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Abstract

Development of regenerated cellulosic fibres (RCFs) opened up new ventures into
the world of sustainable textiles. IONCELL® is a sustainable process which utilizes
the IL, [DBNH][OAc] to dissolve cellulose. Through dry-jet wet spinning RCFs with
great properties are generated which might be turned into functional textiles. Var-
ious spin solutions were prepared by mixing 1% curcumin and/or 2% B-CDs with
standard kraft bleached pulp dissolved in [DBNH][OAc]. Fibers were produced
through the IONCELL® process and analysed in detail. All the properties were com-
pared with IONCELL® standard fibers. The properties of all dopes were tested by
rheology. The complex viscosity and dynamic moduli of the viscoelastic solutions
were close to the standard IONCELL® dope. The presence of microcapsules of -
CD with curcumin were confirmed by FTIR, XRD, DSC and TGA techniques. The
mechanical properties of the generated fibres such as orientation was as high as
0.80 + 0.12 with an average dry tenacity of 43.6 + 5.4 cN/dtex. The colour stability
of the spin-dyed fibres was compared with fibres dyed by post spinning through
30% ethanol solution. Washing fastness values for spin-dyed fibres was as high as
5 for both colour change and staining. The fibers showed a crystallite size of 41.4 +
1.0, 35.5 + 0.1 and 35.8 + 0.2 A for (110), (110) and (020) regions for the cellulose-
IT polymorph, respectively. CRI was as high as 79.1 £+ 0.7% which is very close to
standard IONCELL® fibre. The amount of fixed B-CD onto the fibres was quanti-
fied. With a 2 % addition of 3-CD on pulp 0.1 + 0.03% B-CD was fixed onto the
regenerated fibres.
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Kokkuvote (eesti keeles)

Taastatud tsellulooskiudude (RCF) arendamine avas uusi voimalusi sdastva tekstiili
maailmas. IONCELL® on sdistev protsess, mis kasutab tselluloosi lahustamiseks IL,
[DBNH][OACc]. Kuiv- ja mirgketruse abil tekivad suurepéaraste omadustega RCF-id,
mida vOib muuta funktsionaalseteks tekstiilideks. Erinevad ketruslahused
valmistati, segades 1% kurkumiini ja/voi 2% B-CD-d standardse kraftvalgustatud
tselluloosi, mis on lahustatud [DBNH][OAc]-is. Kiudusid toodeti IONCELL® -
protsessi abil ja neid analiiiisiti iiksikasjalikult. Koiki omadusi vorreldi IONCELL®
standardkiududega. Koigi dopingute omadusi kontrolliti reoloogiliselt.
Viskoelastiliste lahuste kompleksviskoossus ja diinaamilised moodulid olid
lahedased IONCELL® standardvarvainetele. B-CD ja kurkumiini mikrokapslite
olemasolu kinnitati FTIR-, XRD-, DSC- ja TGA-meetoditega. Loodud kiudude
mehaanilised omadused, nagu orientatsioon, olid 0,80 + 0,12 ja keskmine
kuivsulavus 43,6 + 5,4 cN/tex. Spinnvirvitud kiudude véarvi stabiilsust vorreldi
kiududega, mis olid varvitud 30%-lise etanoolilahuse abil pidrast ketramist.
Spinnvarvitud kiudude pesukindlus oli nii varvimuutuse kui ka varvimuutuse puhul
5. Kiudude kristallisuurus oli vastavalt 41,4 + 1,0, 35,5 + 0,1ja 35,8 + 0,2 A (110),
(110) ja (020) tselluloos-II po-liimorfi piirkondades. CRI oli 79,1 + 0,7%, mis on
vaga ldhedal standardse IONCELL® kiu vaartusele. Kiududele kinnistunud 8-CD
kogus madrati kvantifitseeritult. 2 % B-CD lisamisel tselluloosile fikseeriti
regenereeritud kiududele 0,1 + 0,03 % B-CD.
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1 Introduction

The textile industry is one of the biggest contributors to environmental pol-
lution with the use of toxic chemicals, increasing microplastic pollution and
green-house gas emissions (Royer et al., 2021). Development of regenerated
cellulosic fibres (RCFs) opened up new ventures into the world of sustainable
textiles. Currently, Viscose and Lyocell processes are the two most used pro-
cesses for the production of RCFs. The Viscose process releases toxic chemi-
cals into the environment which are hard to recycle and the NMMO-based
Lyocell technology even though closed-loop, has the problem that the solvent
is unstable and an addition of stabilizers is needed (Kaniz, 2022). These
problems promoted the development of the IONCELL® process which uses
[DBNH][OACc] or other ionic liquids to dissolve cellulose and generate fibres
using just a water bath. The IL can be recycled, which makes it a close loop
process (Elsayed et al., 2020).

To understand the IONCELL® process, we first need to under-
stand the structure of cellulose. Cellulose is the most abundant polysaccha-
ride on earth made of anhydrous -D-glucopyranose units bonded by (1-4)-
glycosidic bonds. Cellulose has both a reducing end (C:-OH) and a non-re-
ducing end (C4-OH). The OH groups on C», C3, Cs create H-bonds within the
same chain (intramolecular) and also with adjacent chains (intermolecular).
These H-bonds create the possibility of a supramolecular structure. Cellulose
can be interconverted into six polymorphs but cellulose I and II are the most
studied (Maurer et al., 2013). Cellulose-II is also called regenerated cellulose
as it can be converted from cellulose I through regeneration or mercerization.
Cellulose IT has antiparallel arrangement of chains with more H-bonds and
shorter distances between them, which makes it more thermodynamically
stable (Figure 1) (Rowell, 2005).

Functional textiles are textiles with specific properties like increased hy-
drophobicity, antimicrobial/antifungal textiles, flame retardent, color sens-
ing textiles, UV protection, fragranced and dyed textiles, etc. (Haji, 2020).
These properties are induced by modifying the cellulose, or through micro-
encapsulation. Microencapsulation usually involves the inclusion of a guest
molecule (acting as a core) within a host molecule (shell) (Figure 2). Micro-
encapsulation can be performed with chemicals like starch, composites and
cyclodextrins, etc. Cyclodextrins (CDs) are cyclic oligosaccharides produced
as result of enzymatic degradation of starch. The three most-abundant types
are a (6 glucose units), B (7 glucose units), and y-cyclodextrins (8 glucose
units). The glucose units are linked together by a-1,4-glycosidic bonds. 3-CD
is the most studied CD. It is a hollow bowl-shaped molecule with its cavity
being hydrophobic and outer layer being hydrophilic (Figure 2A). The OH
groups present in the structure can allow unlimited modifications made to
the molecule. But on its own, B-CD is able to trap many molecules within its



central cavity. It is able to make inclusion complexes in 1:1, 1:2, 2:1 and 2:2
(Figure 2B) (Morin-Crini et al., 2021).
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Figure 1: (A) Structure of cellulose (Heinze et al., 2018) and (B) H-bonding patterns in cel-
lulose-l and cellulose-Il polymorphs (Kontturi, 2021).

The textile dyeing industry is infamous in the use of toxic chemicals mak-
ing it a potentially high carbon impact industry. The trends recently have
shifted towards the use of natural plant-based dyes without the use of extra
chemicals. However, natural dyes are a challenge in their own because they're
unstable and have low potential for chemical reactions. Curcumin (diferu-
loylmethane; 1,7-bis(4-hydroxy-3-methoxy-phenyl)hepta-1,6-diene-3,5-di-
one) also is an example of such a dye. It is a component of Turmeric plant:
Curcuma longa which has multiple therapeutic benefits (Patel, 2011). The
structure of curcumin is shown in Figure 3. Curcumin is a bis-a,-unsatu-
rated -diketone and this form exists in equilibrium with its enol tautomer.
The keto form predominates in acidic/neutral aqueous solutions and in cell
membranes. On the contrary, the enol form of the heptadienedione chain
preponderates in alkaline medium. Moreover, it is prone to degradation by
UV light and is insoluble in water, but soluble in organic solvents like ethanol,
acetone, DMSO, etc. These limitations make it a hard unstable dye to be used
in textiles (Gupta et al., 2012).

The objectives of this research work involve the use of the IONCELL®
technology to prepare curcumin added functionalized fibres through dry jet-
wet spinning. This research work explores the potential of 3-CD for incorpo-
rating curcumin and dyeing the fibre during spinning. The work also com-
pares traditional dyeing after the spinning with spin dyeing as a sustainable
alternative by using natural dyes.
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Figure 2: (A) Structure of 3-CD and (B) possible types of inclusion complexes with 3-CD
(Haji, 2020).

Figure 3: Chemical structure of curcumin (top) and its keto-enol tautomerism (bottom)
(Stani¢, 2017).



2 Literature Review

In this section, a review of some previous works related to the develop-
ments and areas of applications of Cyclodextrins (particularly B-CD) with re-
gards to the microencapsulation techniques along with the scope of applica-
tion of curcumin dye (Figure 2A, 3-top) in the textile sector will be discussed.
Some of the discussions will focus on the IONCELL® process and its devel-
opments in different applications particularly in fiber production.

Hilaire de Chardonnet was a French engineer working with Louise Pasteur
on the renewal of the French silkworm industry damaged by the epidemic in
the late 1870s. He discovered nitrocellulose when he failed to clean up a spill
in the darkroom. This led to the development of the first artificial silk fibre of
the world, which he called “Chardonnet silk” and introduced it in Paris in
1889. It was extremely flammable as it was nitrocellulose and wasn’t much
of an interest to the textile industry (Lewin, 2006).

The carbohydrate cellulose was discovered even before the first artificial
silk fibre. It was discovered in 1838 by another French chemist, Anselme
Payen, who determined its chemical formula and isolated it from plant mat-
ter. It was then first used to produce a thermoplastic polymer, celluloid in
1870 and led to the production of artificial silk (rayon) in 1890s. In 1912, cel-
lophane was invented. In 1839, cellulose acetate was used to produce films
and its first commercial use in the textile industry as a fiber was established
by the Celanese company in 1924 (Malcolm et al., 2007). Cellulose is used in
two ways: regenerated or pure cellulose such as used in the cuprammonium
process and in its modified form such as cellulose acetate. The cuprammo-
nium process was first discovered in 1927 by Schweizer (Schweizer, 1857)
who found that cellulosic fibres e.g., from hemp and cotton are readily dis-
solved in a cuprammonium hydroxide solution. This was the process utilized
for making Rayon fibres. However, a disadvantage of this process was the
toxicity of copper sulphate which requires complete recovery from the pro-
cess. This limits its large-scale production (Pfennig, 1995).

Viscose (Rayon) is the most famous man-made fibre and the technology
for it has been evolved for 100 years. It is produced from cellulose obtained
from wood or related agricultural products. In this process, the pulp is
treated with aqueous NaOH (17-18%). This causes the fibres to swell and con-
verts cellulose to sodium cellulosate. In the next steps, the swollen mass is
pressed and shredded. This mass is alkali cellulose which is aged to reach the
desired degree of polymerization (DP) of cellulose by oxidation and after that
treated with CS. to form cellulose xanthate. This cellulose xanthate is dis-
solved in diluted NaOH to get a viscous orange solution which is called vis-
cose. This final solution is filtered and ripened until ready for spinning. Next
fibers are produced by wet spinning and cellulose is regenerated and recov-
ered using a diluted H-SO,4 bath. There are multiple drawbacks of this



technique like poor resiliency of the fibres and high pollution loads (Sayyed
et al., 2019).

For making cellulose acetate fibres, pure cellulose fibre is first treated with
a mixture of acetic anhydride, acetic acid and concentrated sulfuric acid (cat-
alyst). The mixture is ripened, and the cellulose acetate flakes are precipi-
tated and finally dissolved in acetone. Even though, this process makes fibres
or textiles with a good draping ability, easy to handle and comfortable; it has
poor physical strength and creates a lot of acetone pollution with hazardous
by-products (McKeen, 2012).

The Lyocell process is the most promising technology compared to the
above-mentioned processes. It involves the non-derivative route to cellulose
dissolution in an organic and aprotic solvent: N-methyl morpholine N-oxide
(NMMO). This solvent dissolves cellulose directly. It is a short process (3-4
hours) and has a much better efficiency. Another advantage of this process is
that no derivatization of cellulose is required, no aging of cellulose is needed,
consequently the DP of cellulose can be preserved to the maximum and lastly
very few chemicals are needed for this process. The NMMO solvent used can
be recovered (98.5 — 99%) and it is non-toxic, biodegradable and environ-
mentally harmless. The fibres produced from Lyocell process are called Ten-
cel® (Jiang et al., 2020).

The NMMO-based Lyocell process is the only alternative to viscose fibres.
It should be mentioned that the NMMO-water and cellulose system goes
through many side reactions. These side by-products affect the properties of
the fibres. For the prevention of these side by-products, stabilizers are
needed to prevent dangerous runaway reactions. But the use of a stabilizer
still doesn’t guarantee a risk-free process (Rosenau et al., 2001). Even
though, there have been some other cellulose solvent systems, up to now
Lyocell is the only commercialized technology. Nonetheless, it is still not very
readily employed as much as the Viscose process. This led to further research
in using different ILs for dissolving cellulose and spinning them into fibres
using dry-jet wet spinning processes.

Ionic liquids (ILs) have recently emerged as benign solvents, which are
able to dissolve cellulose well. Swatloski et al., (2002) reported the dissolu-
tion of cellulose without derivatization in ILs such as 1-butyl-3-methylimid-
azolium chloride ([C4mim]Cl). This study opened a whole new branch for cel-
lulose dissolution and cellulose solvent systems. Since then, there has been
a plethora of reports on the characteristics of hundreds of ILs used to dissolve
cellulose and discussions of their advantages and disadvantages. A summary
of these ILs are given in a review by Wang et al., (2012). Although, most of
them can dissolve cellulose, only a few of them have been able to be used to
produce cellulosic fibres. These first-generation ILs have an imidazolium-
based cation and chloride anion. But the corrosive character of their halides
towards metallic equipment and their high melting points have led to the de-
velopment of new ILs with acetate and dialkylphosphate anions.
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Hummel et al., (2014) presented a novel IL 1,5-diazabicyclo[4.3.0]non-5-
enium acetate ([DBNH][OAc]) for cellulose fibre spinning through dry-jet
wet spinning. This process is called IONCELL® process. This IL is an amidine
based organic solvent and not imidazolium based. The possibility was re-
ported to dissolve high concentrations of cellulose (13%) at moderate tem-
peratures (75-80°C). Even at these high pulp concentrations, fibres were
spun at temperatures lower compared to the Lyocell type process utilizing
NMMO. The spinning was performed in a customized laboratory piston spin-
ning unit used for dry jet wet spinning with water only as coagulation me-
dium. The maximum DR achieved was 18 and fibres had excellent mechani-
cal properties. The fibres were highly oriented (0.6 — 0.8) and showed a ho-
mogenous crystallinity (CRI 28 — 36%). All fibres displayed an elongation up
to 22% and a tenacity up to 50cN/tex. The fibres were also spun into yarn
and knitted into a fabric.

Next the stability of spinning and influence of other parameters like ex-
trusion velocity, DR, spinneret dimensions etc. were analysed in detail.
Hauru et al., (2014) aimed on the production of stronger cellulosic fibres with
[DBNH][OACc], with a dope of 13% cellulose concentration, spun at extrusion
velocities ranging from 0.02 — 0.04 ml/min, DR from 7.5 — 12.5. The pro-
duced fibres showed high tenacities (~552 MPa) and elastic moduli (~3.1
GPa). Moreover, it was found that the tenacity, resilience, birefringence and
modulus are not dependent on extrusion velocity. The fibres achieved
showed reduced properties due to some machine failures but were compara-
ble to NMMO-based Lyocell fibers.

In 2015, the group was able to report the production of cellulosic fibres
from [DBNH][OACc] at an official level and called it IONCELL-F® fibre. In
this study, the effect of different cellulosic concentrations (10, 13, 15 and 17%)
and DRs (0.9 — 14.1) on fibre properties was analysed. High tenacity fibres
were produced from these cellulosic concentrations. It was found that in case
the cellulose concentration was increased from 13 — 15%, it resulted in strong
orientation of the cellulose chains. This in turn provided fibres with tenacities
exceeding 50 cN/tex (both wet and dry) and even at moderate DRs the initial
modulus was over 30GPa. This study illustrated also the high-performance
of IONCELL-F® fibers in textiles. A knitted dress and scarf in collaboration
with the Swedish School of Textiles in Boras and the famous Finnish textile
and clothing design company Marimekko® was manufactured (Sixta et al.,
2015).

After this, several studies were done and the influence of various process
parameters on the properties of fibres were analysed. For instance, Hauru et
al., (2016) compared the fibre properties prepared by [DBNH][OAc], 1-Ethyl-
3-methylimidazolium acetate ([Emim][OAc]) and 1,1,3,3-tetramethylguani-
dinium acetate ([TMGH][OAc]). The results showed that dopes prepared
with [TMGH][OAc] and Emim[OAc] are poorly spinnable while dopes in
[DBNH][OAc] can be spun at DRs as high as 12.5. These poorly spinnable
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dopes were solidified gels. Fibres from [TMGH][OAc] at DR 2 were poor in
strength (tenacity of 10.9 c¢N/tex) and showed a very low resilience (0.54
MJ/m-3). These fibres had no measurable birefringence. On the other hand,
fibers from [Emim][OAc] were low in orientation but high in elongation.
Spinning was only possible at lower DRs. In contrast, the fibres prepared
from [DBNH][OAc] formed highly oriented fibres even at DRs as low as 2
and improved properties. A poor spinning is caused by dopes which are ge-
latinous having a pre-formed gel network before regeneration and by dopes
which become weaker in the presence of water.

Stepan et al., (2016) worked on IONCELL-P(ulp), where paper pulp was
converted into a dissolving pulp with IL and water mixture. In this work,
IONCELL-P(ulp) and IONCELL-F(ibre) processes were combined into one
process, using the same IL ([DBNH][OAc]). Birch pulp in the form of paper
sheets was ground using a mill and mixed in the IL (15%)-water mixture and
agitated in water bath at a temperature of 60°C and filtered. Next the cellu-
lose fraction was air-dried mixed with [DBNH][OAc] to make a dope. The
dope was spun according to temperatures specified by rheological properties
(in the range of 65 — 73°C). By the take-up velocity different DRs were tested.
This study was also an attempt to realise a closed-loop business study where
a single IL can be used for both processes. The IL had a moderate extraction
ability on the pulp. This extraction led to a total residual xylan content of
7.5% which is over the targeted <5%. To improve this number, enzymatic pre-
treatment was applied to the pulp. Pulpzyme xylanase enzyme cocktail was
used which led to a 5.2% residual xylan content. Another experiment was
performed where the concentration of the pulp was lowered to 2% instead of
using the typical 5%, which decreased the xylan content to 6.5%. The viscos-
ity of the pulp before spinning was adjusted using an acidic treatment. This
further decreased the xylan content to 5.8%. After combining all these pre-
treatments, a final residual content of 4.2% was achieved. The final fibres af-
ter spinning had a residual xylan percentage of 3.5%, a tenacity of 50.7 cN/tex
and 23.6 GPa of young’s modulus. These properties of the IONCELL-F fibers
spun from IONCELL-P were comparable to the strength of fibres spun from
commercial pre-hydrolyzed kraft pulps, lyocell and viscose fibres.

Hummel et al., (2018) tested the suitability of various starting materials
like Eucalyptus pre-hydrolyzed kraft pulp (PHK), Birch PHK pulp, Birch ECF
kraft pulp, cotton waste from hospital bed sheets, A4 copy paper sheets, cut-
ting residues from Finnish fluting board mil for the fibre production by the
IONCELL® technology using [DBNH][OAc] as a solvent. These materials
contained not only cellulose but hemicelluloses and lignin as well. In case of
paper and cardboard having 50% Organo Solv (OS) lignin, the concentration
of solute had to be varied in a way to provide the required viscoelastic dope
properties. The biopolymers once separated and mixed, showed no apparent
interaction and hence no significant change in the elasticity of the polymers.
In pulps where these polymers were not separated beforehand, a
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considerable higher even gel-like consistency which makes the dope non-
spinnable was noticed. A DR >10 was achieved for all dope samples. A higher
cellulose content, led to higher tenacities of the fibres. Fibres spun from re-
cycled cotton from hospital bedsheets consisted only of cellulose. Their te-
nacities reached around 60 cN/tex as opposed to fibres with 50% OS lignin
which had the lowest tenacities (<25 cN/tex). A similar trend was observed
for Young’s moduli. The elongation decreased rapidly for all lignocellulosic
solutes (8% for a DR over 4). This study concluded that even though cellulose
acts as the major factor to govern the mechanical properties of a fibre, the
non-cellulosic components affect the fibres to some extent as well. They act
as a plasticizer and enhance the elongation at break properties of the fibres.
But this effect was only pronounced in fibres with lignin content of >30%.
Also, a correlation was found between cellulose content and high strength.
Low molecular weight polymers (hemicelluloses and lignin) when spun are
getting lost in the coagulation bath, which makes it difficult for the IL to be
recycled.

In an another study, [DBNH][OAc] was compared with another guani-
dine-based IL: 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5- enium acetate
(ImTBDH][OACc]). This study focused on the drawbacks and challenges com-
ing up in the recovery of ILs. Dopes with both ILs were prepared and spun in
compliance with the rheological properties. Certain modifications were made
in the composition of [MTBDH][OAc] to adjust the acid/base values. How-
ever, it was found that any alterations affect the dissolution negatively and
the solution kneading time for altered dopes was increased. Moreover,
[mMTBDH][OACc] also showed a higher resilience towards the presence of wa-
ter. In the presence of 1% of water, the cellulose dissolution was >90%. As
the water content was increased, the tolerance of the IL was decreased but
compared to [DBNH][OAc] it was better even at a water content of 10%, with
an acid/base ratio of 1.2. No other super-based IL at that time was reported
which could dissolve 13% cellulose even at high rates of alterations. In all
acid/base alterations of the [N TBDH][OAc], no changes in the viscoelastic
properties such as zero-shear viscosities (o), angular frequency at the cross-
over point (wcor), and dynamic moduli (G’ =G”) were found. The average no
value was 28,746 Pa.s, wcop of 0.88 st and G’ =G” of 3874 Pa (at 85°C). A
high DR between 14 — 15 was achieved with no interruptions during spinning.
As a comparison, the dissolution capacity of [DBNH][OAc] was already ex-
hausted at an acid/base ratio of 1:1 (Elsayed, et al., 2020).

Guizani et al., (2020) reported new results related to the effects of air gap
conditioning (AGC) on fibre properties during the spinning operation. This
work also employed a new developed single filament spinning unit. Moreo-
ver, an air humidifier was used to project the air flow at a specific tempera-
ture. When the temperature was increased to 50°C while the relative humid-
ity (RH) was kept at 90%, the elongation of the fibres increased to 15.2% as
compared to 12% without AGC. In another set of experiments, the extrusion
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velocity (vext) was increased to 3.8 m/min resulting in a decreased elongation
of 12.2%. In the optimization experiments, the vext and admissible air flow
(Fair) were kept constant at 1.9 m/min and 10 1/min and the effects of tem-
perature of air (Ta.ir) and RH were investigated. The highest elongation (16%)
was achieved when Tair was 30°C and RH was 70% compared to 12% elonga-
tion without AGC. With AGC, a 35 — 40 cN/tex tenacity was achieved. More-
over, with AGC the titre of the fibres was around 8 — 18% as compared to 25
— 30% without AGC. Curiously, no significant changes in orientation were
observed with or without AGC.

The next study by Elsayed, Hellsten, et al., (2020) focused on the recycla-
bility and spinnability of [M”TBDH][OAc] through five cycles compared to
[DBNH][OAc]. During the five cycles, the mass of the recovered
[MTBDH][OAc] changed from 1.7kg (original) to 0.25kg. In the recovered
solvent, 94.5 — 96.8 wt.% of total solvent was [mM\TBDH][OAc]. The residual
water content of the recovered liquid was 2.6 — 3.1 wt.%, which is essential
for the proper cellulose dissolution and maintenance of viscoelastic proper-
ties of the dope. In contrast, the recovery of [DBNH][OAc] after just one cycle
gave 3.3 wt.% water, and 86.4 wt.% of IL. The neutral species in the ILs are
the most vulnerable for vaporization. More neutral compounds in case of
[DBNH][OAc] were removed compared to [mMTBDH][OAc] during recovery.
As far as the cellulose dissolution is concerned, it was possible to produce
dopes in all 5 cycles using recovered [MTBDH][OAc]. On the contrary, disso-
lution of cellulose was halted just after a single recovered cycle of
[DBNH][OACc]. Fibres spun from cycles 1.2 and 3 of [ nTBDH][OAc] showed
decent tenacities like fresh [DBNH][OAc] fibres. However, fibres prepared
from cycles 4 and 5 recovered IL, showed tenacities and elongation values
reduced to 38 cN/tex and 13.7%, respectively.

Further research in the optimization of the IONCELL® process, led to the
development of a novel vertically arranged spinning bath for simulating a
closed loop process. Dopes were prepared with the well-established IL
[DBNH][OACc] and the properties of the fibres were measured after spinning
by using the new bath. Besides various spinneret dimensions were tested. By
the use of diverse L/D (Length to diameter ratio) DR<10 was always possible
to reach. As the spinneret aspect ratio was increased, spinnability improved
and DR 12 was reached. Tenacity of the fibres increased with higher DRs. At
higher aspect ratio of the spinneret, the tenacity and elongation was higher.
With 30% of IL in the spin bath DR12 was successful spun. With 45% of the
IL in the bath DR8 was only reached. As this amount of IL concentration was
increased to 60%, the maximum possible DR was 3. The fibre properties with
this new spinning unit were good. The titre of the fibres was unaffected by
the IL concentration but affected by the DR. The tenacity of the fibres in-
creased until DR 8 and after that levelled off unaffected by the IL concentra-
tion. Fibre elongation was unaffected between 0 — 30 wt.% IL bath

14



concentration, but beyond 45 wt.% it decreased. The average crystallite size
was 32 A for all samples (Guizani et al., 2021).

Moriam et al., (2021) attempted to further enhance the strength and
toughness of the IONCELL-F fibres. The factors considered were purity of
the pulp, L/D (length to diameter) ratio of the spinneret and the concentra-
tion of cellulose in the dope solution. High purity pine (HPG) pulp was fur-
ther purified and dissolved in melted [DBNH][OAc]. A higher DP of the cel-
lulose was found in this pulp (1150) which leads to better orientation and
stronger fibres. In the 13% concentration of HPG, an increased zero-shear
viscosity was found. This provided better entanglements and hence better
zero-shear viscosities. Increasing the HPG content from 13 to 15%, increased
the zero-shear viscosity and moduli even further. With the help of simula-
tions, it was found that the longer capillary length (L./D 2.0) helps to better
align the fibres along their molecular axis. HPG fibres showed a higher tough-
ness and tensile strength. Elongation was also increased for HPG fibres. At
higher DRs (10 and 12), the toughness of the HPG fibres (13 and 15 wt.%)
were around 70 — 80 MPa in the conditioned state. The same affect was ob-
served in crystallite size, orientation and morphology of the fibres.

Even though the work on the IONCELL® process and its optimization is
still on-going, various studies have been carried out further on the effect of
the spinneret geometries and its impact on the strength of the fibres. Other
important aspects under research currently are the incorporation of dyes via
spin dying (Benjamin et al., 2016) and incorporation of various additives to
improve diverse properties of the fibres like UV protection, hydrophobization
and microencapsulation (Bojana & Marica, 2019). However, as far as the re-
cent developments in the commercialization of the IONCELL® process are
concerned, it has already reached pilot scale.

In analogy to all of these investigations this MSc thesis focuses on the pro-
duction of fibres by means of the IONCELL® technique in combination with
B-CD and curcumin. The fiber properties are analysed and compared to the
results achieved by standard pulp.

In the following section the works related to the current developments in
the use of CDs as microencapsulation molecules in different applications will
be discussed. Besides, this research is the first attempt to incorporate the nat-
ural dye curcumin through the addition of 8-CD to the IONCELL® fibers by
the lyocell type single and multi-filament dry jet-wet spinning techniques.

Cyclodextrins (CDs) were first discovered in 1891 when a French pharma-
cist and chemist, Antoine Villiers, was doing experiments on the reduction
and degradation of carbohydrates under the action of ferments. He observed
that unwanted crystals with specific properties were formed by enzymatic ac-
tion on carbohydrates which were later called cyclodextrins. The first for-
mation of CDs was observed in digests of Bacillus amylobacter i.e. Clostrid-
ium butyricum on potato starch under specific conditions. These crystals
when purified had unique optical rotation and they were difficult to further
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hydrolyse. Dextrins which have a high optical activity are stained red by Io-
dine and the intensity decreased with optical activity. Villiers continued to
work on CDs and by manipulating certain experimental conditions, he was
able to isolate the first two crystalline dextrins: a and 3-CD. He further found
out that these two crystal isomers were insoluble in water, non-fermentable,
acid-resistant, and soluble in alcohol. These crystals could also be trans-
formed into ethers by using acid chlorides. This led Villiers to believe that the
properties of these molecules were different from the polysaccharides and
saccharides known at that time and hence he called them “cellulosines” be-
cause they were like cellulose (related difficulty of acid hydrolysis in both)
(Viellers, 1891).

Franz Schardinger is considered as the “Founding Father” of CDs. At the
beginning of the last century, in 1903, he observed that a highly-heat re-
sistant bacteria dissolves starch to form crystalline by-products which were
just like the crystalline products reported by Villiers. In 1904, he isolated a
microorganism, which produced acetone and ethyl alcohol by fermentation
of starch. It was named Rottebacillus I (later as Bacillus macerans)
(Schradinger, 1905). Schradinger continued his research on the chemistry of
CDs until 1911. In 1911, he called the discovered products “crystallized dex-
trin- a” and “crystallized-dextrin- f3”. Finally at the end of 1940s, Cramer
was the first one to propose a cyclo- nomenclature for these products. They
were called as, (6-ose)-cyclodextrin for a-CDs, (7-ose)-cyclodextrin for B-CDs
and (8-ose)-cyclodextrin for y-CD, respectively (Morin-Crini et al., 2021).

The first industrial CD related patent was published in 1953 by Freuden-
berg, Cramer and Plieninger. This patent focused on important applications
of drug formulations and what affects could be achieved by complexation of
the drugs with CDs. These effects include improving solubility of poorly sol-
uble drugs, protection of highly volatile substances, protection of easily oxi-
dized substances, etc. However, this patent had not found any industrial ap-
plication (Cramer et al., 1951). In late 70s and 80s, the first industrial scale
applications in pharmaceuticals appeared.

The first product containing CDs was marketed in Japan in 1976. This
product was “prostaglandin E2/ 3-CD” (Prostarmon E™ sublingual tablets)
(Uekama & Hirayama, 1978). E2 prostaglandin has a potent oxytocin-like ef-
fect which was a subject of interest for inducing labor in child birth. But since
oxytocin was highly unstable, it was complicated to develop a formulation.
Hence, encapsulating it with a or B-CDs in aqueous solution was attempted.
It was found that the solubility of the hormone was better in B-CD. Moreover,
as the concentration of CD was increased from (5 — 15) x 103 M, the concen-
tration of the hormone increased the same way and was increasing linearly.
After this, a dramatic development occurred for pairing different molecules
with CDs.

The first food applications appeared when Japan in 1976 authorized the
use of CDs as food additives. There were many marketed flavors available on
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the market such as powdered flavors of spices, citrus fruits, apples, horserad-
ish wasabi, mustard, peppermint etc. Some of the other marketed products
included a chocolate (Choco Bar™), powdered green tea (Stick Lemon™)
and chewing gum (Flavono™), etc. In 2000s, CDs were added to the safe list
of food additives of the US Food and Drug Administration (FDA). These days,
food and pharmaceutical industries are the industries which consume the
highest amount of CDs. In 1981, CDs were first employed in analytical chem-
istry for the use in purification and chromatography methods. In the mid-
1980s, CDs were introduced in cosmetics in products like Epicutin®, Vivace®,
Klorane®, Novoflex® Revlon, Eucerin® Vital Active Beiersdorf, etc. Their use
in textiles started in 1980s as well, for making functional textiles (Morin-
Crini et al., 2021).

Minns & Khan, (2002) performed some studies on the formation of host-
guest complexes of a-CD in combination with iodine and potassium iodide
(KI). They prepared a solution of KI and iodine which resulted in the for-
mation of triiodide ions (I3), in excess of KI. In each ml of I5- solution, varied
amounts of a-CD solutions and water were added at 15 and 25°C and the ab-
sorbance of these solutions was measured. It was found that up to a 15 x 105
M concentration of a-CD, the absorbance increases up to 0.8 at 360 nm. After
this point, no increase in absorbance was reported at higher a-CD concentra-
tions. This point was reached with a ratio of 2:1 of a-CD and I5- . Moreover,
they studied the possible geometries of two possible types of inclusion com-
plexes formed with a-CD. One type was the a-CDI3- with 1:1 complex compo-
sition and the other one was a-CD-:I3- with 2:1 geometry having two mole-
cules of a-CD trapping one molecule of I5-ion. In the 1:1 geometry, I5-ion was
found perpendicular to the a-CD molecule plane. While in the 2:1 geometry,
the I3 molecule was shifted from 9o° to 30°. Besides, in the 1:1 complex, the
I3~ molecule is only bonded to one a-CD molecule and is exposed to solvent
and might go through cleavage. On the other hand, in the 2:1 geometry of the
complex, the I3~ is bonded to two molecules of a-CD and is sandwiched be-
tween them. This sandwich protects the ion and is strongly bonded and less
exposed to the solvent.

Li et al., (2017) performed a pulmonary delivery of tee-tree oil in B-CD for
treatment of fungal and bacterial pneumonia. The inclusion complexes were
prepared by grinding method with a solution of tea tree oil (TTO):ethanol (1:1
v/v) and mixed with B-CD. A simulated lung deposition of the complexes in
the form of capsules was also performed and tested on rat models as well.
FTIR results confirmed the formation of inclusion complexes between 3-CD
and TTO. In the first stage of deposition in the lungs, the deposition was high
(30%) and started decreasing at later stages. A high effect against fungi (Can-
dida albicans) and bacteria (Aceintobacter baumannii) in the infected lung
was found. This effect was between 10 — 15 (x 107/ml) colony forming units
(CFU) for the microorganisms which is much higher than individual effects
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of penicillin. Moreover, in this system no biocompatibility issues were en-
countered.

In another work by Santos et al., (2017), Methyl-beta-cyclodextrin (M-
CD) which is a modified form of 3-CD were complexed with 3-Caryophyllene
(BCP) through kneading, lyophilization and rotary evaporation. The stability
constant (Ks) of MB-CD/BCP inclusion complexes was 128 M-t as compared
to the Ks value of 125 M- for BCP/ hydroxypropyl-beta-cyclodextrin (HP[3-
CD). The presence of inclusion complexes with M-CD were analyzed with
tH-NMR and FTIR studies. The pharmacological potential of the complexes
in the form of a 50 mg oral solution was tested with classic animal models. In
mice with Carrageenan-induced Paw Edema and Peironitis, the Mp-CD/BCP
complexes showed a significant anti-inflammatory and antioxidant activity.
Moreover, they also had a preventive antioxidant effect on ethanol induced
gastric damage.

Celebioglu & Uyar (2019) prepared inclusion complexes of HPB-CD and
Ibuprofen for making a fast-dissolving oral drug delivery system through
electrospinning. Ibuprofen was inclusion-complexed with HPB-CD in highly
concentrated aqueous solutions of HP3-CD (200%, w/v) having two different
molar ratios: 1:1 and 2:1 (HPB-CD/ibuprofen). These solutions were then
electrospun and the nanofibers were deposited on a foil sheet. Such a high
concentration of HPB-CD made it possible to perform successful electrospin-
ning. The average fibre dimensions of the HPB-CD/Ibuprofen (1:1) com-
plexes and HPB-CD/Ibuprofen (2:1) complexes were 180 and 210 nm, re-
spectively. The viscosity of these solutions was within a range of ~1.2 — 1.5
Pa.s and conductivity was within the range of ~35 - 45 uS/cm. These param-
eters yielded thin nanofibers. The presence of Ibuprofen in the complex was
also confirmed by FTIR. The phase solubility studies showed that the con-
centration of the Ibuprofen was stable with HP-CD, and the absorbance of
both 1:1 and 2:1 complexes, displayed equal absorbance, indicating a slower
homogeneous release. Moreover, the nanofibrous sheets dissolved in water
in less than 5 seconds for both 1:1 and 2:1 complexes.

In a study by Chang and colleagues (2021), Linalool-chemotype Cin-
namomum osmophloeum leaf essential oil and its stabilization with B-CD as
microcapsules was researched. Microcapsules were prepared by coprecipita-
tion. The stability of the inclusion complexes (ICs) was studied using an ac-
celerated dry-heating ageing test. For optimization of the IC composition,
various concentrations of Linalool - f-CD mixtures were prepared by using a
ethanol/water/B-CD solution. The highest yield of linalool in ICs was 94.2%
with 15:85 (w/w) B-CD which was close to the molar ratio of 1:1. For the ICs
prepared with ethanol/water/3-CD, the highest obtained yield was 98.1% by
the use of 1:5 of ethanol/water. With the leaf essential oil, the optimum yield
of linalool-chemotype ICs with B-CD was 96.5%. The stability studies sug-
gested that in non-extruded starch only 8% of the limonene extract was found
whereas it was up to 92.2% in ICs with 3-CD. During the dry-heating ageing
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period, the weight loss in the leaf essential oil ICs was 6.73, 9.33, 12.14 and
13.40% after 1,2,4 and 8 days of testing, respectively. This confirmed a stable
and slower release of the oil from the ICs.

Sharma & Satapathy, (2021) prepared ICs of Polylactic acid (PLA) and Pol-
ycarpolactone (PCL) (70:30 w/w) with varying amounts of 3-CD (from o —
20 phr) by electrospinning onto mats. The efficiency of the ICs and the phys-
icochemical performance was tested. With increasing [3-CD concentration,
the average fibre diameter increased and a decrease in the viscosities was
found. The average diameter of the fibres ranged from 0.7 — 1.7 um when the
concentration of the electrospinning solution was raised from 14 — 20 wt.%.
Moreover, as the -CD content was increased from 5 — 20 phr, the electrical
conductivity of the electrospinning solution was decreased to 0.1 uS/cm. Po-
rosity of the mats was high (54%) for the highest B-CD concentration (20
phr). Also, the contact angle values decreased from 139 — 132° by decreasing
the B-CD concentration from 0 — 20 phr. Young’s modulus, elongation at
break and tensile strength decreased to around 40MPa, 40% and 0.5 — 1.0
MPa with increasing B-CD concentration. For the detection of the efficiency
of the ICs, the IC mats were immersed in an ethanol /water solution of curcu-
min and the change in colour of the solution was measured as a sign of bind-
ing of the curcumin molecules by the 3-CDs at the mats. The higher the con-
centration of B-CD in the mats, the lower the concentration of curcumin in
the solution was. With 10 phr of B-CD, curcumin concentration was de-
creased to 0.75 (ratio of later curcumin concentration compared with origi-
nal, as it’s a ratio between two concentrations, it has no units) per week.

The next section will focus on the developments of B-CDs in connection
with functional textiles. The first industrial applications of microencapsules
were introduced by Cash Register Company in 1950s for encapsulating leuco
dyes for making carbonless copy paper. Functional textiles are a category of
textiles which show modified properties due to the presence of additives or
innovative functionalities or coatings. Few examples of these are perma-
nently colored textiles, flame-resistant textiles, color changing textiles, ther-
mal control textiles, UV protected textiles, superhydrophobic textiles, sound-
absorbing textiles, biosensors, insecticide textiles, insect repellent textiles,
fragranced textiles, antimicrobial textiles, medical textiles, cosmetotextiles
and multifuctional textiles, etc. One of the first microencapsulation applica-
tion in textile design was the microencapsulation of pigments and dyes (nat-
ural/non-natural (Podgornik et al., 2021).

Cireli & Yurdakul in 2006 used 8 different dyes on 100% bleached and
mercerized cotton woven fabric in combination with 3-CD. The colour fast-
ness of the fabrics was measured by dye exhaustion and washing of the fabric.
Until a certain point, the uptake of the dye stuff was increased but after this
point, there was no further dye uptake. 0.5 g/L of B-CD in the dyeing liquor
made no significant difference in the dyeing efficiency. But as the concentra-
tion was increased to 4 g/L, a significant decrease in the dyeing efficiency was
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observed. The most pronounced decrease was observed for Orange KCF
(20%). A levelling agent called Levegal ED which maintains this rate of ex-
haustion with dyes and helps to resist the decrease in the dye uptake was uti-
lized. However, this levelling agent was found to have different effect on dif-
ferent dyes. But almost the same exhaustion results were observed for the
levelling agent as with B-CD. The washing liquor of dyed textile was also
tested with 5 g/L of B-CD. Different results were obtained with different dyes.
This change was even more pronounced when the washing liquor was made
with salt water and B-CD. In each of these cases, Orange KCF dye was the
most affected.

The quantification of CDs and their extent of making microcapsules are an
important aspect in terms of quality of the products. The quantification of
CDs on textiles is difficult and the simplest method is the gravimetric deter-
mination. Another option for textiles with monochlorotriazine substituted 3-
CD (MCTpB-CD), is the triazine test and elemental analysis by determining
the N2 content. However, each of these methods have their drawbacks. In an
attempt to provide a better quantification of microcapsules on textiles,
Grechin et al., (2007) prepared ICs of amines and alcohols etc. with 3-CD and
determined the amount of B-CD fixed onto cotton materials by titration of
the extracted amines in water. The results showed that approximately 50%
B-CD were able to from a complex with amines. The complexation was af-
fected by the chain size of amines and their adsorption onto the textile. It was
found that an increased chain size, implies a decrease in adsorption and a
reduction in complexation.

Another development was made by Bereck (2010). Their method provided
a direct determination of the actual binding ability of the natural or modified
CDs on textiles without the need of a calibration curve/procedure. They
chose ferrocene to form 1:1 ICs with 3-CD. They also utilized different cellu-
losic cross-linking agents and the amount of fixation was measured. The
cross-linking agent HMM was able to maintain 50% of the ICs even after 20
washing cycles. These cross-linking agents contained formaldehyde whose
release was measured to estimate the effects of the -CD. It was found that
B-CD helped in the slowed of the release of formaldehyde.

Dehabadi et al., (2014) came up with a simple spectrophotometric deter-
mination of the amount of the fixed f-CD onto cotton fabric and their acces-
sibility yield using Phenolphthalein and Phenol red dyes. The mole of the dye
fixed onto the fabric was calculated using calibration curves of the dyes and
then the total weight fraction of the fixed B-CD and their accessibility yield
was calculated. However, first the cotton fabrics were immersed in a basic pH
(pH 11) solution of 0.1g of the dyestuff in ethanol and water. The fabric was
then dried and extracted in pure ethanol followed by washing with alkaline
water. The washing liquor’s absorbance values were then measured. This is
also the method utilized in this research to quantify the amount of -CD used
in the fibres. Their results suggested that as the MCT[-CD amount fixed onto
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the fabric increased, the absorbance of the alkaline solution increased signif-
icantly. The weight fraction of fixed MCT(-CD was always higher for phenol
red than phenolphthalein. At a concentration of 4.95 gravimetric % of MCT3-
CD, the weight fraction of fixed MCTB-CD in phenol red and phenolphthalein
was 3.48 and 3.02%, respectively. The accessibility yield of MCT(3-CD with
phenol red and phenolphthalein was 70.3 and 61%, respectively.

Arias et al., (2018) prepared citronella oil and f-CD ICs and fixed them
onto cotton and spun polyester fabric through pad drying process. They also
prepared liposomes with internal wool lipids (IWL) and phosphatidylcholine
(PC) and fixed them onto cotton and other fabrics. The percutaneous absorp-
tion was measured using a Franz diffusion cell and multiple other subjects
were subjected to exposure through a bandage over the period of multiple
days. The release of the oil depended on the kind of fabric used for ICs with
B-CD. It was found that 100% of the drug was released much quicker onto
cotton fabric than onto polyester. In polyester, 100% of the drug was released
at around 600 minutes while in cotton it was completely released at around
400 minutes compared to 200 minutes without ICs.

In 2021, Xiao and colleagues, came up with double encapsulated micro-
capsules of lavender essential oil and indigo dye with epichlorohydrin -CD
and fixed them onto cotton fabrics. The loading amount of lavender oil was
10% and indigo was loaded up to 9.73%. The fabrics treated with this solution
changed the colour from white to blue with a nice lavender fragrance. The
adsorption capacity of the double microcapsules increased with time. Within
the first 50 minutes, it was rapidly adsorbed and gradually reached an equi-
librium point. After 9 hours, the amount adsorbed was 116.6 mg/g. By testing
the staining conditions, 4-5 color fastness level was observed in the first
round of rubbing and in accelerated laundering, this value reduced to 2. After
friction, the amount of fixed double microcapsules was 81,4%.

The next section will focus on works related to the use of curcumin in tex-
tiles, dyeing methods and the use of 3-CD with curcumin to create functional
textiles for a variety of applications.

Curcumin was discovered for the first time around two centuries ago by
Vogel and Pelletier who first reported the isolation of a “yellow coloring mat-
ter” from the rhizome of the plant Curcuma longa (turmeric) and called it
curcumin. Later it was found that this is a mixture of turmeric oil and resin.
Vogel in 1842 then created a method for the extraction of pure curcumin but
he didn’t know about its formula. In the following decades, many chemists
were interested in curcumin and provided multiple possible curcumin struc-
tures. But in 1910, Milobedzka and Lampe were the first ones to identify the
chemical structure of curcumin as “diferuloylmethane or (1E,6E)-1,7-Bis(4-
hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione”. In 1913, their group
also were successful in synthesizing the compound followed by Srinivasan,
who separated and quantified its components by chromatography. Even
though turmeric has been used for various therapeutic applications for
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thousands of years, the first paper on the biological effects of curcumin was
published in Nature in 1949 by Schraufstatter and Bernt. They reported that
it has antibacterial properties, and it is a biologically active compound. Their
report found it active against bacteria like, Mycobacterium tuberculosis,
Staphylococcus aureus, Salmonella paratyphi, Trichophyton gypseum, etc.
(Gupta et al., 2012).

Curcumin is also used as a yellow-orange food coloring (E100) having a
hot bitter taste and is approved by Food and Agriculture Organization (FAO).
The safe amount of consumption per person per day for curcumin is quite
high (8g/day). Hence, it is used in many applications in food packaging, as
food additive, food preservation, as pH sensor to indicate alkaline com-
pounds formed during food spoilage, etc. Metal oxide nanoparticles, chitosan
nanoparticles with curcumin have been tested for their antimicrobial activi-
ties. Other applications in health care products include hydrogels for wound
healing, microcapsules and microemulsions in dermal therapy and cosmet-
ics, etc. (Raduly et al., 2021). The dyeing of textiles with natural pig-
ments/dyes like curcumin still poses scientific challenges as these natural
dyes are unstable and their incorporation in textiles is difficult.

Tsatsaroni et al., (1998) studied the dyeing properties of two yellow natu-
ral pigments: Crocin and curcumin and the effects of enzymes and proteins
on these dyes. They used commercial bleached cotton and wool fibres for dye-
ing and used a-amylase and trypsin to treat the fabrics at 25°C. They deter-
mined the amount of dyes by extracting the dye from the fabric via pyridine-
water mixture and measured the absorbance of the extracts. Finally, they also
tested the washing fastness of the dyed fabrics. It was found that the exhaus-
tion of curcumin without any enzyme was 30% and the level 3-4 was reached
by the fastness colour test for the cotton fibres. With trypsin, the exhaustion
percentage increased up to 94.5 % at 60°C. However, the colour fastness val-
ues dropped to 2-3 in wool fibres. After extraction of the wool samples with
pyridine-water two extracts were collected, which had different absorbances
at 440 nm and the intensity was 35% higher than the pretreated samples.
Quantification of the released dyes within the extracted sample wasn’t possi-
ble because of large amounts of pigments and other constituents in the ex-
tracts.

Sachan & Kapoor (2007) extracted curcumin from various samples of tur-
meric rhizomes through spray drying, aqueous and solvent drying methods.
Spray drying gave the purest yield of curcumin while the highest yield was
given by solvent extraction. With 2% concentration of the dye, they dyed cot-
ton, wool and silk. A variety of shades through dyeing were obtained. These
include yellow, ivory, golden, bright yellow, buff, khaki, golden yellow, smoke
brown, cream, pineapple, lemon, olive green etc. The highest yield of curcu-
min obtained was 6.6% in one of the turmeric samples. They utilized mor-
dants like myrabalon extract, eucalyptus bark extract, aluminium sulphate,
copper sulphate, ferrous sulphate, stannous chloride, lactic acid and acetic
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acid. The fabrics were pre-treated with these before dyeing. The optimized
conditions of dyeing were 50-60°C, 2% concentration of curcumin for 30
minutes and 60 minutes for a darker color. 10% myrabalon, 5% other chem-
ical mordants and 1% eucalyptus dye mordant was enough for pre-fixation
and mordanting.

In another study by Ammayappan & Jeyakodi Moses (2009), the antimi-
crobial activity of cotton, wool and rabbit hair was studied using aloe vera,
chitosan and curcumin. They treated the cotton fibres with peroxide and wool
and rabbit hair with formic acid to improve the dye exhaustion. They found
that the add-on of curcumin was much lower compared to aloe vera and chi-
tosan but was better for all treated samples. Peroxide cotton accumulated
1.80% of the curcumin as compared to 1.31% in treated wool and 1.11% in
treated rabbit hair. The antimicrobial effect of curcumin was the highest. At
1073 dilution, 2 bacterial colonies were found in cotton, 4 in wool and 1 in
rabbit hair. As for the anti-fungal effect, the effect of aloe vera was the same
as curcumin.

Paramera et al., (2011) published a study in which they report the stability
and release properties of curcumin encapsulated by yeast (Saccharomyces
cervisiae), B-CD and modified starch. The encapsulation yield (EY%) of dye
with B-CD ranged from 3.4 — 0.8% and was much lower compared to yeast
(31 — 39%). This was also the case in encapsulation efficiency (EE%) where
for yeast it was around 88% and for B-CD it was 22 — 17%. In in-vitro studies
conducted in simulated gastric fluid and pancreatic fluid, it was found that
B-CD released the highest amounts of curcumin in the first 10 minutes and
after that the release was stable until 70 minutes. But with yeast and modified
starch (MS), the release was fluctuating and these released lower amounts of
curcumin. After 30 minutes in simulated gastric fluid, B-CD released lower
amounts of curcumin. The light stability studies showed, that yeast was found
much better in retaining curcumin for 1 month as compared to 3-CD. After 1
month, B-CD enclosed only 60% of the curcumin while yeast contained
around 90%.

Reddy et al., (2013) studied the antimicrobial activity of cotton and wool
fabrics dyed with curcumin. Even at low curcumin concentration of 0.01%,
77% of the bacteria Staphylococcus aureus was inhibited but Eschrechia coli
inhibition required a larger concentration of curcumin (10 times more). A
similar effect was found in wool fabrics. The color depth values (K/S) indicate
the concentration of curcumin added onto the fabric. It was seen that for S.
aureus the colonies increased at a K/S value of 2 and after that levelled off
meaning that they were not growing anymore. For E. coli this effect was
lesser and was not achieved until K/S value 6. After laundering and light ex-
posure, the antimicrobial effect of the fabrics was tested for 30 washing cy-
cles. The cotton fabric was durable enough to reduce the colonies up to 20%
in 30 washing cycles for both bacteria, but the effect was more pronounced
for E. coli. Curcumin had poor resistance to light. The fabrics faded only after
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5 units of light exposure hence, the fabrics had a low light fastness. The faded
fabrics still showed good antimicrobial activity and reduced the population
of S. aureus from 76 — 87% after 5 light exposure units. For E. coli, its popu-
lation reduced drastically from 73 — 25% after 5-light exposure units.

In a study conducted by Sun et al., (2013) electrospun Polyvinylacetate
(PVA) loaded fibres with curcumin and B-CD were prepared and their in-
vitro drug release potential was tested. The average fibre diameter was higher
for complexes with just PVA/curcumin. As the concentration of curcumin
was increased from 5 — 20 wt.%, the average fibre diameter for PVA/curcu-
min complexes dropped from 350 — 250 nm. The drop in diameter was less
in case of PVA/curcumin and B-CD complexes. The drop was from 300 — 270
nm caused by an increase of the concentration from 20 — 50 wt.%. In the drug
release profiling, the PVA/curcumin fibers (5% curcumin consistence) re-
leased almost 95% of the curcumin within the first 150 minutes. In case of 15
wt.% curcumin consistence, the release was reduced and after 350 minutes,
only 80% of the curcumin was released. On the contrary, in PVA/curcumin
and B-CD complexes, the lowest concentration of curcumin showed the best
results in dye release. It released only 60% of the drug at 350 minutes.

Hasan et al., (2014) dyed cotton and silk fabrics with pure naturally ex-
tracted curcumin dye wusing the mordants aluminum sulphate
(AIK(SO4)2.12H-0), copper sulphate (CuSO,4) and tartaric acid (C4HeOs). The
results revealed that methanol was the best in extracting the most curcumin
(5.25%) and then ethanol (5.15%). The color strength (K/S) and the pH sen-
sitivity were tested. They found that silk had a much better K/S value (20) in
fabrics of 10% of dye while in cotton this strength remains unchanged (5-8)
at the concentration range of 2 — 10 wt.%. From pH 3- 7, silk had around 13
— 17 K/S values while in cotton these values were 5 — 8 K/S. As pH was in-
creased to 9, the fabrics lost almost all color. Silk had significantly higher K/S
values than cotton when changing the dye bath temperature from 60 —
100°C, For silk, the highest K/S value (18) was reached at 75°C while cotton
showed no effect. Besides, the fabrics were not affected by the dyeing time.
In silk, even though the strength was much higher, there was no time de-
pendencey and the same was observed for cotton. The type of mordants also
had no effect on the change in dyeing strength of both silk and cotton fabrics.
But the use of mordants slightly increased the K/S value for silk (20) and for
cotton it increased it to 9. For cotton, CuSO,4 was the best mordant and for
silk, all three mordants at different concentrations gave the same results.

Mangolim et al., (2014) prepared curcumin and B-CD ICs by co-precipita-
tion, solvent evaporation and freeze drying. The best yield of the ICs was 74%
reached by coprecipitation. By these ICs, the ability of curcumin retention
was increased against sunlight. In one month, 90% of the dye remained in
the ICs whereas without ICs 80% remained. The effect of pH on the dye was
almost the same with or without ICs. Until neutral pH, a higher absorbance
was obtained (0.4) whereas as the pH was increased above 7, the absorbance
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was reduced to 0.3 at pH 9. After 9o days of storage at 15°C, the ICs retained
almost 100% of the dye whereas 90% remained without ICs. At 25°C of stor-
age, there was almost the same amount of retention with or without ICs after
60 — 120 days.

S. Li et al., (2018) investigated the dyeing of ramie fabrics with curcumin
in NaOH/Urea at low temperature. 0.06 — 2.4 wt.% of curcumin concentra-
tion and 7 wt.% NaOH/12 wt.% urea was used in a 1:30 liquor ratio at tem-
peratures ranging from 5 — 80°C for 120 minutes. A K/S value of 2.36 was
found for the fabric dyed with NaOH/Urea as compared to 0.53 for the fabric
only dyed with water. At low temperature (10°C), the K/S value was 2.36
whereas at higher temperature (80°C), the K/S value reached 0.12. Hence,
they concluded that higher temperatures degrade the dye and lead to a re-
duced colour. The variation of the concentration of curcumin showed an op-
posite effect. The higher the concentration, the higher was the K/S value. At
2.4 wt.% of curcumin, a K/S value of 6.03 was reached as compared to 0.3
wt.% of curcumin only 1.79 was determined. With 0.6% of curcumin dye, the
UV protection was much higher. It reached a 64 ultraviolet protection factor
(UPF) for the dyed fabric. While for the raw fabric, it was 27. This UPF value
also increased with an increasing concentration of curcumin. It reached from
50 to 73 with an increasing concentration from 0.3 — 2.4 wt.%. After 4 wash-
ing cycles, the fabric maintained a washing fastness value of 4, meaning that
most of the color stayed. After 12 washing cycles, it was reduced to 3.

Although there have been numerous studies on the manufacturing of cur-
cumin and B-CD ICs through electrospinning using solutions like ethanol,
water, etc. there have been very few studies on the preparation of curcumin,
B-CD ICs in ionic liquids through dry-jet wet spinning. Coscia et al., (2018)
prepared regenerated cellulose/curcumin fibers by the use of 1-Ethyl 3-Me-
thyl imidazolium diethyl phosphate (emim DEP). This work was also the in-
spiration for the incorporating of curcumin and B-CD through dry-jet wet
spinning using [DBNH][OAc]. They added different concentrations of curcu-
min to the dope mixture, ranging from 0,1,5 and 10 wt.% with respect to 4
wt.% of cellulose/emim DEP solution. SEM imaging of the fibres revealed
that the diameters of the fibres decreased with increasing winding speed. The
cross section of all fibres, regardless of curcumin concentration was nearly
circular. There was no effect of curcumin concentration on the fibre diame-
ter, however, as the winding speed increased from 1.5x10* m/s to 4.8x10!
m/s, the diameter of the fibres decreased from 99.2 — 51.5 um. In terms of
mechanical properties, Young’s moduli, tensile strength and strain all de-
creased with increasing curcumin concentration. At 1 wt.% of curcumin,
young’s modulus was 16 GPa, tensile strength was 336 MPa and strain was
11.2%. But when the concentration increased to 10 wt.%, they reduced to 13.6
GPa, 223.2 MPa and 9.9%, respectively. Moreover, there was not a signifi-
cant effect of curcumin concentration on the orientation of fibres. The orien-
tation of fibres at all curcumin concentrations was around 0.70.
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3 Research Materials and Methods
3.1 Chemicals & Materials

The used bleached kraft pulp, Enocell5 was acquired from Stora Enso Oy
(pulp and paper industry company) in Finland. Chemicals like B-Cyclodex-
trin (B-CD, C42H70035, CAS: 7585-39-9, M=1134.99 g/mol, purity= >97%),
Curcumin (C21H200s¢, CAS: 458-37-7, M= 368.39 g/mol, purity= >65%), 1,5-
Diazabicyclo[4.3.0]non-5-ene (DBN, C;Hi2N», CAS: 3001-72-7, M=
124.18g/mol, purity= 98%), acetic acid (HOAc, CH3CO:H, CAS:64-19-7, M=
60.05 g/mol, purity= >99%), D-(+)-Galactose (CsH1206, CAS: 59-23-4,
M=180.16g/mol, purity= >99%), D-(+)-Glucose (CsH120s, CAS: 50-99-7,
M=180.16g/mol, purity= >99%), D-(+)-Xylose (CsHi005, CAS: 58-86-6,
M=150.13g/mol, purity= 299%), Sodium Hydroxide (NaOH, CAS: 1310-73-
2, M=40 g/mol, purity= >98%, anhydrous pellets), D-(+)-Mannose
(C6H1206, CAS: 3458-28-4, M= 180g/mol, purity= >99.5%) and Phenol red
indicator ((CeH4OH)=C;H4SO3, CAS: 143-74-8, M= 354.38g/mol, purity=
>99.5%) were purchased from Sigma Aldrich®. Ethanol (C.Hs0H, ETAX Aa,
purity = >99.5%) were obtained from ANORA industries, Finland.

3.2 lonic Liquid Preparation

In this project the ionic liquid (IL), 1,5-diazabicyclo[4.3.0]non-5-enium ace-
tate ((DBNH][OAc]) was used. It was prepared by slowly adding an equimo-
lar amount of acetic acid (HOAc) to the superbase 1,5-Diazabicy-
clo[4.3.0]non-5-ene (DBN) in a 6L reactor at 70°C. After mixing stirring was
continued for an additional hour to ensure the completion of the reaction
(Guizani et al., 2021).

3.3 Pulp Pretreatment

For the preparation of the dopes, Enocell5 pulp was used. Therefore, one
sheet of the Enocell5 pulp was first cut into small strands and further shred-
ded into pieces. The shreds were then milled by means of a Wiley mill Mo2
(mesh size 30 mm) until a fluffy mass was obtained (Sixta et al., 2015). Ac-
cording to the standard ISO 638:2008 (ISO - ISO 638:2008 - Paper, Board
and Pulps — Determination of Dry Matter Content — Oven-Drying Method,
2008) in triplicate around 50 mg of the milled sample was dried in the oven
Thermo Scientific HERAEUS VT 6025 overnight at 105°C to determine the
dry matter content of the pulp.

3.4 Preliminary Heat-Stage Microscopy Tests
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To observe the dissolution behavior of cellulose (Enocell5 pulp), curcumin
and B-CD in the IL [DBNH][OACc], different mixtures were prepared and an-
alyzed by a Zeiss Axio Heating Stage microscope at 80°C for four minutes per
trial. Each sample was prepared in triplicates. In total four mixtures were
prepared, and details of their contents are given in table 1.

Table 1: Heat Stage microscopy mixtures for preliminary estimation of dissolution of curcu-
min and B-CD in combination with Enocell5 in [DBNH][OAc] at 80°C.

Trial Enocell5 [DBNH]J[OAc] Curcumin R-CD

1 Yes Yes - -
2 Yes Yes Yes -
3 Yes Yes - Yes
4 Yes Yes Yes Yes

3.5 Spinning Dope Preparation

By the use of 2 different units two large dopes (dope 8 & 9) and 5 small dopes
(dope 1-7) have been prepared. The details of the contents of each dope and
the used settings are given in the Table 2.

First a calculated amount of preheated and melted IL (melted at 80°C) was
poured into a kneader equipment. In case of dope 1-8 (see table 2), a calcu-
lated amount of Curcumin and/or B-CD were first added and mixed with the
IL for 30 minutes to ensure a homogeneous distribution. After that, the de-
sired amount of Enocell5 pulp was added and the mixture was kneaded for
2-3 hours at 80°C, 30 rpm under 50-70 mbar vacuum to avoid air bubbles.
During kneading (every 30 min), small samples were extracted to evaluate
the dissolution behavior by the heating stage microscope.

Next, the dopes were filtered at 80°C by a vertical filtration unit equipped
with an ymax 2 metal filter (5 um mesh) at 400 bar to remove undissolved
residues. The filtered dopes were carefully collected and shaped by hand.
The dopes were wrapped in clean plastic sheets and stored at 4°C in a cold
room till spinning day (Guizani et al., 2021).

Table 2: Dope preparation settings. The kneading temperature was 80 °C, pressure was 50
— 70 mbar and the kneading speed was 30 rpm for all dopes.

Dope Unit Enocell5 Enocell5 IL Curcu R-CD Mixing
(dry) (g) concentra [DBNH] min (g)*** time
tion (%)* [OAc] (g9)** (hours)
(9)
1 Small 3.900 13 26 0.3800 - 2.5
2 unit 3.092 10 27 0.0392 - 2.5
3 3.092 10 27 0.0392 - 2.5
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4 3.092 10 27 - 0.016 2

84

5 3.092 10 27 0.0392 0.061 2
84

6 3.092 10 27 0.0392 0.061 2
84

7 3.092 10 27 0.0392 0.061 2
84

8 Large 159.080 10 1389 - 3.181 2
unit 60

9 315.880 13 2109 - - 2.5

All the weights are according to the dry weight of Enocell5 with dry matter content of 97%.

*For the dopes 1 and 9, 13% Enocell5 concentration was used, while the rest of the trials
had 10% Enocell5. **The concentration of curcumin used for each trial was 1% according to
10% Enocell5. ***The concentration of R-CD used in each trial was 2% as compared to
Enocell5.

3.6 Rheological Analysis

The viscoelastic properties of the dopes were analysed by means of an Anton
Par Physica MCR 302 Rheometer with a plate (25 mm plate diameter and 1
mm gap). The complex viscosity (*) and storage and loss moduli (G, G”) as
a function of angular frequency (w) were determined between 50°C to 90°C
using 5°C temperature increments and a dynamic frequency sweep test from
0.01 to 100 rad/s. Under the assumption of the validity of the Cox-Merz rule
the zero-shear viscosity and the crossover moduli were analysed by the use
of the Cross model (Sixta et al., 2015).

3.7 Spinning Experiments

In total 2 dry-jet wet lyocell type spinning units (KS15, KS80) equipped with
different spinnerets (KS80: 200 holes, 0.1 mm diameter, 0.02 mm capillary
length; KS15: 1 hole, 0.1 mm diameter, 0.02 mm capillary length) from
Fourné Maschinenbau GmbH have been used. Dopes 1-7 (see table 3) were
spun by the use of KS15 and the dopes 8 and 9 were spun by KS80. The over-
all assembly of both spinning lines are almost the same, as shown in the
scheme (Figure 4).

At the beginning the dopes were transferred to the cylinder, equipped with a
filter (mesh 6 um), a breaking plate, a spinneret, a temperature/pressure sen-
sor and a heating jacket. Next the dopes were molten at around 62-72°C. The
dopes were spun, stretched into an air gap (~0.5 cm) and immersed into a
cold water (<11°C) bath (coagulation bath). The formed filaments were
guided to a godet couple (Vpick-up) by the use of a Teflon roller, positioned in
the bath. The extrusion velocity (Ve) in case of large spinning was kept con-
stant at 5.5 cm3/min and for monofilament spinning it was kept at 0.01
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cm3/min. The dopes were spun at draw ratio (DR = Vpick-up/Ve ) 5, 8 and 11
and the maximum DRs were determined. The fibres after spinning were cut
carefully with a razor blade into 10 ¢cm pieces for analysis and into 40 mm
staple length for yarn production. Next the fibers were washed at first with
cold water and then three times with hot water (80°C), and dried under con-
trolled conditions (RH= 62%; T=20°C) for fibre testing (Asaadi et al., 2018).

Table 3: Used settings of dope spinning trials.

Dopes Type of Water bath Extrusion DR Temperature
Spinning temperature speed of Spinning
(°C) (cm3/min) (°C)
1 Monofilament 5 0.01 - 66 — 90
2 Monofilament 5 0.01 5,8,11 65
Max: 15
3 Monofilament 5 0.01 - 63-75
4 Monofilament 5 0.01 - 65
5 Monofilament 5 0.01 - 65
6 Monofilament 5 0.01 5,8,11 62
7 Monofilament 5 0.01 5,8,11 62
Max: 18
8 Multifilament <11 5.50 5,8,11 65
Max: 14
9 Multiflament <11 5.50 5,8,11 67

godet couple

piston spinning unit

7 — air gap

==+-== coagulation bath

(A) (B)
Figure 4: Spinning line schemes. (A) Spinning line scheme for multifilament spinning (Sixta
et al., 2015); (B) Spinning line scheme for monofilament spinning (Guizani et al., 2021).

3.8 Fourier Transform Infrared Spectroscopy (FTIR), Differ-
ential Scanning Calorimetry (DSC) and Thermogravi-
metric analysis (TGA)

The chemical structure of all the fibres was analyzed by the use of a Perkin

Elmer FT-IR (ATR) equipment between 400 — 4000 cm?, by means of 30
scans with 0.5 intervals at each scan (Jia et al., 2011). Besides, the thermal
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behavior of the samples was analyzed by DSC and TGA measurements using
a Netzsch STA 449 F3 Jupiter & QMS 403 Aéolos Quadro device. The sam-
ples were analyzed at inert conditions under Helium, with a gas flow of 70 ml
/min within a temperature range of 40 — 600°C by the use of a heating rate
of 10 K/min (Awal et al., 2010).

3.9 X-ray Diffraction (XRD)

The polymer crystallinity and the crystal dimensions were determined via a
SmartLab X-Ray Diffractometer from RIGAKU and calculated according to
the Scherrer equation (Asaadi et al., 2018).

3.9.1 Wide Angle X-ray Scattering (WAXS)

Small pieces of fibres were placed at a sample holder and diffraction data was
collected from 5° to 60° 20 by 6/20 settings. The diffraction data was cor-
rected for smoothing and subtraction of air scattering and inelastic contribu-
tion as explained in the methods by (Guizani et al., 2021). Therefore, the crys-
tallinity index (CRI) from a range of 9° — 50° 20 was estimated according to
eq. 1 using estimated amorphous contribution (Iskg (26)).

[1(26)d26~ [ Ipry(26)d26

CRI = 100 x G0

(1)

Where, CRI = crystallinity index (percent %)
Iyig = background profile (radians)

I= total intensity (radians)

Three pseudo-Voigt functions for (110), (110) and (020) for cellulose II were
used to fit the background corrected profiles. Due to overlap of peaks be-
tween (110) and (020), the values of crystal dimensions were reported as av-
erage values. Additionally, Hermans orientation factor (fy,4xp) Was esti-
mated by eq. 2.

3 cos? @.—1
fwaxp = - < (2)

Where, fiy4xp = Hermans orientation factor

cos? @, = orientation distribution between fiber and crystallographic c-
axis

3.10 Post Spinning Dyeing
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Spun standard IONCELL® fibres (dope 9) and fibres from dope 8 containing
2% B-CD were dyed after spinning with two different solutions of the curcu-
min dye. In the first post spinning dyeing trial, the fibres were dyed in a so-
lution of 1% curcumin in 2% (w/v) of NaOH solution at 100°C for one hour
(S. Liet al., 2019). After dying the fibres were washed until neutral pH was
maintained. However due to the instability of curcumin in basic conditions a
second dyeing trial was performed with 1% curcumin in 30% (v/v) ethanol
for one hour at 100°C. After the dyeing, the fibres were washed until there
was no release of dye in the washing water (Peila et al., 2021) visible anymore.
Next, the fibres were dried at room temperature overnight (Figure 5).

(A) (B)
Figure 5: Dyeing of spun fibres with curcumin. (A) Dyeing with 2%(v/v) NaOH and 1% cur-
cumin solution. The first image shows the fibres after dyeing before washing. The second
image is the washing water containing released dye; (B) Dyeing with 30%(v/v) ethanol and
1% curcumin. The firstimage is after the dyeing procedure and before washing. The second
and third image shows the release of the dye to the washing water.

3.11 Fibre testing

According to the standard SN:41442 the mechanical properties of all fibres
(samples from dopes 2,6,8 and 9) were tested with a single fibre Textechno
Favigraph by Textechno Herbert Stein GmbH & Co.KG (Germany) equip-
ment with a 70 — 150 mg pretension weight attached to the fibres in dry and
wet testing. The measurements were done at 20 + 2°C at around 65 + 5 %
relative humidity (RH). Elongation and tenacity of the fibres were tested in
both dry and wet conditions. A load cell of 20 cN, a test speed of 20 mm/min
and the gauge length of 20 mm were used. 15 fibres from each sample were
tested.

The total cellulose orientation of the fibres was tested by first collecting three
fibres of each sample of the same linear density. The fibers were attached to
a glass slide and then observed at three different places by the Zeiss Axio
Scope. A1 with a Tilting Compensator B. From each spot, the optical retarda-
tion value was determined. Next the polarized light retardation value was
divided by fibre thickness which was determined through the linear density
(cellulose density was considered as 1.5 g/cm3). Then, the birefringence value
(An) was calculated by using the polarized retardation value. An was then
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divided by maximum birefringence value (0.067) for cellulose, to obtain total
orientation (Moriam, et al., 2021b).

3.12 Scanning Electron Microscopy (SEM)

The Fibre morphology was determined by the use of a Zeiss Sigma VP micro-
scope at 3keV operating voltage. The fibre samples were cryo-fractured with
liquid nitrogen, followed by drying overnight at 105°C. The dried cryo-frac-
tured fibres were then transferred from the cracked end onto the sample
holder. The samples were then sputtered with Gold/Palladium particles (4
nm) (Kaniz, 2022).

3.13 Quantification of R-CD

The amount of B-CD available in fibres was estimated through the method of
(Dehabadi et al., 2014) using only Phenol Red for the quantification. Fibres
produced from dope 8 (2% B-CD and 10% Enocell5) and standard IONCELL®
fibres (dope 9) were used in this method. However, the method was modified
for estimation in spun fibres (in this case) as follows. The fibres were ground
into a fine powder using Wiley mini-mill 475-A using a mesh size of 30 mm.
The ground fibres were then processed in analogy to Dehabadi et al., (2014).
Before each drying cycle, the ground fibres were recovered with pre-weighed
filter paper (25 mm pore size) through vacuum filtration. Each drying cycle
was performed overnight at 105°C. The weight fraction (w*) of B-CD fixed
onto the fibre were calculated as mean of triplicates according to eq. 3.
Naye X Mg—cpXx100

w' = (3)

Megibre

Where, w*% = weight fraction of B-CD fixed onto the fibre (percent: %)
Ngye = Moles of Phenol Red dyestuff used calculated through spectro-
scopic measurements (moles)

Mg _cp = Molecular weight of B-CD (grams/moles: g/mol)

Mgipre = Mass of fibres initially used (grams: g)

3.14 Washing Fastness & Brightness Testing

Fibres from dopes 2,7,8, 9 and post spinning dyed fibres were measured for
brightness using the GretagMacbeth Spectroscan equipment. Each sample
was measured in triplicates and a white surface was used as a reference and
the averaged CIE LAB values were analysed.

The washing fastness of the fibres from dope samples (2,7 and post spinning
dyed fibres) were tested according to the European Standard ISO 106-Co6,
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1997 (EN ISO 105-CO6, 2016). The sample preparation was proceeded ac-
cording to the standard and Ai1S test was performed on all the samples. The
samples were washed with a washing liquor for 30 minutes in Linitest Origi-
nal Hanau washer at 40°C and rinsed with 40°C water two times (each for 1
minute). Afterwards, the colors of the fibres were compared with grey scale
for assessing change in color (ISO Recommendation R105/1/Part 2, British
Standard B.S. 2662:1961) and the change in multi-fibre fabric staining with
grey scales for assessing staining (ISO Recommendation R105/1/Part 3, Brit-
ish Standard B.S. 2663:1961) as per standard procedures.
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4 Results

4.1 Preliminary Heat-Stage Microscopy

Before dope preparation, a preliminary dissolution test was performed by
means of the heat-stage microscope at 80°C, to observe the dissolution be-
havior of the components (curcumin, cyclodextrin) in [DBNH][OAc] in com-
bination with Enocells. The results are shown in figure 6.

(A) (B) (C) (D)
Figure 6: Dissolution behavior of curcumin and 3-CD in [DBNH][OAc] in combination with
Enocell5. The text in white displays the time stamps in minutes, all images were taken at
10x magnification. (A) Trial 1: Enocell5 and [DBNH][OAc], (B) Trial 2: Enocell5,
[DBNH][OACc] with curcumin, (C) Trial 3: Enocell5, [DBNH][OAc] with R-CD, (D) Trial 4: Eno-
cell5, [DBNH][OAc], curcumin and R-CD.

Enocell5 pulp dissolved within 4 minutes at 80°C (Figure 6A). The same
phenomenon was observed for trial 2 and 4 (Figure 6B, D). However, there
was a slight delay in dissolution of the Enocells fibres in the presence of B-
CD (Figure 6C). As we can see from the figure, the dissolution took longer
(around 12 minutes). There was also a strange appearance of a lot of air bub-
bles when B-CD was involved. However, in trial 4, the pulp dissolved after 4
minutes and there was also some appearance of air bubbles. Overall, it was
possible to dissolve all mixtures by means of [DBNH][OAc] to the same ex-
tent as standard pulp (Sixta et al., 2015).

4.2 Spinning Dope Preparation

The dopes for each trial were prepared according to Sixta et al., (2015) by
means of the settings and contents mentioned in Table 2 (in methodology
section). For standard IONCELL® dope (dope 9), Enocell5 was dissolved
completely within 3 hours of kneading and every 30 minutes samples were
extracted to observe the dissolution behavior by the use of the heating-stage
microscope. As confirmed by the heating-stage microscopy investigations
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(Figure 7), most of the enocell5 pulp was dissolved within the first hour, but
the kneading was continued for two hours to ensure complete homogeneity.
The same procedure was implemented for the mixtures 3-CD/Enocells (dope
8), curcumin/Enocell5 (dope 2) and 8-CD/curcumin/Enocell5 (dope 6). The
standard IONCELL® dope after kneading had a smooth appearance, a honey
like color and an elastic, caramel like consistency. The same consistence was
observed in dopes with added curcumin and B-CD. However, the dopes with
curcumin had a red coloration (see Figure 7).

Figure 7: lllustration of dope preparation and dissolution behavior via microscope images
(10x magnification) after 1 hour of kneading. Dissolution of Enocell5 standard IONCELL®
dope ((A), dope 9), 2% R-CD/20% Enocell5 dope ((B), dope 8) and 1% curcumin/2% R-
CD/10% Enocell5 mixture ((C), dope 2). lllustration of standard IONCELL® dope ((D), dope
2), 2% R-CD/20% Enocell5 dope ((E), dope 8) and 1% curcumin/2% R-CD/10% Enocell5
mixture ((F), dope 2).

4.3 Rheological Properties

Even though, the rheological properties of all dope trials were measured, but
for the sake of simplification, the data of dope 2 (1% curcumin), 6 (1% curcu-
min/2% B-CD/10% Enocells), 8 (2% B-CD/10% Enocell5 dope) and 9 (stand-
ard IONCELL® dope) are presented as representatives here.

The elasticity (solid properties) of a material is defined by the storage
modulus (G’), which shows the material "s ability to store energy elastically,
and the loss modulus (G”), the ability to dissipate stress. On the other hand,
flow properties are displayed in terms of complex viscosity (n*) (Lu et al.,
2019). Figure 3 displays the trends of storage and loss moduli, and complex
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viscosity versus angular frequency (w) from an oscillation test at 80°C. In
case of moduli (Figure 8A), the moduli for all three dopes (2,6,8) displayed
similar behavior. An overlap of trends can be observed. Both storage and loss
moduli of samples, increased with increasing angular frequency. The cross
over point where the trendline of storage and loss moduli met are similar and
in total for each dope 1 cross over point was found. In terms of complex vis-
cosity (Figure 8B), it was the same for all samples (dope 2,6,8). The complex
viscosity decreased with increasing angular frequency. All the trends are
quite close to the trend of the standard IONCELL® dope.

100000 5

-]
[
[~
%e
10000 - F 10000 - 2,
3 . 2
o -

— !
5 = % 10000+ "1EEQ
< e 2 =29
El w e QQ
=] = 2
38 g <
= 1000 L1000 =
o Storage Modull = ]
o —a— Standard IONCELL (dope 8) L] & 10004
= - 1% cur [dope 2) o E
2 ~@- 2% B-CD (dope 8) -~ 5]
5] 1% cur 2% 0-CO (dope 8) o

Loss Modull #— Standard IONCELL (dope 9)

=0~ Standard IONCELL (dope 9) —4— 1% cur {dope 2)

=00 1% cur (dope 2) —h— 2% B-CD (dope 8)

100 o I 100 ity
- 2% 8-CD dope &) 1% cur 2% B-CD (dope 6)
2% B-CD (dope 6) 100

0,01 0.1 1 10 100
Angular Frequency [rad/s]

O.EH 0i| ; 1’0 1(|10
Angular Frequency (rad/s)
(A) (B)
Figure 8: Rheological measurements of dope 2 (1% curcumin), 6 (1% curcumin/2% [3-
CD/10% Enocell5) and 8 (2% R-CD/10% Enocell5 dope) vs. standard IONCELL® dope (dope
9). (A) Storage and loss moduli of dopes against angular frequency measured at 80°C. (B)
Complex viscosity against angular frequency measured at 80°C.

As cellulose is a long chain molecule, in solution it creates more entangle-
ments because of which individual cellulose chains can’t move freely leading
to enhanced zero-shear viscosity of the solution. In this case, the concentra-
tion of Enocells varies between the dope 9 (13%) and the rest of the dopes
(10%). This affects the zero-shear viscosity and moduli of the viscoelastic so-
lutions. Despite this difference in concentration the complex viscosity trends
of the dopes 2,6 and 8 only differ at low angular frequencies from the stand-
ard IONCELL® dope. The moduli of the dopes form 1 COP, close to the COP
of the standard IONCELL® dope (Kaniz, 2022). Normally, as cellulose con-
centration increases, zero-shear viscosity also increases and the viscoelastic
solution becomes more viscous (Haward et al., 2012). However, in this case,
a different trend is shown. Despite the reduction in cellulose consistency
(dopes 2,6,8: 10% enocells5) compared to dope 9 (13% enocells), the complex
viscosity almost stays the same, and at lower angular frequencies a rise in
complex viscosity is illustrated. Consequently, an addition of B-CD and/or
curcumin results in dopes with increased complex viscosities compared to
the standard IONCELL® dope. This might by caused by an integration of the
additives to the cellulose chains, leading to restrictions in the mobility of the
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polymer. However, this effect was bridged by the reduction of the Enocells
content to 10% (Sharma & Satapathy, 2021).

4.4 Spinning of the Fibres

In analogy to the literature dopes 2,3,6,7,8 and 9 were successfully spun
(Sixta et al., 2015). Dopes 3 and 7 were repetitions of dope 2 and 6, respec-
tively. Therefore, as mentioned earlier, dopes 2,6,8 and 9 will be the main
subjects of discussion. The fibres from dope 9 were standard IONCELL® fi-
bres. These fibres were spun using multifilament spinning (200 holes) and
around 90 g of fibres were collected at DR 5,8 and 11. These fibres looked off-
white in color (Figure 9A). The remaining dopes were spun by the use of the
monofilament unit (1 hole). Fibres from dope 2,3 were yellow in color and
felt strong on touch. These fibres only contained 1% curcumin. On the other
hand, the fibres from dope 6 and 8 both contained 2% B-CD appeared shiny
and lustrous. The fibres from dope 6 which also had 1% curcumin along with
B-CD appeared strong yellow with a shiny finish. Table 6 lists the successful
dopes, their maximum DRs and the DRs at which fibers were collected.

Even though, there has not been previous works done in incorporating
curcumin and B-CD by means of dry-jet wet spinning, there are well estab-
lished research works for incorporating 3-CD and curcumin by electrospin-
ning. In this work, 1% curcumin and 2% of B-CD have been utilized according
to the work done by Coscia et al., (2018). Coscia et al., utilized various con-
centrations of curcumin (0 - 10%) in combination with cellulose and the IL,
1-Ethyl 3-Methyl Imidazolium diethyl phosphate (Emim DEP). According to
their results, the concentration of curcumin didn’t make much of a difference
and the properties of fibres were the same for 1% curcumin or 10% curcumin.
Therefore, in our work, keeping in mind the minimalistic approach of use of
chemicals, we decided to utilize 1% of curcumin with regard to the cellulose
weight. Additionally, the color of fibres from dopes 2 and 6 (both contained
1% curcumin) was also bright yellow, what is in line with the results of Coscia
et al.
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Figure 9: Appearance of fibres after spinning, washing and drying. (A) Fibres spun from
dope 9: standard IONCELL® fibres; (B) fibres spun from dope 8: 2% B-CD/10% Enocell5;
(C) fibres spun from dope 6: 1% curcumin/2% R-CD/10% Enocell5; (D) fibres spun from
dope 2: 1% curcumin/10% Enocell5.
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Table 6: Successful dopes and collected DRs.

Dope Contents of Type of Maximum DRs collected
dope spinning DR
2 1% curcumin, Monofilament 15 5, 8, 11
10% Enocell5
6 1% curcumin, Monofilament 18 5, 8, 11
2% [-CD, 10%
Enocell5
8 2% [3-CD, 10% Multifilament 14 5, 8, 11
Enocell5
9 13% Enocell5 Multifilament 14 5,8, 11

Cyclodextrins (CDs) are able to encapsulate a variety of molecules due to
their unique structure. Even though, the stoichiometry of most encapsulates
(inclusion complexes) are usually 1:1 i.e., one molecule of CD encapsulating
one other molecule, other versions, like 1:2 (1 CD molecule : 2 other mole-
cules), 2:1 (2 CD molecules : 1 other molecule) and 2:2 (2 CD molecules : 2
other molecules) are possible. The composition depends on the amount of
CDs and the interactions of the molecules (Kfoury et al., 2016). However, the
formed structure of the CD — dye — CD complex wasn "t verified within this
MSc thesis.

4.5 Fibre Testing

Fibre orientation and the elongation of the fibres produced at DR 5, 11 and 8
were measured (Figure 10). The orientation value was measured by birefrin-
gence, which is the determination of the optical properties of a material hav-
ing a refractive index. In general, the increase in total orientation of fibres is
only seen until a certain draw ratio, where after that at a certain draw ratio
the fibres no longer orient and a detrimental effect on the structure of the
fibre due to cellulose chain slippage might occur (Mortimer & Péguy, 1996).
With regard to the spinning, an increase in DR and consequently an increase
of the extensional stress in the air gap, results in an increased alignment of
the cellulose chains along the filament axis and leads to an increase in tenac-
ity and total orientation (Asaadi et al., 2018).
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Figure 10: Orientation and elongation of fibres at different draw ratios. (A) Orientation of
fibres from dope 2,6,8 and 9; (B) elongation of fibres from dope 2,6,8, and 9, shaded bars
are for dry elongation and unshaded for wet elongation.

The elongation of fibres depends on the orientation of the fibers and on
the applied draw ratio during fiber production. The elongation (both wet and
dry) for dope 6 containing both B-CD and curcumin is between the elongation
of the dopes 2 and 8. The elongation values ranged between 8 — 11% for all
fibre samples which is in alignment with the results achieved by Elsayed et
al., (2021). Elsayed et al., reported an elongation value of around 11% for fi-
bres spun with [DBNH][OAc]. Elongation is an important mechanical prop-
erty for diverse textile applications. There is a widespread for the values of
elongation at break for different DRs (Figure 10B). However, a decrease of
DR results in an increase of elongation. The average tenacity of all fibre sam-
ples at break is around 3.5 — 4.5 (cN/dtex) (Figure 11). This matches with the
results of (Suzuki et al., 2021). The maximum of Tenacity was reached in
most cases by DR8. Only in the presence of 3-CD the maximum Tenacity was
achieved by DR11. In general fibers, which contained 3-CD showed a reduced
elongation compared to standard fibers. The tenacity values are in the range
of the standard fibers produced at DR11, however, have not reached the te-
nacity of DR8 standard fibers. Besides, all of the dopes, which contained cur-
cumin showed as well reduced elongation values compared to the standard
dope. Tenacity values are close to the standard dope values, but in the pres-
ence of B-CD the reached stress values are shifted to the dope, which only
contains B-CD (Figure 10: red). However, the fiber properties might have
been compromised by the cellulose dope consistency, as the standard fibres
were produced by dope 9, a 13% enocell5 dope and all of the other fibers by
the use of dopes with a 10% enocells consistence. A higher cellulose concen-
tration increases orientation and in turn increases other mechanical proper-
ties of the fibre (Sixta et al., 2015). The elongation (Emax), dry and wet average
tenacity along with fibre orientation are given in table 7.
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Figure 11: Comparison of elongation vs. dry average tenacity of fibres from dopes 2 (Blue),6
(Cyan),8 (Red) and 9 (Black).

Table 7: Mechanical properties of spun fibres at different DRs.

Fibres DR *Emax (%) Average Tenacity Orientation
from (cN/tex)
dope Dry Wet Dry Wet
samples

2 5 9.8+ 12.2 36.8 + 341+ 0.67 £ 0.04
2.3 3.9 9.3 10.1

8 8.4+ 116 £ 435+ 298 + 0.74 £ 0.06
1.9 3.4 19.2 8.2

11 76+ 96122 436+ 35.7 0.80+0.12
1.8 5.4 7.8

6 5 8.6 + 122 345+ 341+ 0.70 £ 0.08
2.2 3.9 9.5 101

8 8.4+ 116 £ 435+ 298 + 0.75+£0.04
1.9 3.4 19.2 8.2

11 76+ 9622 436+ 357+ 0.77 £0.09
1.8 54 7.8

8 5 11.3 ¢ 10.2 £ 376t 38.1 0.64 +0.17
1.9 3.8 7.3 5.4

8 83+ 8734 385t 232+ 0.72+0.10
2.3 8.8 8.1

11 8.3 10.0 £ 40.2 + 42.7 + 0.69 +0.10
1.6 1.1 6.3 2.5

9 8 115+ 16.9 £ 45.7 + 449 + 0.70+£0.10
2.7 2.3 5.8 3.6
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11 11.0 = 15.2 = 38.8 £ 448 0.85+0.20
3.6 3.6 9.9 11.0

*Elongation (Emax)
4.6 FTIR and DSC/ TGA

FTIR spectra of the starting materials. curcumin. Enocell5 and 8-CD along
with the fibers produced by the dopes 2,6,8 and 9 are shown in Figure 12A.
The general trend for all fibers is similar. Enocells which is basically cellu-
lose, has characteristic broad peak at 3332cm- which is the O-H stretching
vibration. The peak at 2916cm™ is the CH: stretching. Peaks around
1436/1375 are the deformation of CH2/CH bonds. Whereas 1078cm- has a
strong peak which represents C-O-C stretching vibrations (Sun et al., 2021).
B-CD consists of glucose units and consequently it shows the same pattern as
Enocell5. Looking at the characteristic peaks of B-CD, it has a similar broad
peak in the region 3300 - 3400cm which also corresponds to OH group
stretching just like the Enocells. Another peak at 2929cm- is for symmetrical
or asymmetrical CH group stretching. Similarly, a peak at 1082cm might be
for CH and C-O stretching vibrations (Mohan et al., 2012). Curcumin repre-
sented by yellow curve (Figure 12A), shows a small sharp peak at 3508cm-!
correlating with OH group vibrations. Even though there are many charac-
teristic peaks for curcumin, which can be seen from the curves, the marked
ones (dashed lines) are the ones which are found in fibres (from curcumin,
B-CD and Enocells). Peak at 1272cm are the enol C-O peaks. Finally, the
sharp peak at 1023cm- represents C-O-C stretching (Kolev et al., 2005).
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Figure 12: FTIR, DSC and TGA thermograms. (A) FTIR spectra of Enocell5, curcumin, 3-
CD and fibers spun from dope samples 2,6,8 and 9; (B) DSC thermogram with TGA curves
of fibres spun from dope samples 2,6,8 and 9.

However, The Figure 12A is just an estimation as the structure of 3-CD
and Enocell5 are quite similar and might mask the presence of 3-CD (Mohan
et al., 2012). Peaks at 1150 and 1621cm-, found in this case, are C-O-C vibra-
tions of B-CD, benzene ring vibrations of curcumin and C=0O stretching
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vibrations of curcumin. The characteristic peaks of curcumin display a shift
to higher numbers caused by interactions of the benzene ring of curcumin
with B-CD (Mangolim et al., 2014).

Differential Scanning Calorimetery (DSC) is an excellent tool which can
provide useful qualitative insights on the physico-chemical state of the mol-
ecules involving complex formation and how the complexes interact with the
host-guest components (Yadav et al., 2009). At the beginning some differ-
ences are shown. (Figure 12B). After ~150°C the heat flows start to decrease
until around 300°C. From here onwards until 380°C, the peaks rise indicates
an endothermic transition reaction, until one point and then rapidly fall lead-
ing to further fall in heat flow until the end. Celebioglu & Uyar (2020) showed
in their work that there was an endothermic peak at 177°C which indicates
the melting of curcumin. However, in our case, this endothermic peak was
around 250°C in case of 1% curcumin, indicating. For dope 9 (standard ION-
CELL® fibres), there was no peak found, which indicates the presence of no
curcumin. Also, the broad small peak between 30 — 140°C, indicates water
loss. This is in accordance with the work of Celebioglu & Uyar (2019). This
broad peak could also mask the initial melting peak of curcumin. However,
in the cyclodextrin complexes, the melting of the guest molecules is not pos-
sible to detect with DSC because during the complex formation they are sep-
arated from each other and cannot form crystals (Narayanan et al., 2017).

Thermogravimetric analysis (TGA) is a technique which provides infor-
mation about the thermal stability of a material and it’s volatile components
by monitoring the changes in mass as a result of heating at a constant rate
(Rajisha et al., 2011). The TGA thermogram (Figure 12B — dotted lines) shows
a weight loss at around 300°C for all samples which is in accordance with the
DSC curves. The weight losses of dope 6 (1% curcumin and 2% B-CD) and 2
(1% curcumin) and the weight losses of standard dope and dope 8 are similar.
The similarity of standard dope and dope 8 is caused by the molecule struc-
ture. B-CD as well as enocell5 consists of glucose units. Moreover, the weight
loss of dope 2 (1% curcumin) is initially completely overlapping with the
weight loss of dope 6 (1% and 2% B-CD), however, differs at the end of the
transition reaction at inert conditions (helium atmosphere). This is in ac-
cordance with the work of Sharma & Satapathy (2021), but the transition re-
action started slightly at lower temperatures for dopes 2 and 8. The increased
weight fraction in later parts of the thermograms in case of dope 6 (1% cur-
cumin and 2% CD), might lead to the assumption that there are interactions
between the curcumin molecule and the 3-CD molecules. This might be an
indication of microcapsules formed between curcumin and B-CD (Rezaei &
Nasirpuri, 2018).

4.7 XRD results
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The crystallinity and the crystal dimensions of components in solid state can
be determined using XRD. The shift or reduction in diffraction peaks indicate
the formation of amorphous structures which can give insights about the for-
mation of inclusion complexes. However. these diffractogram patterns vary
according to the method utilized for inclusion complex formation. e.g. freeze
drying, kneading, etc. (Kfoury et al., 2016). Figure 13 shows the diffracto-
grams of the samples under consideration. The figure shows three major re-
flexes for all samples at around 12°, 20-23° and around 35°. There are some
other minor reflexes found at around 30° and 40° (French, 2014). Even
though the reflexes appear at the same angles for all samples, they vary in
intensity. The highest intensities can be observed for dope 8 and 2 fibres. On
the other hand. the intensity for dope 6 and 9 were almost close, but less than
those from the others. The labels in the plot depict the major crystal planes
of cellulose I polymorphs (Gong et al., 2017).

0,01 Standard IONCELL fibres (sample 9) 1% cur (sample 2)
1 —— 2% B-CD (sample &) 1% cur 2% B-CD (sample 6)

(110/020)

Intensity (A.u.)

26 (Degrees)

Figure 13: XRD patterns of fibers indicating cellulose Il crystal planes.

Curcumin in its raw powdered form shows a sharp reflex at 15°. However,
in this case, no peak was found. The structure of curcumin in raw form is
crystalline. On the other hand, B-CD has a semi-crystalline structure. There-
fore, these reflexes might be shifted and hidden by cellulose II (in dope 2 and
6) (Rezaei & Nasirpuri, 2018). Moreover, the appearance of the reflexes and
the intensity of curcumin including fibres (dope 2 and 6) are exactly the same
as shown by the work of Coscia et al., (2018). As mentioned earlier. curcumin
in its raw form is crystalline but when it is incorporated into the cellulose
structure or when it is in the form of inclusion complexes, it changes to amor-
phous forms. The explanation for this is that when inclusion complexes are
formed, the guest molecules cannot make their own crystalline aggregates as
they are separated by the cavity of B-CD molecules (Celebioglu & Uyar,
2020). Since the pattern for all the fibre samples is the same, it can be as-
sumed that the additives are hidden by the intensive peaks of cellulose II.
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Another aspect about curcumin is that it is hydrophobic and can make a non-
covalent bond with the hydrophobic structure of B-CD. This also predicts a
good ability to form inclusion complexes (Giordano et al., 2001). Nonethe-
less, there are same diffraction patterns observed for fibres where there is no
curcumin or guest molecules involved. For example in the case of dope 8 and
9, the reflexes in this case might be relating to the reflexes of cellulose II crys-
tals. The crystallinity index (CRI) and fibre dimensions of the samples were
analysed and are discussed in the SEM section.

4.8 Post-Spinning Dyeing of Fibres

Curcumin has a unique diketone functionality and exists in two tautomeric
forms: a keto form and enol form (Lykidou et al., 2021). This confirmation
makes it soluble in alcohols but insoluble in water (Tsatsaroni et al., 1998).
Also, curcumin has a lower affinity to cellulosic fibers which also makes it
difficult to be used as a dye for such fibres. For this purpose, usually some
pre-treatments for instance mordants are needed to facilitate the dyeing pro-
cess. However, many of these mordants are metallic components which are
toxic (Li et al., 2018). Due to the toxicity of these components, within this
work dyeing without the utilization of additives was pursued.

Fibres from dope 8 and 9 were tested for dyeing with 1% curcumin after
spinning to compare the effects of traditional dyeing and incorporating of
curcumin by B-CD. For post spinning dyeing trials, two different methods
were tested. First dyeing by the use of NaOH 2% (w/v) with 1% curcumin and
second dyeing by 30% ethanol (v/v) and 1% curcumin was utilized. The de-
tails are described in the methodology section.

A solution of NaOH helps to dissolve cellulose by breaking the intramo-
lecular hydrogen bonds and helps in regenerating cellulose. There have been
previous works where it was shown that NaOH with urea aqueous solution at
low temperatures causes cellulose-based fabrics to swell, hence NaOH can be
used for a solvent to facilitate dyeing. as demonstrated by (Li et al., 2018). In
the work of Peila et al., (2021), where they also utilized 2% NaOH as one of
the liquors of dyeing. They report similar results with cellulose acetate and
cotton fabrics. This could be due to the unavailability or low availability of
intrinsic groups of cellulose interacting with the dye molecules.

Moreover, under acidic and neutral conditions curcumin exhibits a yellow
color because it is in its keto form whereas in alkaline conditions or pH > 8,
it changes color to red which is due to its keto form (Figure 1A methodology
section). This alkalinity must be neutralized before washing, usually with
H-SO,. This neutralization step helps to gap the distance between the cellu-
lose molecules in a way that the dye molecule entrapped between cellulose
molecules are fixed in their position, hence stay in the cellulose structure
(Zhou & Tang, 2016).
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On the other hand, in case of solvents like ethanol, it appears that the fi-
bres are dyed much better. But since the pH of the 30% ethanol (v/v) solution
in water has a pH close to neutral pH (Deleebeeck et al., 2021), it is also not
a very effective dyeing liquor, but it is much better than the NaOH dyeing
trial. This is in accordance with the work of Hasan et al., (2014), where they
dyed cotton with curcumin and the maximum dye uptake was at pH 77 and at
alkaline pH the dye converts to its enol form hence the dye uptake was not
successful.

The first dyeing method performed with 2% NaOH was not successful.
Most of the dye was removed during the washing procedure and the fibres
were almost the same in appearance and color as before (Figure 15A). This
was caused by the instability of the dye at alkaline conditions. Therefore, an-
other method of dyeing by the utilization of 30% ethanol was tested. This
method was tested using fibres produced by dope 8 and 9. The fibres after
dyeing with ethanol appeared bright yellow for both fibre samples (Figure
14A,B), even though some color was lost while washing the samples. In this
study, the dyeing stability was further tested with washing fastness testing,
which is discussed ahead.

4.9 Washing Fastness & Brightness Testing

The color of the fibre samples prepared from dope 2,6,8,9 and post spinning
dyed fibres were measured by the determination of the CIE LAB color space.
The values are given in Table 8.

Figure 14: Comparison of spin dyeing and traditional dyeing by the use of EtOH. (A) Fibres
produced by dope 9 (standard IONCELL® fibres) dyed with 1% curcumin in EtOH; (B) Fibres
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produced by dope 8 (2% R-CD) dyed with 1% curcumin after spinning in EtOH; (C) fibres
spun from dope 6 (1% curcumin. 2% R-CD); (D) fibres spun from dope 2 (1% curcumin).

Figure 15: Comparison of fibers produced by spin dyeing and dyeing by the utilization of
NaOH and EtOH. (A) Fibres produced by dope 9 (standard IONCELL® fibres) dyed with 2%
NaOH and 1% curcumin after spinning; (B) Fibres produced by dope 8 (2% R-CD) dyed with
1% curcumin in 30% ethanol (v/v) after spinning; (C) Fibres produced by dope 9 (standard
IONCELL® fibres) dyed with 1% curcumin in 30% ethanol (v/v).

Table 8: Brightness measurements of fibre samples.

Fibre samples from Contents of CIE LAB Color

dope sample
L A B

2 1% curcumin 77.13 1.08 50.86 Yellow

6 1% curcumin, 69.16 3.72 57.21 Yellow
2% [-CD

8 2% [-CD 78.29 -0.01 7.93 Beige

9 13% Enocell 5  86.09 2.48 8.52 Beige

Post dyed fibres 13% Enocell 5 73.25 -0.10 17.92 Beige
from dope 9 (2%
NaOH)

Post dyed fibres 13% Enocell 5  76.01 7.72 77.25 Yellow
from dope 9 (30%

ethanol)
Post dyed fibres 2% R-CD 74.53 9.15 80.13 Yellow
from dope 8 (30%

ethanol)

Samples were tested for washing fastness for 30 minutes at 40°C (A1S test
according to European Standard ISO 106-Co06. 1997 (EN ISO 105-CO6.
2016). The dye of the fibres prepared from dope 2 and 6 (spin dyeing) re-
tained and the fibres prepared from dopes 8 and 9 which were dyed after
spinning with 30% ethanol and 1% curcumin lost their yellow color. It can be
assumed from these results that the fibres containing the dye during the spin-
ning were more stable in holding the dye than the fibres dyed after the
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spinning (Figure 15). Besides the color of the fibres prepared from dopes 8
and 9 which were dyed after the spinning changed from yellow to red partly
(Figure 16A & B). In order to assess the release of the dye and staining affect
on fabric, a multi-fibre fabric! as a reference was used. The color change and
staining grading is given in table 9.

Table 9: Results of the washing fastness test illustrating the color change and staining grad-
ing.

Fibres Contents Dyeing Color Multi-fibre fabric
from of the sam- (with 1% change staining grading
dope ple curcumin) grading 1 2 3 4 5 6

samples
2 1% curcumin Spin dyeing 4 5 5 5 5 5 5

6 1% curcumin, Spin dyeing 4 5 5 5 5 4/5 5
2% -CD
8 2% R-CD Post spinning, 1 5 5 5 3/4 3 5
with 30%
ethanol
9 13% Enocell5  Post spinning, 1 4/5 5 5 4 3 5
with 30%
ethanol
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Figure 16: Photograph of the washing fastness in combination with a multi-fibre fabric. (A)
fibres prepared from dope 9 dyed after spinning with 30% ethanol and 1% curcumin; (B)
fibres prepared from dope 8 dyed after spinning with 30% ethanol and 1% curcumin; (C)
fibres prepared from dope 6 containing 1% curcumin and 2% R-CD; (D) fibres prepared from
dope 2 containing 1% curcumin; (E) multi-fibre reference fabric.

The color fastness reached good values (4 and 5) in terms of fibre samples
produced from dope 2 and 6 (spin dyeing), as no staining and almost no color
change was observed. However, it has to be mentioned, that less amounts of

t Composition of the multi-fibre fabric layers: 1-Wool; 2- Acrylic; 3- Polyester; 4- Poly-
amide; 5- Bleached cotton and 6- Diacetate
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fibres produced from dope 2 were utilized for testing as recommended by the
standard due to the unavailability of sufficient amounts of fibres. Even
though there was a very small amount of dye released within the detergent
(Figure 17A), the difference between fibers produced with and without 3-CD
was not very pronounced. Also, in case of fabric staining, 4/5 grading was
assigned to fabric layer 5 (bleached cotton) in the case of fibres produced
from dope sample 6. This might be caused also by the difference in the
amount of fibres. If the amounts were the same, it is very likely that the effect
in both cases (fibers produced from dope 2 and 6) might be the same. In the
5th layer (bleached cotton) of the multi-fibre fabric (in the case of post spin-
ning dyed fibres) a red discoloration is shown. This effect also slightly varies
due to the difference in the used amount of samples. Even though almost
same color change and staining grading was assigned to these two samples,
the effect of color retention in the presence of B-CD can be detected through
the color release during washing (Figure 17B).

The red color appearance can be attributed to the presence of alkaline el-
ements in the detergent. Curcumin in contact with alkaline components
changes the structure to its enol form and hence the color to red.

, 3 -
Figure 17: Comparison of dye release during rinsing of samples post washing. (A) Detergent
collected after washing (1- fibre sample produced from dope 2; 2- fibre sample produced
from dope 6; 3- fibre sample produced from dope 8 dyed with 30% ethanol and 1% curcumin
post spinning; 4- fibre sample produced from dope 9 dyed with 30% ethanol and 1% curcu-
min post spinning); (B-left) second round of rinsing water collected by post washing of fibre
sample produced from dope 8 dyed with 30% ethanol and 1% curcumin post spinning; (B-
right) first round of rinsing water collected by post washing of fibre sample produced from
dope 8 dyed with 30% ethanol and 1% curcumin post spinning; (C-left) second round of
rinsing water collected from post washing for fibre sample produced from dope 9 dyed with
30% ethanol and 1% curcumin post spinning; (C-right) first round of rinsing water collected
from post washing for fibre sample produced from dope 9 dyed with 30% ethanol and 1%
curcumin post spinning.
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4.10 Fibre morphology

Figure 12 shows the cross-section and surface images of the fibres. It can be
seen from the cross-section that all fibres looked similar compared to the
standard IONCELL® fibres (Figure 18A). Fibrillar bodies are displayed by
the cross-section images of the fibres. Their outer appearances are also
mostly smooth except in the case of fibres where curcumin or B-CD was
added which show some bumps on the surface of the fibres. However. this
might be also caused by the coating of the fibres for SEM analysis.

Elsayed et al., (2021) described the fibres prepared with [DBNH][OAc] as
having fibrillar internal appearance while smooth outer surface. Moreover,
as the DR increases, the coagulation time decreases. This leads to higher ori-
entation and smoother fibres (Zhu et al., 2016). Crystallite size along with
crystallinity index (CRI) measured through WAXS are given in Table 10. The
CRI for fibres from dope 2 and 9 are the same, whereas for dope 6 and 8 the
CRIs are a little bit higher compared to the standard fibers (dope 9). This
means that the introduction of B-CD has an effect on the mechanical proper-
ties of the fibre.

Figure 18: Fibre morphology captured through SEM at various magnifications 1.73K — 329K
X). All fibres were produced by the use of DR8. The tope line shows cross section of fibres
whereas the bottom line shows appearance of fibres in general. (A) Fibres produced from
dope 9 (Standard IONCELL® fibres); (B) fibres produced from dope 8 (2% R-CD. 10% Eno-
cell5); (C) fibres produced from dope 6 (1% curcumin. 2% R-CD); (D) fibres produced from
dope 2 (1% curcumin. 10% Enocell5).

Crystallinity is the measure of the structural order of a material which
means the measurement or estimation of crystalline or amorphous regions
in a material. Crystallinity of cellulose is described in terms of crystallinity
index (CRI) (Refaat, 2012). The addition of curcumin doesn’t significantly
affect the crystallinity of cellulose fibres. Coscia et al., (2018) confirmed the
same results in their research. On the other hand, the increase in crystallinity
is attributed to the addition of B-CD (Sharma & Satapathy, 2021).

49



Table 10: Crystallite size and crystallinity index of fibres. Crystallite sizes are given for three
crystal planes (1710), (110) and (020) of the cellulose Il polymorph.

Fibre Contents Crystallite size (A) Crystallinity
samples of the (110) (110) (020) Index (CRI)
from sample (%)
dope
2 1% 386+0.7 348101 373x05 735+1.3
curcumin
6 1% 414+10 35501 358zx0.2 79.1+0.7
curcumin,
2% R-CD
8 2% R-CD 396+10 350+0.2 36.3+0.1 76.3+0.8
9 13% 385+17 349+09 373104 73.3+26
Enocell5

4.11 Quantification of R-CD

Generally, to find the amount of fixed 8-CD onto textile/fibre by gravimetric
estimation i.e. by measuring the weight of the sample material before and
after treatment with B-CD is possible. However, this method is not accurate
enough (Grechin et al., 2016). Phenolic dyes like Phenolphthalein and Phenol
Red are favorable to indicate quantitative amount of B-CD fixed onto fibres.
Phenol red in the presence of cyclodextrins changes its color from red to yel-
low. There are some studies on general quantification of cyclodextrins in tex-
tiles like the works of Grechin et al., (2016) and Bereck, (2010). Apart from
these, there are no established studies for the quantification of cyclodextrins
fixed on fibers. In the method of Dehabadi et al., (2014), phenol red was used
as a guest molecule to make inclusion complexes with cyclodextrins and then
washed with ethanol and alkaline water. Phenol red is insoluble in water and
hence it is first dissolved with ethanol and then pH is raised to 11. The unad-
sorbed dye molecules are washed with ethanol and as the samples are im-
mersed in alkaline water, the unfixed guest molecules are released from the
cavities of the cyclodextrin molecule. This can be observed by a slight pink
color change (Figure 19B). This is also confirmed by colorimetric measure-
ments with the presence of a peak at 559 nm (Figure 20A).

50



Figure 19: Color change observe during washing with alkaline water (pH=11). (A) No color
change was observed in fibres produced from dope 9 (standard IONCELL fibres); (B) slight
pink color observed in fibres produced from dope 8 (2% [R-CD).
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Figure 20: lllustration of extracted Phenol red from fibres produced from dope 8 and 9. De-
termination of the concentration through peak estimation at 559 nm. (A) Peak estimation for
fibres produced from dope 8 (containing 2% 3-CD); (B) Peak estimation for fibres produced
from dope 9 (standard IONCELL® fibres).

Figure 20 shows the presence and absence of peaks at 559 nm
from fibres with 8-CD and without B8-CD determined via UV/Vis spectros-
copy. The peak can be seen in all three samples of fibres produced from dope
8 which contained B-CD (Figure 20 A) while no peaks at 559nm were seen in
fibres produced from dope 9 which contained no B-CD and were simply
standard IONCELL® fibres (Figure 20B). These peaks helped to determine
the concentration of B-CD fixed onto the fibres and their accessibility to make
inclusion complexes (Table 11). The intensities of the peak located at 559 nm
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were determined and the concentrations calculated (see table 11) by the use
of the calibration curve of Phenol Red shown in Figure 21.

0-‘I 09 Linear (16/06/2022 10:24:48)
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Figure 21: Calibration curve for Phenol Red solutions (pH=11).

Even though this method was relatively easy to follow (as per in-
structions) for a coating of cyclodextrin on a cotton fabric, however this
wasn’t the case for our fibre samples. In the case of fibre samples, the fibre
samples had to be grinded to make sure that the extraction procedure was
homogenous throughout the entire fibre sample and each drying cycle was
made overnight to ensure complete removal of moisture which can affect the
measurements. 2% of B-CD was added into the dope mixture and this dope
was turned into fibers by spinning. 2% was added to establish the formation
of a 2:1 geometry in combination with curcumin. 1 molecule of Curcumin
might be trapped by 2 molecules of B-CD. However, the final structure was
not verified. The molecules arrange themselves in different ways by hydro-
philic and/or hydrophobic interactions.

Table 7: Quantification of 3-CD fixed onto the fibres and the amount accessible for encap-
sulation.

Sample Contents Amount of Amount of Amount of W.*(%)?
(from of the R-CD Enocell 5 used fibers for
dope 8) sample originally originally determination
used (g)' used (g) of B-CD in (g)
1 2% 3-CD 0.06184 159.08 1.0955 0.131
2 2% 3-CD 0.06184 159.08 1.0875 0.088
3 2% R-CD 0.06184 159.08 1.0459 0.173
Average 0.119 £ 0.03
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' This is the amount of B-CD added into the dope mixture according to the dry mass of
Enocell5. 2w.* is the weight fraction of R-CD fixed onto the fibre.

Considering that B-CD and the guest molecule (Phenol red) makes an in-
clusion complex in 1:1 geometry, only ~0.12% of B-CD was fixed onto the fi-
bres. The rest of the amount of B-CD that was initially added into the dope
might have only been on the surface of the fibres and must have been washed
away during spinning or when the fibres were washed after spinning. Also,
as a general rule, in most cases, only a part of added cyclodextrins will be able
to make inclusion complexes because of the unfavorable arrangements, pos-
sible polymerization of steric hinderance between molecules (Grechin et al.,
2016).

The values are in accordance with the results of Dehabadi et al., (2014).
This method works for fibres which doesn’t already have a guest molecule
included into the fibres with cyclodextrin. However, if there’s already a guest
molecule added (in the case of fibres produced from dopes 2 and 6, which
contained 1% curcumin), this method will be unable to quantify the accessi-
bility. For those samples, probably some other qualitative or quantitative
methods are needed.
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5 Summary/Conclusions

In this research work we explored the potential of IONCELL® technology
to prepare curcumin functionalized fibres through dry jet-wet spinning. The
main part of the research focused on using B-CD for incorporating curcumin
and dyeing the fibres by spin dyeing. The possibility of formed ICs were ana-
lyzed through various techniques like FTIR, DSC, XRD, TGA and SEM. The
research also compares traditional dyeing after the spinning with spin dyeing
as a sustainable alternative. Bright yellow fibres after spinning were obtained
at DR 5,11 and 8. The fibres had strong mechanical properties almost similar
to standard IONCELL® fibres. The spin dyed fibers retained the dye more
than traditional dyed fibers, as confirmed by washing fastness tests. The
amount of B-CD fixed onto the fibers was determined by UV/Vis spectros-
copy using Phenol red as a guest molecule.

This work opened up a new possibility to produce functional fibers by the
use of B-CD by means of the IONCELL® process. The IONCELL® process is
a sustainable process for textile manufacturing. Now by the outcome of this
work, new fibres with modified properties have been generated. However,
more studies are needed for testing the stability (light/storage) of curcumin
while being encapsulated by 8-CD in the IONCELL® fibres. Another im-
portant aspect is the evaluation of the biodegradability of the new IONCELL®
fibre and performing a life cycle analysis of these fibres.
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