and halloysite nanotubes (Sigma-
Aldrich, Germany) on the flammability and ther-
mal stability of PA6 composites as well as the spin-
nability of PA6 composite fibres. To assure good
spinnability, the total amount of FR additives was
fixed at 12 wt% with different ratios of both MMP
and halloysite nanotubes. The flame-retardant prop-
erties of the PA6 composites, but not of the com-
posite fibres, were characterised by the limiting oxy-
gen index (LOI) test, UL 94 vertical burning test
and cone calorimetry. The results show that the
presence of all the FR additive mixtures increased
the LOI values of the composites but did not signifi-
cantly improved the UL 94 test ratings, which re-
mained at the V2 level. The increase in the wt% ra-
tio of halloysite nanotubes in the FR mixture
delayed the time to ignition, decreased the heat re-
lease rate and increased the char residue. These re-
sults confirm the existence of FR synergism between
MPP and halloysite nanotubes in PA6.

Horrocks et al. [16] produced PA6/FR composite
multifilament yarns by using 2 wt% organically
modified montmorillonite nanoclay (NC), Cloisite
25A (Southern Clay Products Inc., USA), together
with two types of FR formulations: the vapour phase
active micro-sized particles of AlPi, Exolit OP935
(Clariant, Switzerland), at 10 wt%; and the con-
densed-phase intumescent active mixture of AS
(Sigma-Aldrich, UK) and dipentaerythritol (DP)
(Fisher Scientific, UK) at 2.5 wt% and 1 wt%, respec-
tively. All the yarns had acceptable tensile properties
and were knitted into knit fabrics. This paper is the
first to report the burning and extinguishing behav-
iour of the knit fabrics using the vertical flame
spread test. Since not all fabrics burned the entire
length, the respective burn lengths, the time to burn
that length (or extinguishment time), the rate of
flame spread and the average number of molten
drops were recorded for each fabric. The results
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showed that the presence of NC with AlPi in the
PA6 composite fabric sample impaired the flame re-
tardant activity of AlPi, which resulted in increases
in the total burning time and the burn length com-
pared to fabric samples with only AIPi. The PA6/
AIPi/NC fabric sample did not show any tendency
to self-extinguish. In contrast, the presence of NC
with the AS/DP mixture in the PA6 composite fabric
further decreased the self-extinction time from 31 s
to approximately 23 s and the burn length compared
to that of the AS/DP mixture, which confirmed the
compatibility of the FR additives. However, the au-
thors addressed the water solubility of ammonium
sulphamate as a possible limitation regarding the
wash durability of these fibres.

Sehi¢ et al. [27] investigated the influence of two
FR mixtures consisting of MeCy, Mastertek
(Campine, Belgium) and AlPi, Exolit OP931 (Clar-
iant, Switzerland), MeCy and sodium aluminosili-
cate (SASi), and Zeolite ZP-4A TSR (Silkem, Slov-
enia) at different weight ratios on the flammability,
thermal behaviour and mechanical properties of
PA6 composite yarns produced by melt-spinning.
The results of the UL-94 vertical burning test indi-
cate that, within the V2 rating, the incorporation
of the MeCy+SASi mixture significantly decreased
the after-flame time of the PA6/FR yarns relative
to pristine PA6, indicating an improvement of the
flame retardant properties. The MeCy+SASi mix-
ture also enhanced the thermo-oxidative stability
of the PA6/FR yarns compared to when MeCy was
the only component, suggesting that the additive
has a slightly synergistic effect with the 8 wt%
MeCy and 2 wt% SASi mixture. In contrast, the
performance of the MeCy+AIPi mixture was an-
tagonistic, irrespective to their concentrations.
The tensile properties of the studied PA6/FR com-
posite filament yarns were not significantly deteri-
orated, and these yarns could be appropriate for
knitting into the knit fabrics. There results con-
firmed the Horrockss observations that silica-
based FR additives improved the FR action of con-
densed-phase active FR additives but not the
gas-phase active aluminium dialkylphosphinate.

3.2 In situ polymerization of e-caprolactam

in the presence of FR additives
There is little research that reports on the in situ
polymerisation of e-caprolactam in the presence
of FR additives [20, 21, 23, 24, 26, 72, 73]. However,
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the in situ polymerisation of e-caprolactam in the
presence of additives is advantageous over the
melt-compounding method as it enables the pro-
duction of PA6 nanocomposites with nanodis-
persed additives [33-38]. According to our knowl-
edge, Alfonso et al. [74] were the first to report
results regarding the in situ polymerisation of
e-caprolactam in the presence of FR additives.
They found that, contrary to MeCy and APP,
which strongly inhibit polymerisation, red P and
magnesium oxide do not have an adverse effect on
kinetics or thermodynamics and enhance fire per-
formance by the thorough distribution of the ad-
ditives. According to the preparation method in-
troduced by Wu et al. [21], Li et al. [26] synthesised
melamine/adipic acid salt and cyanuric acid/hex-
ane diamine salt and used them in the in situ po-
lymerisation of e-caprolactam. The obtained re-
sults for the bulk nanocomposite confirmed the
formation of uniformly dispersed MeCy nanopar-
ticles in the PA6 matrix [21]. This nanocomposite
showed superior flame retardancy and significant-
ly less deterioration of the mechanical properties
compared to the composite prepared by the com-
mon melt-compounding of PA6 with commercial
MeCy. The PA6/MeCy composites were pelleted
and melt spun into the FR composite filament
yarns [26]. Unfortunately, the flame retardant per-
formance of the knitted fabrics was discussed only
qualitatively.

3.3 Synthesis of PA6 copolymers with the
incorporation of FR reactive comonomers

In recent years, a new approach for the preparation of
FR PAG fibres has been developed based on the intro-
duction of 9,10-dihydro-9-oxa-10-phosphaphenan-
threne-10-oxide DOPO-based reactive co-monomers
during the melt polycondensation of e-caprolactam
[75, 76]. This approach was inspired by the synthesis
procedure of a DOPO-containing co-polyester
[77-79], which was commercialised as the DOPO-
based FR reactive additive, Ukanol ES, and a co-poly-
ester, Ukanol ES-CoPET (Schill+Seilacher GmbH,
Germany). Accordingly, DOPO was first reacted with
itaconic acid to prepare a phosphorus-containing di-
acid, 9,10-dihydro-10-[2,3-di(hydroxycarbonyl)pro-
pyll- 10-phosphaphenanthrene-10-oxide (DDP)
(Figure 3). In the second step, DDP was reacted with
a diamine to form a salt containing an amidogen and
a carboxyl group at each end. The salt was then mixed
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Figure 3: Preparation of DDP

Figure 4: Chemical structure of PA6/DDP copolymer

with e-caprolactam, and the polymerisation process
was carried out under the appropriate conditions. The
synthesised FR PA6 includes polyamide chain seg-
ments and DOPO-based FR chain segments of differ-
ent weight ratios (Figure 4).

According to this procedure, Liu et al. [76] pre-
pared the PA6/DDP composites containing 2 wt%
to 5 wt% DDP, and their thermal stability and
flame retardancy were determined by thermo-
gravimetry, the UL 94 test and cone calorimetry.
To study the mechanical properties as well as flame
retardancy using the vertical burning test, filament
fibres and knit fabric samples were prepared. The
results show that the introduction of DDP de-
creased the initial temperature of the composite
decomposition and simultaneously increased its
thermal oxidative stability. The presence of 5 wt%
DDP decreased the total heat release during com-
bustion and significantly increased the LOI value
in comparison with pristine PA6. The results of the
vertical burning test show that the after-flame time
of the knit fabric samples decreased when the con-
centration of DDP increased and that 5 wt% DDP
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was enough to preserve the self-extinguishment of
the melt drops and reach the LOI value of 28.4 for
the fabric. The incorporation of DDP decreased
the tenacity at break of the fibres, but it still met
the requirements of textiles.

4 Conclusion

Since halogenated FR additives have been prohibited
due to health and environmental concerns, phospho-
rus (P) and nitrogen (N) based FRs, inorganic hy-
droxides as well as nanoparticles have been estab-
lished for PA6. Among them, AIPi, MeCy, AS and
DOPO derivatives alone or in combination with na-
noclays have been mainly used. FR additives were in-
corporated into the polymer matrix by mixing FR
additives with PA6 pellets in the process of the prepa-
ration of melt-compounded PA6/FR composites pri-
or to the melt-spinning of PA6 composite fibres or by
introducing FR additives during the polymerisation
of e-caprolactam. Whereas the in situ polymerisation
was characterised for the MeCy incorporation, the

Tekstilec, 2018, 61(2), 136-148



144

reactive DOPO derivatives were included as comon-
omers in the synthesis of PA6 copolymers. The latter
approach is the most promising and will therefore
provide important research challenges in the future.
It represents a powerful tool for highlighting the
flame retardant mechanisms of the nanodispersed
FRs in the PA6 matrix and how these mechanisms
function in the open high surface structure textile
materials. This knowledge will provide the missing
blocks to the current state of the art. Development of
the flame retardant PA6 nanocomposite also provides
very important solution for the lowering FR additive
loadings in the bulk polymers, which will increase
their sustainability.
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