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Summary

The polysaccharide chitin is one of the most abundant biopolymers in nature. Due to its excellent
properties such as biocompatibility, biodegradability, non-toxicity, and adsorptive abilities, chitin
is of high commercial interest. However, the lack of a clear and accessible melting point, as well
as insolubility in regular solvents hinder the development of chitin in creating high value-added
materials both by solid and solution processing. To overcome these limitations, this work focus
on the investigation and development of chitin based high performance biocomposite materials.
The other two most abundant biopolymers cellulose and lignin are used in this thesis for the

fabrication of biocomposite materials with chitin.

In this work, chitin based composite materials such as chitin/cellulose and chitin/lignin composite
materials are primarily fabricated via solution processing. Several different solvents were
investigated concerning their solubility on the biopolymers. Finally, the solvent system comprises
from the ionic liquid 1-butyl-3-methylimidazolium acetate (BminOAc) together with a bio-based
co-solvent, y-valerolactone (GVL) is considered as the most efficient solvent for the dissolution

of the three biopolymers.

The obtained composite chitin/cellulose materials from different solvent systems were
characterized in detail employing spectroscopic, morphological, and mechanical analysis
methods. The results illustrate that chitin/cellulose composites can be successfully obtained from
the two solvent systems as BmimOAc-GVL and DMACc/LICIl. Compared to DMAC/LICI, the solvent
system of BmimOAc-GVL is more sustainable and environmentally benign. It is therefore
considered as an efficient solvent for the fabrication of the chitin/cellulose composite materials.
Furthermore, it should be noted that chitin is not deacetylated into chitosan during dissolving in
BmimOAc-GVL, which is critical for the use of intact chitin in composite materials. Besides, the
used BmimOAc can be fully recycled, which indicates that the dissolution process is sustainable
and environmentally friendly. The wetting and permeability studies were additionally performed
on the composite chitin/cellulose composite films as well as the chitin coated cellulosic materials.
The analytical results confirm that the presence of chitin rendered all the composites, the surface
of the wood and cellulosic textiles more hydrophobic. Because the chitin layer coated on the
cellulosic textile slows down the penetration of water and oxygen (Oy), it is considered to have

potential applications as packaging materials or impregnating textiles.
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The fabrication of chitin/lignin composite films is successfully performed via solution processing
using the same solvent system (BmimOAc-GVL) as with chitin/cellulose composites. The
potential application of the chitin/lignin composites as a bio-film sorbent for environmental
remediation is studied in this work. The result illustrates that the chitin/lignin composite films
exhibit a high adsorption capacity for Fe(lll) and Cu(ll) cations from aqueous solutions.
Furthermore, some excellent properties of the composite film such as stability in aqueous
solution, facile as well as reusability suggest that it might be utilized as a biosorbent in water
purification.
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Zusammenfassung

Das Polysaccharid Chitin ist weltweit eines der h&ufigsten naturlichen Biopolymere. Aufgrund
seiner herausragenden Eigenschaften wie der Biokompatibilitit, der Bioabbaubarkeit, der
Ungiftigkeit und seinem Potential als Adsorber, ist Chitin fir die Industrie von besonderen
Interesse. Aufgrund der Nichtvorhandensein ein definierten Schmelzpunktes und seine
Unl6slichkeit in organischen Losemitteln steht eine Herausforderung fir die Entwicklung von
chitinbasierten Hoheleistungswerkstoffen da. Um diese Einschrdnkungen zu uberwinden,
wurden in dieser Arbeit chitinbasierte Kompositmaterialien mit dem Ziel untersucht, neuartige
Bioverbundwerkstoffe zu entwickeln. Cellulose und Lignin, ebenfalls sehr haufig in der Natur
auftretende Biopolymere, wurden im Rahmen dieser Arbeit dazu verwendet, um

Verbundwerkstoffe mit Chitin zu generieren.

Chitinbasierte Verbundwerkstoffe wie Chitin/Cellulose- und Chitin/Lignin-Komposite wurden im
Wesentlichen aus einer Lésung hergestellt. Hierflr ist ein nachhaltiges Losemittel fur diese
Biopolymere wiuinschenswert. In dieser Arbeit wurden verschiedene Ldsemittelsysteme
hinsichtlich ihrer Lésekraft von Biopolymeren untersucht. Als vielversprechendstes und zugleich
umweltfreundlichstes  Losemittel stellte sich die ionische  Flissigkeit, 1-Butyl-3-
methylimidazoliumacetat (BmimOAc) mit dem biobasierten Co-Losungsmittel y-Valerolacton
(GVL) heraus.

Die so aus verschiedenen Lo&semittelsystemen gewonnenen  Chitin/Cellulose-
Verbundwerkstoffe wurden genauer mittels spektroskopischer, morphologischer und
mechanischer Analysemethoden detailliert untersucht. Die Analysen ergaben, dass Chitin nicht
zu Chitosan deacetyliert wurde, was fur die Verwendung von unmodifiziertem Chitin in
Verbundwerkstoffen entscheidend ist. Es kommte weiterhin gezeigt werden, dass die mittels
BmimOAc-GVL (8:1, mol:mol) hergestellten Komposite ebenso gute Ergebnisse zeigten wie die
mittels DMAC/LICI erzeugten. Allerdings ist die BmimOAc-GVL-Route nachhaltiger und
umweltfreundlicher, weshalb die Chitin/Cellulose-Komposite in dieser Arbeit auf diese Weise
gefertigt wurden. Dariiber hinaus kann das verwendete BmimOAc recydiert werden, wodurch die
ionische Flussigkeit in mehreren Prozesszyklen eingesetzt werden kann, ohne dass sich dabei
eine merkliche Verschlechterung der Eigenschaften der Komposite einstellte. Aul3erdem zeigten
Benetzbarkeits- und Permeabilitdtsversuche sowohl an Chitin/Cellulose-Verbundwerkstoffen als
auch an mit Chitin beschichteten Cellulosegeweben, dass durch das Chitin die Oberflachen von

Holz und Cellulosetextilien hydrophobisiert warden konnen. Zudem verringerte die

Vv
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Chitinbeschichtung neben dem Eindringen von Wasser auch die Sauerstoffdiffusion, wodurch
ein Potential fir eine mdgliche Anwendung als Verpackungsmaterial oder undurchlassige
Gewebe fur Hygieneartikel gegeben ist.

Die Herstellung von Chitin/Lignin-Kompositen erfolgte ebenfalls mittels BmimOAc-GVL (8:1,
mol:mol). In dieser Arbeit wurde eine mdgliche Anwendung dieses Verbundwerkstoffs als
biobasiertes Adsorptionsmittel in Form einer Folie untersucht. Es zeigte sich, dass der
Biosorptionsfilm ein hohes Adsorptionsvermdgen fir Fe(lll)- und Cu(ll)-Kationen in wassrigen
Ldsungen aufwies. Des Weiteren sind eine hohe Stabilitdt, eine einfache Anwendbarkeit, eine
leichte Desorption und eine gute Wiederverwendbarkeit kennzeichnend fur die Kompositfolie,
weshalb eine mdgliche Anwendung der Einsatz als neuartiges und erneuerbares

Biosorptionsmittel fir die Wasseraufbereitung sein kann.

Vi
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1 Introduction

1.1 Chitin based composite materials

Within the last decade, the plastic pollution has drawn increasing public and scientific attentions.
Especially in marine systems, plastic pollution represents the dominant type of anthropogenic
debris [1]. Around 75-80 million tons of packaging plastics used globally each year end up in the
oceans, which can have a significant impact on marine ecosystems [2,3]. Furthermore, those
plastic wastes can be degraded into secondary microplastic, which consists of particles less than
5 mm in size and is therefore hard to be detected. Additionally, due to the large adsorbent
surface, the microplastic can also easily transport the pollutants into fish and other marine
organisms so that worse the pollution [4]. Hence, development of alternative materials, which
are renewable, environmentally benign and sustainable in terms of resourcing, production and
end-use-applications have attracted more and more attentions [5]. Products made from
renewable and sustainable natural polymers are increasingly demanded from consumers,
industry, and governments. Especially in recent years, much attention has been focused on
research to replace petroleum-based commodity plastics, in a cost-effective manner, using
biodegradable materials offering competitive mechanical properties [6,7]. The natural polymers
from annually renewable agricultural and biomass feed stocks can offer an alternative to fossil
based non-biodegradable polymers where recycling is impractical or not economical [8].
Biopolymers as chitin, cellulose and lignin are considered as the most promising materials for

this purpose [9].

Considering the current demand for reducing environmental impact, concern is being placed on
not only renewable resource but also new technologies for development of innovation
sustainable materials [7]. A polymeric composite material is usually defined as the combination
of two or more different components, in which one plays the role of polymer matrix material while
the other performs as a filler or reinforcement [10]. Progress in the field of materials technology
has given birth to a fascinating and novel class of material called biocomposites [11].
Biocomposites consist of low-cost, biodegradable and sustainable polymers, which are
considered as an environmental waste management option [12]. Furthermore, biocomposites
might yield improved properties such as higher mechanical strength and stiffness by overcoming
the shortcomings of the single biopolymer [13]. Therefore, biocomposites are considered as a

promising alternative to conventional fossil based materials. For example, natural/biofiber
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composites are emerging as a viable alternative to glass fibre reinforced composites especially
in automotive and building product applications [14]. Biofiber-filled derived thermoplastics and
thermosetting polymers have been extensively used for composites manufacturing [15,16].
Biocomposites applied as medical tissue materials, which have been adopted and developed by
many industrial companies since 1990s [17].

According to the different compositions, biocomposites can be mainly classified as i) bio-based
composites and ii) green composites [18]. Bio-based composite materials are composite
materials made from natural/bio fibre and fossil oil derived non-biodegradable polymers.
Whereas green composite material is made from all biodegradable polymers, which are obtained
from natural renewable resources by fractionation, fermentation or genetic modification and
chemical synthesis process [18]. The bio-based composite materials present the comparable
properties to the conventional petroleum-based materials. Additionally, they are environment
benign to a large extent [19]. However, the bio-based composite materials are not completely
degradable and recycling is often impractical. On the other side, the green composites can be
completely decomposed without any environmental impact [20]. Hence, green composites are
considered more eco-friendly and are therefore attracting more and more scientific and industrial
attention. Accordingly, green composites with further developments and improvements in
performance would be the most viable alternative materials to conventional petroleum based

materials in the near future.

Chitin is considered as an optimal natural polymer for obtaining green composites due to its
characteristics such as chemical stability and non-toxicity [21-23]. Over the past several decades,
there has been extensive research on chitin based composite materials. It was reported that
composite materials from chitin and polylactic acid show significantly improved properties such
as higher tensile strengths and lower coefficient of thermal expansion [24]. Several research
reports suggested potential applications for chitin based composite materials such as barrier
films, antimicrobial films, transparent films, flexible displays reinforcing fillers, biomedical
implants, drug delivery, fibres and textiles, separation membranes, electro-active polymers, and
many others [25-27]. Although some researchers have investigated the potentials of green
composite materials from chitin with the other two most abundant natural polymers as cellulose
and lignin [25,26,28], the development of a sustainable and environmentally friendly process for
the chitin based green composite materials with high performance is still required. Especially,
there are almost no research reports regarding the deacetylation of chitin from the dissolution
process [29,30]. Hence, the development of a green process for utilizing chitin persists as a

crucial interest for researchers.
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1.2 Structures, properties and applications of the
biopolymers

1.2.1 Chitin

Chitin is an amino-polysaccharide, which consists of a glucose polymer linked through  (1—4)
glyosidic linkages bearing acetamido groups at the C-2 positions as Figure 1.2 shown. It is
synthesized from units of N-acetyl-D-glucosamine as 2-(acetylamino)-2-deoxy-D-glucose [31].
This allows for increased hydrogen bonding between adjacent polymers, giving the chitin-
polymer matrix increased strength [32]. On the other hand, the rigid molecular structure of chitin
forms a strong inter- and intramolecular hydrogen bond, which leads to a lack of solubility in

water and common organic solvents [25].

Chitin in its native form is a slightly yellow and brittle polysaccharide. In its pure, unmodified form,
chitin is translucent, pliable, resilient and tough [21]. Chitin was first isolated by Bracnnot in the
year of 1811. He isolated chitin from mushrooms with diluted warm alkali solution and found it
was the distinct substance, which is responsible for the abundance of nitrogen in fungi [33].
Then, Odler found that there is the same substance in the structure of insect and plant in 1823.
He named this substance as chitin, which is derived from the Greek term yitwv (chiton),
meaning covering and refers to a marine animal with a protective shell [33, 34]. Since 1844,
chitin is considered as one of the most abundant natural polysaccharides [21]. The chemical
structure of chitin was elucidated by Ledderhose in 1878 as the composition of glucosamine and
acetic acids [33]. In 1929, Hofmann first determined the specific chemical structure of chitin

through an enzymatic degradation method [32].

Chitin occurs primarily as a characteristic component of the cell walls of fungi, the exoskeletons
of arthropods such as crustaceans (e.g. crabs, lobsters and shrimps), and insect cuticles as well
as in the internal structure of invertebrates. It serves in many functions where reinforcement and
strength are required [21]. Chitin is produced in large quantities as a by-product (secondary
resource) in the course of shrimp meet production [35,36]. One of the industrial processes for
producing chitin is by fermentation [37]. Another is to extract chitin from crustaceans by acid
treatment in order to dissolve the high concentration of calcium carbonate present in shrimps or
crab shells, which is followed by alkali treatment for removing proteins [21, 36]. After that, a
decolourization step is often applied to remove the pigments to obtain a colourless chitin product
[27].
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Figure 1.1: Chitin source and the commercial powder.

CH, (I:H3

Non-reducing ends Reducing ends

Figure 1.2: Chemical Structure of chitin.

Chitin can be classified as a-, - and y-chitin according to its crystalline structures (polymorphs).
The polymer chains are actually arranged in sheets or stacks. In a—chitin, the adjacent sheets
along the c-axis exhibit an opposite direction and they are antiparallel with respect to the
reducing ends of the polysaccharide chain. In B-chitin, adjacent sheets along the c-axis show the
same direction and they are parallel. In y-chitin, every third sheet exhibits the opposite direction
regarding the two preceding sheets [37,38]. a-Chitin is the most common polymorph and has
been investigated more extensively than the two other polymorphs. a-Chitin is mostly present in
crabs, shrimps shells, krill, lobsters, insect cuticle, as well as fungal and yeast cell walls. It is
also found in some marine living organisms such as cone snails [21]. a-Chitin usually presents a
remarkably high crystallinity and high purity. In addition to native chitin, it is possible to obtain a-
chitin through recrystallization from solution, in vitro biosynthesis and enzymatic polymerization
[38]. The polymorph B-chitin is mainly found in chitin samples isolated from squid pens and
tubeworms. It also occurs in some seaweeds and protozoa. A pure form of B-chitin is rare and
only found in the monocrystalline spines excreted by the diatom Thalassiosira fluviatilis [33,39].

Opposed to a-Chitin, B-chitin is impossible obtain via a solution process or through in-vitro
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biosynthesis [21]. Very few studies have been carried out on y-chitin. Some reports suggested
that y-chitin might only be a distorted version of either a- or B-chitin rather than a true third
polymorphic form [27,35,40].

Chitin is the most abundant polymer after cellulose in the world, the main commercial sources of
chitin are crab and shrimp shells until now [21]. Additionally, the chitin waste from shrimp meet
production is a major source of surface pollution in coastal areas. For instance, the annually
amounts of chitin waste in India was estimated to about 60,000-80,000 ton [41]. Chitin has
unique properties including polyoxysalt formation, the ability to form films, to chelate metal ions
and optical characteristics [6]. Those properties allow the efficient use of chitin as a
biodegradable new functional material, which could be used as a high potential alternative for
replacing of the petrochemical based materials in various fields [21,23]. For instance, chitin is of
commercial interest as a chelating agent used in food and cosmetic industries [22]. Chitin and
chitin derivatives have been reported over the last three decades that they could be used to
inhibit fibroplasia in wound healing and to promote tissue growth and differentiation in tissue
culture [21]. Chitin films and fibres have been developed in medical and pharmaceutical
applications as drug release and carrier materials [21,27,33]. Furthermore, chitin based
materials have found applications as biosensor and for the remediation of industrial pollutants
[27].

Chitin is mainly produced commercially in India, Poland, Japan, the US, Norway and Australia.
Although chitin has an annual production of more than 107 tons, it has long been underutilized
[21,30,42]. There is considerable research in progress on biopolymers such as chitin worldwide
[21]. However, due to its insolubility in ordinary solvents, chitin is difficult to characterize and
process. Furthermore, the diversity sources and the organization state in solid state of chitin is
responsible for the quality of the commercial chitin available. Therefore, this results cause many
difficulties for chitin transformation and chemical modification. Furthermore, the high cost of
purification and modification of chitin is also one of the factors that hinder its industrial
development in industries. Though much work has been performed on the exploration of chitin in

its utilization, difficulties remain in the development of new applications [27,42,48].

Recent progress of chitin chemistry is mostly focusing on chemical modification including
acylation, alkylation and reductive alkylation, carboxyalkylation, phthaloylation, silylation,
tosylation, quaternary salt formation, and sulfatation and thiolation [43]. Deacetylation of chitin
yields chitosan, which is known as a main commercial product with applications as biomaterial in

biomedicine, agriculture, food, and cosmetics. Since it has be described as the N-deacetylated
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derivative of chitin, it is also a linear polymer of B (1, 4)-linked 2-amino-2-deoxy-B-D-
glucopyranose [21]. Chitosan is usually characterized by the degree of acetylation [21]. The
degree of acetylation (DA) of chitin is close to 0.90. Chitosan is the fully or partially N-
deacetylated derivative of chitin with a DA of less than 0.50 (Fig 1.3) [37]. Usually, chitosan is
obtained by hydrolysis of chitin with alkaline hydroxide solution at a concentration of 30-50%
(w/v) and high temperature (100 °C) for 1-3h (Fig. 1.3) [44]. Because chitosan is water soluble in
acidic or neutral media, it can be much easier processed than chitin. However, compared to
chitin, chitosan materials exhibit lower chemical stability as well as decreased mechanical
properties [21]. The deacetylation processing of chitin for yielding chitosan mostly exhibits
disadvantages such as high energy loss, high cost and so on [45,46]. Some solvent systems
such as aqueous NaOH/urea, strong acids could also lead to accumulation of pollutants [47,48].
Therefore, a fabrication process for biocomposits by directly using chitin as a raw material

instead of modified or deacetylated chitin would be quite favourable.
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Figure 1.3: Partially deacetylated chitin (a), fully deacetylated chitin (b) and deacetylation of
chitin (c).

1.2.2 Cellulose

The natural polysaccharide cellulose is one of the most abundant biopolymers and renewable
natural resource in the world with an annual production of around 1.5 x 10*? tons [49]. As the
primary source of biofuels and value-added product, cellulose is considered as a promising
alternative to non-renewable natural resources for the sustainable supply of fuel and chemicals

in the future [50]. The composition of cellulose, isolated from plant cell walls, was first
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determined and described by Anselme Payen (1795-1871) [51]. Cellulose is mainly produced
from lignocellulosics, such as wood and lignified higher plants and is the main constituent of the
plant cell walls [52]. Additionally, it also can be produced in some algae, fungi and bacteria
species. Due to the promising properties of cellulose such as mechanical strength,
biocompatibility, biodegradability, hydrophilicity, relative thermal stability and high sorption
capacity for water, it has significant industrial applications [50,51]. For instance, the cellulose-
containing materials and their derivatives have been widely used in humanity for the production
of paper, textiles, cosmetics and many other industrial products [53]. Furthermore, extensive
research has been carried out world-wide to convert cellulose into biofuels, feedstock chemicals

and bio-based materials [54].

Figure 1.4: Conversion of lignocellulosic plant source into cellulose powder.

Cellulose is a colourless, odourless, and nontoxic solid polymer. It is chemical structure is a
glucose based homopolymer linked through B-(1—4) glycosidic bonds, Figure 1.5 [52]. Cellulose
can be regarded as a linear polymer composed from a repeating unit of cellobiose and each unit
bears six hydroxyl groups. The large number of hydroxyl groups present in the structure leads to
a highly hydrophilic cellulose chain. Furthermore, these hydroxyl groups and their ability to form
intermolecular hydrogen bonds play a major role in directing the crystalline packing of cellulose
[55]. Infrared spectroscopy and X-ray diffraction studies of cellulose organization in plants have
shown that the main portion of cellulose is constituted of highly structured crystalline regions
(highly ordered) with amorphous regions (less ordered) [56,57]. Generally, the crystallinity index
Cl of cellulose in wood-based fibres is about 60-70% and in other plant-based fibres is about
90-99% [58]. The crystallinity of cellulose is one of the key characteristics affecting its properties,
including its reactivity, mechanical performance, water absorption, and biodurability. The

cellulose amorphous region can absorb water more easily due to its facile accessibility [59]. This
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means that, the amorphous regions are more prone to acid hydrolysis and result in shorter and
crystalline fragments such as microcrystalline cellulose [60].

@ B hydrogen bond |

—B (1—4) glyosidic bonds -

(b)  Crystalline Amorphous
region region
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Figure 1.5: Chemical structure of cellulose and its intra molecular hydrogen bonds (a) and the
crystalline and amorphous regions in cellulose (b).

Cellulose-l is the crystalline type in native cellulose while cellulose-Il, -1ll, and -IV are the other
common allomorphs of cellulose. The existence of two different crystalline forms in native
cellulose, la and IB, was first demonstrated from nuclear magnetic resonance (NMR)
experiments with cross polarization/magic angle spinning (CP-MAS) [56,61]. The cellulose la
crystal has a triclinic unit cell and is predominantly found in algal-bacterial celluloses, while the
cellulose IB exhibit a monoclinic unit cell and is the allomorph present in the cellulose typically
derived from annual plants (ramie and cotton) [56,62]. Both of the two forms are present in
native cellulose but with a different fraction according to the various source of cellulose. It was
reported that the cellulose from tunicates (a sea animal) consists of I phase with around 90%,
whereas freshwater algal consist of nearly pure la cellulose (approximately 90%) [56,63]. It
should be noted that cellulose-ly is a metastable form and can be converted into the Ig form by
an annealing treatment [56]. Cellulose-1l is generally formed by mercerization or regeneration
from its solutions [57,64]. Cellulose-lll can be formed from either cellulose-I or cellulose-II by
treatment with liquid ammonia. Cellulose-IV is obtained from the corresponding form of

cellulose-lIl by heating in glycerol [65,66].
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The degree of polymerization (DP) indicates the number of glucose units AGU ((CsH100s)n) in
the cellulose chain [60]. The DP of native cellulose in wood is about 10,000 glucose units and is
around of 15,000 glucose units in cotton. The DP varies not only according to the sources of
cellulose, but also within the extraction methods [50, 56]. However, the DP is reduced under
hydrolysis condition, which includes temperature, acid concentration and time [60]. It was
reported that a DP of native cellulose in cotton is reduced from 14,000 to about 2,500 by
purification processes [56,60].

Microcrystalline cellulose (MCC) is purified, partially depolymerized cellulose, where the fraction
of the amorphous regions is reduced by acid hydrolysis. The DP of MCC is below 350 glucose
units [56,60]. MCC is obtained at an industrial scale through hydrolysis of wood and cotton
cellulose by using dilute mineral acids [56]. Different properties of MCC (crystallinity, moisture
content, surface area and molecular weight, etc.) vary within the cellulose sources and the
conditions of hydrolysis [67]. The degree of crystallinity index (ClI) of MCC is reported between
60% and 80% according to different determination methods as X-ray diffraction and infrared
spectroscopy as well as the other data evaluation methods and analysis. Due to the higher
crystallinity, MCC presents relatively higher mechanical strength but lower chemical reactivity
[66,68]. It is a very promising cellulosic reinforcement for composite materials for plastic
industries [69]. Furthermore, because of the relatively low bulk density, broad particle size
distribution, high surface area of MCC, it presents unigue binding properties. Therefore, MCC is
one of the preferred direct compression binders [56,70]. MCC has been widely applied in
medical tablets as an efficient binder for pharmaceutical ingredients and as a fat replacer and
stabilizer in food industries [66]. Additionally, MCC is lubricant sensitive, strain rate sensitive and
cohesive. It therefore also finds applications in cosmetics industry [66,68]. Last but not least,
some other advantages as broad compatibility, physiological inertness, and facile handling of
MCC makes it as an optimum source for the development of a hew generation of biodegradable

composite materials [57].

1.2.3 Lignin

Lignin is one of the three basic biopolymeric components from wood and also one of the most
abundant biopolymers next to cellulose and chitin [71]. Lignin constitutes about 15-30 wt% of all
lignocellulosic biomass. It is abundant in the cell walls of terrestrial plants, which is typically
contain 16-33 wt% of plant biomass and it serves as the matrix or binding agent for cellulose

and polyoses [72]. The amount of total lignin biomass was estimated about 300 billion tons in the
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year of 2012 and around 20 billion tons of lignin is formed every year. In 2010, 50 million tons of
lignin was produced in the paper and pulp industry, of which only two percentages were used in
commercial applications [39]. However, it should be noted that this is only estimated data.
Because most of the lignin is thermally converted into energy after production, there are almost
no reliable statistics on this issue [71].

Polyoses Cellulose
35-40%
25-35% °

Lignin
20-30%

Figure 1.6: Three essential components of wood.

Lignin is a complex aromatic heteropolymer derived mainly from three hydroxycinnamyl alcohol
monomers differing in their degree of methoxylation. The three monolignols are p-hydroxyphenyl
H, guaiacyl G, and syringyl S phenylpropanoid units, respectively, Figure 1.7 [73,74]. The
chemical structure of lignin is complex. It is referred to as a three-dimensional amorphous
polymer composed of monolignin structures [75]. The empirical formula for lignin was reported
as CgHi1002(OCHs),, with n being the ratio of MeO to Cg groups: n = 1.4, 0.94 and 1.18 for
hardwood, softwood and grasses, respectively [73]. The amount and composition of lignin varies
among taxa, cell types, and as well as the individual cell wall layers and they are influenced by
developmental and environmental cues [76]. For instance, lignin extracted from hardwood
consists principally of guaiacyl G and syringyl S units, whereas lignin from softwood is
composed mostly of guaiacyl G with low levels of p-hydroxyphenyl H units. Lignin from grasses
has equivalent level of guaiacyl G and syringyl S units and more hydroxyphenyl H units than the
former [75].

10
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Figure 1.7: The structures of the three monolignols and their subunits.

The main role of lignin is to provide mechanical strength to the cell walls in the plants.
Furthermore, it also functions as regulator for the water transport. Additionally, lignin also plays
an important role in plant defence with its anti-bacterial properties against microorganisms [76].
Because of the complex molecular structure and the large heterogeneity of its feedstock, the
applicability of lignin for high-valued applications is limited. Lignin is currently mainly used in low
value-added applications as waste or low-grade burning fuel. Only a small amount is utilized in
concrete additives, stabilizing agents or dispersants and surfactants in paper industry [77].
Lignin is mainly extracted through pulping chemical processes, which produce technical lignin
[78]. According to different lignin source and pulping processes, technical lignin can be classified
into Kraft lignin, lignosulfonates, soda lignin and organosolv lignin. The Kraft pulping is the
dominant process for industrial lignin production [72]. Chemical modification of lignin occurs
during cooking of wood chips in an aqueous solution of sodium hydroxide and sodium sulphide
at 170 °C for about two hours [79]. During this treatment, the hydroxide and hydrosulphide
anions from the solvent are react with lignin and leads the biopolymer to fragment into smaller
water/alkali-soluble fragments. As a result, the linkages between the phenylpropanoid units are
cleaved. Therefore, the resulting Kraft lignin is hydrophobic and has a high sulphur content (1 to
2 wt%) [77].The sulphite process is similar as the Kraft process except using the acidic medium

instead of the alkaline one. The obtained lignosulfonates are water-soluble and with sulfonate
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groups present on the aliphatic side chains [77]. The main industrial uses of lignosulfonates are
as binders, cement adhesives, and tanning leather [80]. Different from the previous two
processes, the soda process uses non-wood raw material for chemical pulping and without
additional sulphur in the pulping process. Compared to Kraft lignin and lignosulfonates, soda
lignin is much closer to the composition of natural lignin and can be used directly without
purification. Furthermore, it can be reapplied in many industrial applications after chemical
modification [77]. The organosolv pulping process was invented by Theodor Kleinert in 1968 as
an environmentally benign alternative to Kraft pulping [81]. The organosolv pulping process
applies a solvent fractionation technique to separate lignin molecules into fractions with low
polydispersity and defined properties [72]. The processes includes: 1) The use of a variety of
organic solvents for successively dissolving lignin fractions with specific properties [81,82]; 2)
precipitation of lignin by using hexane, agueous ethanol, acetone or water [83]. It has to be
noted that many solvents used for precipitation fractionation are non-toxic and environmental
benign [84]. The organosolv lignin might be applied in pulp and paper manufacturing and for
bioethanol fuel productions [85]. However, due to the low molecular weight and hydrophaobicity,

organosolv lignin shows a poorer quality on the pulp productions than Kraft lignin [77,86].

Although Kraft lignin is utilized as an energy source for a modern Kraft mill for many years, many
reports have indicated that this pulp mill also has the potential to be reengineered into a
production, which would not only contribute to paper, energy, chemical feedstock but could also
serve as renewable bio-based materials [87,88]. The broad visions of the biomaterials are
including renewable biobased polymers, biocomposites, and biofuels, which are synthesized by
utilizing lignin as a bioresource. Because lignin is considered to mechanically support plant cell
walls in nature, extensive studies have been carried out on lignin-reinforced polymer composites
by using lignin as a reinforcing agent in the polymer matrix [77]. For instance, it was reported
that lignin-based polyurethane foams are widely studied materials with porous structures by
utilizing of lignin as a reinforcing agent [78,80,89]. Furthermore, lignin has been used as
reinforcing agent for the rubber thermoplastic systems [77]. Meanwhile, lignin-based phenol-
formaldehyde resins were presented for potential applications in electronics, railways, building
and construction products such as coatings, insulation, lamination, and wood bonding systems
[90]. Due to the aromatic rings with hydroxyl and methoxy functional groups, lignin was reported
to have antioxidant properties in composites with other polymers [77,90]. Studies were also
carried on for developing lignin based materials requires for antioxidation activity in food
packaging applications [80]. Last but not least, there were also various reports on lignin based

copolymers applied as UV-absorbent coating materials [77].
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Figure 1.8: Kraft pulping process.

However, raw lignin, without any chemical modification, shows a brittle and immiscible
characteristic, which hinders its wide application [77,91]. Most utilization of raw lignin was the
incorporation of inexpensive lignin into industrial polyolefin for reducing the costs of the final
products [92,93]. Indeed, lignin-based materials might have a bright future as a promising
alternative to traditional petroleum based materials [94]. Since the current improvement of
chemical processing today, chemical markets might be open for lignin products, which can meet
the needs of these new end products and develop them with novel properties [95]. Along with
the concerns of the increasing environmental issues, the development of lignin-based polymeric
materials by utilizing unmodified lignin is a rational start to the wide use of this sustainable
biopolymer [96-98].

1.3 Processing technologies for chitin based composite
materials

The commonly processing technologies for manufacture green composite materials include
physical and chemical techniques. Processing such as press moulding, lamination, filament
winding, pultrusion, extrusion, moulding and compounding belong to physical techniques [99].

Chemical techniques include fractionation, fermentation, chemical modification or synthesis and
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solution processing, etc. [6]. Compared to physical techniques, chemical processing techniques
show more contributions for the development of novel sustainable biopolymer composite
materials [18,30].

1.3.1 Chitin/cellulose composite materials

The development of efficient solvents is considered to have a crucial impact on the processing of
chitin/cellulose composites. The solution processing can provide access to new composite and
hybrid materials in the form of fibres, films, nanomaterials, gels, and membranes with a high

performance in various applications [6,25,28,47].

Figure 1.9 illustrates the solution process route for the production of composite chitin/cellulose
materials. The first step is the dissolution of the two biopolymers in a suitable solvent. Then, the
resulting mixtures are shaped into the required form by using e.g. a mould. After that, an anti-
solvent such as water or ethanol is added for the regeneration of the biopolymers from the
solution. At last, the obtained composite is repeated washed with water or ethanol until the
solvent is completely removed. It should be noted that, the dissolution of the two biopolymers in
an efficient solvent is the crucial step in the whole process. However, according to various
research reports on fabrication of chitin/cellulose composites by solution processing, only a few

solvents can be used for the dissolution of native cellulose or chitin [25,30].

Suitable solvents for dissolving chitin and cellulose are the conventional polar solvent systems
as N-methylmorpholine-N-oxide (NMMO) [100], dimethylacetamide/lithium chloride (DMAC/LICI)
[101], lithium chloride/N-methyl-2-pyrrolidone (LiCI/NMP) [102], paraformaldehyde/dimethyl
sulfoxide (PF/DMSO) [103], and calcium chloride dihydrate/methanol (CaCl,*2H,O/MeOH) [104].
However, the toxicity or corrosive properties of these solvent systems can inhibit batch

production and potential application of the resulting composite materials [105].
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Figure 1.9: General scheme of the solution processing for the fabrication of chitin/cellulose
composite materials.

Two other solvent systems, which present a considerable good solubility for biopolymers are
deep eutectic solvents (DES) and alkali/urea (thiourea) agueous systems. DES is obtained by
heating two or three components that are capable of self-association through hydrogen bonding
[105]. For instance, the combination of choline chloride (m.p 302 °C) with urea (m.p 133 °C) can
form a DES with an mp of 12 °C [106]. Alkali/urea (thiourea) aqueous systems were developed
for the dissolution of biopolymers, i.e. [107]. They utilized an entropy-driven processing involving
a low treatment temperature for the dissolution of the biopolymers, which reduces the
processing energy [107,108]. However, it was found that the DES solvent can only yield a soft

chitin gel and no research reports exist for cellulose gelation up to now [109]. Nevertheless, both
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DES and alkali/lurea (thiourea) aqueous systems, often require the use of solvents with non-
recyclability properties. Hence, the two solvent systems were also considered not reach the

requirement to be environmentally benign.

Given the concerns of the increasing environmental issues, it is worthwhile to develop advanced
solvent systems not only with environmental benign properties but also with a good solubility for
biopolymers such as chitin and cellulose. lonic liquids (ILs) have been thoroughly investigated as
direct and powerful solvents for cellulose and chitin and are therefore frequently used for
material processing [25,28,110]. ILs consist of an imidazolium, pyridinium, ammonium or
phosphonium cation paired with a strongly basic, hydrogen bond accepting anion (e.g., OAc",
HCOO", HSCH.COO", (MeO)HPOy", (MeO)MePOy, CI', or Br) The most commonly used ILs are
1-allyl-3-methylimidazolium bromide (AmimBr), 1-ethyl-3-methylimidazolium acetate (EmimOACc)
and 1-butyl-3-methylimidazolium acetate (BmimOAc) [30,105,111,112]. Because of the large
size and conformational flexibility of the ions, most of the ILs melt below 100 °C [113]. Some ILs
with a melting temperature below room temperature is called Room-Temperature lonic Liquids
(RTILs). They have several advantages over classical volatile solvents due to their negligible
vapour pressure, non-inflammability, high thermal and chemical stability. Therefore, ILs are often
considered as “green” solvents [25,30]. Furthermore, a variety of anion and cation combinations
allow the adaptation of ILs for specific purposes. There are also called “designer solvents”. They
have been considered as an alternative to conventional solvents in reaction media (e.g.
chemical synthesis, biocatalysts) and separation processes [114-116]. In addition, it was found
that ILs show effective solubility for the dissolution and processing of biopolymers such as
cellulose, chitin and chitosan [117-122]. There are literature reports on the preparation of
chitin/cellulose composite materials by dissolving the two biopolymers in two different ILs
separately [25]. However, it is found that not all the ILs is environmentally friendly. The most
extensively used imidazolium and pyridinium-based ILs are toxic and poorly biodegradable
[123,124]. Hence, the improvement of ILs for good solubility on biopolymers and environmental

benign properties might play an important role on the fabrication of composite biopolymers.

1.3.2 Chitin/lignin composite materials

Composite materials from chitin and lignin have been scarcely studied in the literature. There are
only few reports on the combination of lignin and modified chitin, which present specific
adsorption abilities for hydrophobic organic and inorganic compounds [26,125,126]. One report

suggested that the composite chitin/lignin powders, which were fabricated by modified chitin and
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Kraft lignin using solid process, could be applied as a promising biosorbent for the removal of
cadmium and nickel ions [26]. However, the chemical modification process can bring some
drawbacks such as high costs, leaching of undesired organic compounds as well as difficulties in
recycling operations, which would not meet the requirements for a sustainable routine process
[127].

The fabrication of composite chitin/lignin materials by solution processing was scarcely reported.
Since ILs, composed of anions such as chloride, acetate have been considered as effective
solvents for both chitin and lignin, the development of a sustainable solution processing is
expected to yield new advanced composite chitin/lignin materials directly using chitin and lignin

native powders [44,128].

1.4 Motivation and scientific work hypothesis

Chitin, cellulose and lignin are three abundant biopolymers on earth. However, some of their
characteristics such as low reactivity and solubility lead limitations regarding their fabrication
process of advanced composite materials. Chitin wastes are mostly discarded into the sea and
lingo-cellulosic (cellulose and lignin) waste is largely incinerated [33]. Considering the fact that
chitin is commonly used as a chelating agent food and cosmetic industries, development of
chitin based cellulose and lignin composite materials might be a good solution for overcome their
application limitations [22,25,30,129].

Although there are already some literature reports on the fabrication of chitin composite
materials using solution processing, they have difficulties in recycling of the solvents by using
different separate solvents. Furthermore, there are no evidences in these literatures regarding
the deacetylation of chitin during the dissolution process [25,29,30]. Therefore, the development
of chitin based composite materials with intact unaltered chitin in a sustainable and

environmental friendly process is still a challenge nowadays.

In this work, we investigate and develop mainly two different processing methods for the
fabrication of chitin based biocomposites, Fig 1.10. First, different variants of solvent systems
are performed on the dissolution of the biopolymers [130]. The solubility of the three biopolymers
in these solvent systems as well as the degree of acetylation of chitin during the dissolution
process will be studied. A sustainable solvent system, which can directly dissolve the native

powders of the three natural biopolymers without drastically changing their properties and
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without deacetylated chitin into chitosan, will be considered as the optimum solvent. Then, a
method, which can successfully produce the chitin based biocomposites in a facile and
sustainable processing associated with low-cost and low energy consumption, would be detalil
described. At last, the potential commercial applications of the obtained chitin based composite
materials are going to be evaluated.
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Figure 1.10: Processing schemes for the fabrication of chitin/cellulose and chitin/lignin
composites.
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2 Experimental section

2.1 Materials and chemicals

2.1.1 Biopolymers

Chitin powder from the shell of shrimps (Sigma Aldrich) was used. The DP of native chitin
powders was 1691, as determined by dissolving it in DMAC/LICI (5%, w:w) solvent. Detailed

information of the experimental procedure is present in the enclosed Publication #A.

Microcrystalline cellulose powder (MCC) with a degree of DP of 124 was obtained from Merck
(Germany). The DP was determined according to DIN 54 270 as described in the enclosed
Publication #A.

Kraft lignin powder (Indulin AT) was purchased from MeatWestVaco (USA). Its number average
molecular weight (M,) and weight average molecular weight (My) is 600 g/mol and 4540 g/mol,
respectively, as determined by gel permeation chromatography (GPC). Prior to use, the Kraft
lignin was first washed with ethanol by Soxhlet extraction at 90 °C for 48 h. The solid residue

was subsequently collected and dried as described in the enclosed Publication #B.

All the three biopolymers were dried at 90 °C for one day and stored in a desiccator charged

with silica gel prior to use.

2.1.2 Chemicals

N,N-Dimethylacetamide (DMAc) and lithium chloride (LiCl) were obtained from Sigma Aldrich
(Germany). Prior to use, LiCl was oven-dried at 110°C for overnight and then stored in a
desiccator charged with silica gel. DMAc was heated at 100-110°C for 10 minutes in order to
remove the residual moisture. After that, it was immediately filtered through a 0.45 ym PTFE-
membrane filter for removing impurities. The treated DMAc solvent was then stored in a flask at

4 °C and was used within one week.

Choline chloride (purity = 98%) was obtained from Alfa Aesar (Germany). Urea (purity = 99%)
and thiourea (purity = 98%) were purchased from Sigma Aldrich (Germany).The chemicals were

dried under vacuum (10° mbar) for 5 days before use. They were stored in a nitrogen-filled

19



Chitin based composite materials

glove box to avoid water uptake. The water content of the chemicals were found to be lower than
500 ppm determined with coulometric Karl Fischer titration (Mitsubishi CA-02, Japan) [130].

1-Allyl-3-methylimidazolium bromide (AmimBr, purity = 97%), 1-ethyl-3-methylimidazolium
acetate (EmimOAc, purity = 98%) and 1-butyl-3-methylimidazolium acetate (BmimOAc, purity =
98%) were all obtained from Sigma-Aldrich (Germany). Prior to use, they were dried using a high
vacuum setup (10%-10"" mbar) for 5 days. The residual water content of the ILs was determined
using coulometric Karl Fischer titration (Mitsubishi CA-02, Japan). All the investigated ILs
contained very low water fraction (<1.2 wt%) [130]. The co-solvent: y-valerolactone (GVL, purity
= 99%) was obtained from Sigma Aldrich (Germany) and dried by adding dried molecular sieve
(3 A) before use. They were all stored in sealed vials in a desiccator over silica gel after drying

prior to use.

The biopolymers and reagents were used without any further chemical modification or

purification, other than stated above.

2.2 Preparation of solvents for the dissolution of biopolymers

2.2.1 DMAC/LICI (8%, w:w)

The solution of DMAC/LICI (8%, w:w) was prepared by dissolving the dried LiCl powder (2 g) into
DMAc (23 g) at 40 °C under magnetic stirring for one hour. The obtained clear solution was

stored at 4 °C before use.

2.2.2 DES

The DES solutions were prepared by mixing the dried components choline chloride and urea
(molar ratio: 1:2) and choline chloride with thiourea (molar ratio: 1:2), respectively in glass vials.
Then the mixtures were heated and stirred in an oil bath until the colourless liquids were
obtained, respectively. The whole processing were performed in a nitrogen-filled glove box in
order to avoid oxidation. The obtained DES solutions were stored in sealed glass containers in a

glove box in a nitrogen atmosphere.

20



Chitin based composite materials

2.2.3 lonic liquids and co-solvent

The ILs AmimBr, EmimOAc and BmimOAc were directly used after drying. Two molar ratios of
BmimOAc and GVL namely 8:1 and 4:1 were obtained by mixing BmimOAc and GVL in desired
amounts. Detailed preparation procedures of BmimOAc-GVL solvent system were described in

enclosed Publication #A.

2.3 Dissolution of biopolymers in various solvents

2.3.1 Dissolution of chitin and cellulose in DMACc/LIiCI

Chitin and cellulose native powders can be dissolved in DMAC/LICI after an activation step
[131,132]. First, chitin or cellulose powders were covered with water for one hour to ensure full
swelling (Figure 2.1). Then the expanded powders were filtered and transferred into acetone for
one hour in order to remove water. The polymer powders were subsequently filtered again and
immediately transferred to the solvent DMAc for a one hour activation. Finally, the activated
chitin and cellulose powders were obtained by drying the DMAc activated biopolymers in oven at
80 °C for 4 hours [132]. Prior to use, the obtained activated chitin and cellulose powders were

stored in a desiccator charged with silica gel.

) ¢ Filtration
00y > 0 0 '9 a %o > ; % o 9 and
Cellulose or — Acéfone DMAc o dryness at
chitin H,0 swelling 1h exchange f exchangeforth  80°C-
powders ge for 1h g

Figure 2.1: Scheme of the activation process for chitin and cellulose

The dissolution of the activated chitin and cellulose powders in DMAC/LICI (8%, w:w) solvent
was performed at room temperature under magnetic stirring for 2 hours. It was noticed that chitin
and cellulose are dissolved simultaneously in the solvent. Several mixtures with different chitin
concentrations were prepared as shown in Table 2.1. The dissolution of pure chitin and cellulose

in DMAC/LICI (8%, w:w) were prepared, respectively, as references.
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Table 2.1: Preparation of composite materials with different cellulose to chitin molar ratios with
DMAC/LICI (8%, w:w). CC: chitin/cellulose composite.

Sample Chitin: cellulose/ Chitin Chitin
(DMACc:LICI) concentration in  concentration in
(molar ratio) solution (wt%) film (wt%)
In solution
CC.1 1:3.2/9.5 1 25
CC 2 1:5.1/95 0.6 15
CC_3 1:6.4/9.5 0.4 8
Pure chitin 0:1/15.1 3 100
Pure cellulose 1: 0/ 5.6 0 0

2.3.2 Dissolution of chitin and cellulose in DES

Based on the reports on the solubility of biopolymers in some DES solvents [134, 135], the
dissolution of chitin and cellulose native powders in two selected solvents choline chloride/urea
(molar ratio: 1:2) and choline chloride/thiourea (molar ratio: 1:2) were investigated in this work.
The dissolution procedure was as follows: first, the request amounts of dried chitin and cellulose
powders were added in respective amounts of the two DESs in a nitrogen-filled glove box. Then,
they were heated at 100 °C for approximately 6 hours with magnetic stirring, respectively. Finally,
they were stored in sealed glass containers. Table 2.2 shows the molar ratios of chitin and

cellulose with the two DESs in the prepared mixtures.

Table 2.2: Mixtures with different chitin to cellulose molar ratios in choline chloride/urea and
choline chloride/thiourea. CC: chitin/cellulose composite.

Sample Chitin:cellulose/ Chitin Chitin:cellulose/ Chitin
(choline chloride: concentration (choline chloride: cqncentrgﬂon
urea) in solution thiourea) in solution
(molar ratio) (Wt%) (molar ratio) (wt%)
CC 4 1:2/74:148 1 1:2/72:144 1
Pure chitin 0:1/76:152 1 0:1/74:148 1
Pure cellulose 0:1/76:152 0 0:2/74:148 0
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2.3.3 Dissolution of chitin and cellulose in AmimBr and EmimOAc

In this work, the dissolution of chitin and cellulose in AmimBr and EmimOAc were designed as
follows: First, chitin/AmimBr solution with a chitin concentration of 1 wt% was obtained by
dissolving chitin powders (0.05 g) in AmimBr solvent (5 g) at 100 °C for ca 6 hours with magnetic
stirring. Cellulose/EmimOAc solution with 5 wt% of cellulose was prepared by dissolving
cellulose powders (0.53 g) in EmimOACc (10 g). The dissolution of the two biopolymers in the two
ionic liquids was visually monitored until all the aggregated powder disappeared and two clear
mixtures were visually observed. Then, the two obtained chitin and cellulose solutions were
mixed according to the request amounts together at 100 °C for 30 min until a homogeneous
solution was formed. Table 2.3 shows the different molar ratios of chitin to cellulose in the
prepared solutions as well as different concentrations of chitin in the solutions and

corresponding regenerated films.

Table 2.3: Preparation of composite materials with different cellulose to chitin molar ratios with
AmimBr and EmimOAc. CC: chitin/cellulose composite.

Sample Chitin: cellulose/ Chitin Chitin
AmimBr: EmimOAc concentration in concentration
(molar ratio) solution (wt%) in film (wt%)
in solution

CC 5 1:2/98.4:17.8 0.5 33

CC 6 1:4/98.4:17.8 0.2 20

Pure chitin 0:1/98.4.0 1:0 1

Pure cellulose 1:.0/0:17.8 0:1 0

2.3.4 Dissolution of chitin and cellulose in BmimOAc-GVL

Dissolution process of chitin and cellulose native powders in the BmimOAc-GVL solvent system

were described in detail in the enclosed Publication #A.

2.3.5 Dissolution of chitin and lignin in BmimOAc-GVL

Detailed information on the dissolution process of chitin and Kraft lignin in the BmimOAc-GVL

solvent system can be found in the enclosed Publication #B.
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2.4 Fabrication of chitin based composite materials

2.4.1 Composite chitin/cellulose materials

2.4.1.1 Composite chitin/cellulose films from DMAc/LiCl

The chitin/cellulose composite films prepared from DMAC/LICI were as follows: First, the
resulting mixtures (approximately 1 g) with different mass ratios of chitin to cellulose in
DMAC/LICI (8%, w:w) were casted on a glass plate with a syringe (d = 1 cm)) at room
temperature, respectively (Table 1). After the mixtures cooled down, they were soaked in an
ethanol coagulation bath and subsequently kept in a hood at room temperature for overnight
until the gel-like films were obtained and could be easily removed. Then, the obtained compaosite
films were subjected to the successive Soxhlet extractions with ethanol (150 mL) for 20 hours
and with water (150 mL) for another 20 hours, respectively, in order to completely remove the
DMAC/LICI. The complete removal of DMAC/LICI was confirmed by adding silver nitrate (AgNOs)
into the final ethanol and water extracts. The absence of a white precipitation (AgCl) indicated
the DMAC/LICI solvent was completely removed from the compaosite films by Soxhlet extraction.
At last, the chitin/cellulose films were sandwiched between two Teflon plates and left to dry for
approximately two days at ambient temperature. The obtained composite films with different

chitin concentrations are presented in Table 2.1.
2.4.1.2 Composite chitin/cellulose films from AmimBr and EmimOAc

The fabrication of composite chitin /cellulose films from AmimBr and EmimOAc was as follows:
First, chitinf/AmimBr and cellulose/EmimOAc were mixed in different chitin concentrations at
100 °C, Table 3. Then, the resulting mixtures (around 1 g) were casted in a petri dish (d = 4 cm)
with a syringe (d = 1 cm) at room temperature. After the mixtures cooled down to room
temperature, they were soaked with water in a coagulation bath at room temperature for one day
until the gel-like films were obtained. The films were subsequently removed and subjected to
Soxhlet extraction with ethanol (150 mL, 12 h) and followed water (150 mL, 12 h) in order to
completely remove the two ILs in the composite films. The residual films were sandwiched
between two Teflon plates and dried at ambient conditions for two days. The obtained composite

films with different chitin concentrations are presented in Table 2.3.
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2.4.1.3 Composite chitin/cellulose materials from BmimOAc-GVL

The composite chitin/cellulose materials fabricated from the BmimOAc-GVL solvent system were
described in detail in the enclosed Publication #A. The Teflon moulds using for preparing

composite materials in forms of gel and film are shown in Figure A.1.

The obtained composite chitin/cellulose materials from BmimOAc-GVL were dried with
supercritical carbon dioxide (scCO;), at ambient conditions and with compressed air,
respectively. The scCO: drying method utilized a critical point dryer (E3100, United Kingdom)
operated at 38 °C and 83 bar for 3 hours. The ambient condition drying method was carried out
by sandwiching the composite samples between two Teflon plates at room temperature for 48 h.
The compressed air drying was using a laboratory compressed air at a low pressure (ca. 7 bar)

at room temperature.

The recycling of the used BmimOAc-GVL was performed as follows: first, all washing agent in
the coagulation bath and Soxhlet extractions were collected after the composite chitin/cellulose
materials were generated. Then, the collected solutions were first filtrated with a 0.2 pm
polytetrafluorethylene (PTFE) membrane filter to remove residues. Afterwards, ethanol was
evaporated from these solutions for two hours under reduced pressure (100 mbar) at 40 °C
using a rotary evaporator. The recycled solutions were subsequently further dried at 40 °C at 10"
® mbar using the high vacuum setup for 5 days. The purity of the recycled solvent was identified
by 1H- and 13C-NMR measurements in d6-dimethyl sulfoxide recorded with a nuclear magnetic
resonance spectrometer (NMR, ECA400, Jeol Inc, USA) at 300 MHz.

2.4.2 Chitin coated cellulosic materials

2.4.2.1 Chitin film coated on the surface of wood

The preparation of chitin films coated on the surface of wood is shown in Figure 2.2. First, a 1 wt%
chitin solution (5 g) was prepared by dissolving chitin powder (0.05 g) in BmimOAc-GVL solvent
(4.95 g) at 90 °C (detail info see above). Then, five samples (spruce, picea abies) with an axial
length of 0.5 cm and a radial length of 1 cm were oven dried at 80 °C for 12 h before use.
Afterwards, they were soaked into the resulted chitin solution for about one hour to yield the
coagulation of the chitin layer on the wood surface. Each sample was subsequently soaked in an
ethanol bath for 24 h and then in water bath for 24 h to remove BmimOAc and GVL. Finally, the

obtained samples were dried with compressed air at room temperature.
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Figure 2.2: The preparing process of the chitin film coated on the surface of wood.

2.4.2.2 Chitin film coated on the cellulosic textiles

In this work, four different cellulosic textiles as TENCEL®, Lenzing Viscose®, Lenzing Modal®
and cotton fibres were employed as substrates for coating with chitin thin layer. This work was
performed in cooperation with our project partner and detailed information can be found in the

enclosed Publication #C.

2.4.3 Chitin/lignin composite materials

2.4.3.1 Composite chitin/lignin materials from BmimOAc-GVL

Detailed information on preparation of the composite chitin/lignin films from BmimOAc-GVL

solvent system can be found in the enclosed Publication #B.
2.4.3.2 Composite chitin/lignin materials from melt compounding process

The preparation of composite chitin/lignin materials using melt compounding process was as
follows: First, requested amounts of dried chitin, Kraft lignin and BmimOAc were mixed in
desired mass ratios (Table 2.4). Then, the mixture (ca. 7 g) was processed with a laboratory
extruder with two tapered screws (HAAKE Minilab Il, Thermo Fischer Scientific, Germany). The
extrusion was carried out at 130 °C with a screw speed of 150 rpm for 10 minutes. The molten
mixture was subsequently ejected through a preheated cylinder to the Haake Minijet Il mini
injection mould (Thermo Scientific, Germany). After demoulding of the composite sample, it was
immediately soaked in an ethanol bath at room temperature for 24 h in order to remove

BmimOAc. The obtained composite chitin/lignin materials were subsequently dried at room
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temperature. The resulting composites with different chitin concentrations can be found in Table
2.4.

Table 2.4: Composite chitin/lignin materials with different concentrations of chitin, lignin and
BmimOAc solvent prepared using melt compounding process. CL: chitin/lignin

composite.
Sample Chitin Lignin BmimOAc
concentration (Wt%) concentration (wt%) concentration (wt%)
CL_ 1 40 20 40
CL_2 45 30 25
CL_3 35 40 25
CL_4 30 50 20

2.5 Characterization

2.5.1 Dissolution of the biopolymers

The dissolution of the three biopolymers in different solvent systems was first visually monitored
and the total dissolution of the biopolymers was confirmed by a light microscopy (Leitz,

Germany).

2.5.2 Scanning electron microscopy

The morphology of the obtained composite samples was analysed by scanning electron
microscopy (SEM). Dried samples were placed on carbon tape and coated with Au/Pd. SEM
images were obtained with a digital scanning electron microscope (DSM 940 A, Zeiss, Germany)

in secondary imaging mode at an acceleration voltage of 10 kV.

2.5.3 Elemental analysis

The elemental compaositions of the prepared chitin based composite materials were investigated
in an element analyser Euro EA (HEKAtech GmbH, Germany). After oxidation at 1000 °C, the
gaseous products were separated by gas chromatography and detected with a thermal

conductivity detector. Carbon (C), hydrogen (H) and nitrogen (N) relative contents were
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determined using tin capsules, containing 1-3 mg of sample. Oxygen (O) content was measured

using silver capsule within 1-2 mg of sample.

2.5.4 Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of chitin based composites were obtained by using an attenuated total
reflectance-Fourier transform infrared spectrometer (ATR-FTIR, Nicolet 380, Thermo Fisher
Scientific, USA) equipped with a diamond crystal. The measurements were conducted directly

on the powder and film samples in the wavenumber region of 4000-400 cm™™.

2.5.5 X-ray diffraction

X-ray diffraction (XRD) patterns of chitin/cellulose composites regenerated from BmimOAc-GVL
were obtained with an X-ray diffractometer (Rigaku, MiniFlex 600, Tokyo, Japan) equipped with
a high-speed one-dimensional detector (Rigaku, D/teX Ultra, Tokyo, Japan) and a Kp-filter.
Detailed description and evaluation of the crystallinity index (Cl) can be found in enclosed
Publication #A.

2.5.6 Mechanical testing

The mechanical properties of the composite chitin/cellulose gels regenerated from BmimOAc-
GVL were evaluated with a universal tensile tester (Smar Tens 010, Karg Industrietechnik,
Krailing, Germany) with an initial grip separation of 1 mm and crosshead speed of 10 mm/min.

Detailed measurements were described in enclosed Publication #A.

2.5.7 Dimensional changes

The linear dimensional change of the chitin/cellulose composites obtained from BmimOAc-GVL

after drying with three different drying methods was evaluated by the following equation:
D:(Ao-Al)/AoX].OO

Where D is the dimensional change (%), Ao is the initial area of the composites before drying

(cm?) and A is the final area of the composite samples after drying (cm?).
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2.5.8 Water contact angle and water absorption capacity of

chitin/cellulose composites

The water contact angle of the samples as composite chitin/cellulose films and chitin coated
cellulosic materials were measured using a P1 goniometer (Erna Inc, Japan) equipped with a
microscope and a back light. A 2 pyL drop of deionized filtrated water droplet formed by an
automated micrometer pipette (Hamilton Company, USA) was slowly placed on the surface of
the samples. The tangent of the drop profile at the contact point with the surface of the sample
was observed through an optical system. The measurements were repeated ten times for each
sample and the mean values with standard deviations were calculated. In addition, the
absorption time of the water droplet was recorded for the chitin coated cellulosic samples. The
measurements of water absorption time were repeated ten times for each sample and the mean

values with standard deviations were evaluated.
2.5.9 Water and oxygen permeability of chitin coated cellulosic
textiles

The water and oxygen permeability of the chitin coated cellulosic textiles were determined by our

project partner and described in detail in the enclosed Publication #C.

2.5.10 lon adsorption/desorption of chitin/lignin composite

The adsorption/desorption experiments of chitin/lignin composite films on Fe(lll) or Cu(ll) ions
from aqueous solutions as well as the investigation of the kinetics of the adsorption process

were descried in detail in the enclosed Publication #B.
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3 Results and discussion

3.1 Solubility of chitin, cellulose and lignin in various solvent
systems

The investigation of different solvent systems for the dissolution of the biopolymers was a
cooperation work with Dr. Auriane Freyburger from the Institute of Physical and Theoretical
Chemistry at the University of Regensburg [130]. In this work, we mainly discussed some
selected representative solvent systems: i) conventional polar solvent systems (DMAC/LICI); ii)
deep eutectic solvents (cholinchloride/urea or thiourea) and iii) ILs (AmimBr, EmimOAc and
BmimOAc) for the dissolution of the biopolymers. Because of the high viscosity of an IL solution
with biopolymer content, their solubilisation is challenging [111,136]. Therefore, a less viscous
co-solvent, y-valerolactone (GVL), which is a readily available and a sustainable solvent derived
from lignocellulosic biomass, was selected as a co-solvent for BmimOAc to support the

biopolymer dissolution [133].

In this work, a-chitin from shrimp shells was used as main chitin substrate because of its
commercial facility. The low degree of polymerization (i.e. 124) of MCC results of a relatively fast
dissolution, therefore, it was selected as the cellulose substrate. Kraft lignin with pretreatment
was used as the lignin substrate in this work, because it is insoluble in ethanol, which can
ensure the successfully regeneration of the chitin/lignin composites from the ethanol coagulation
bad.

The solubility of chitin and cellulose in the above mentioned solvent systems including
DMAC/LICI, DES, ILs as well as ILs mixed with co-solvent were observed by optical microscopy.
Then, the solvent system, which presents good solubility on chitin and cellulose, was applied for
the dissolution of chitin and lignin. Maximum solubility of a-chitin, MCC and Kraft lignin as well
as their dissolution conditions in the selected solvent systems are show below (Table 3.1; 3.2).
In addition, the polymers are considered insoluble when the addition of desired amounts of

biopolymers to the solvent yielded turbid mixtures under the selected experimental conditions.
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Table 3.1: Maximum solubility of a-chitin and microcrystalline cellulose native powders in
various solvent systems as well as their dissolution conditions (NS: Not soluble; *:

incompletely dissolution).

Maximum
Solubility : .
Sol_vent Solvent Chemical structure (Wi%) D|ssql_ut|on
variant name conditions
MCC a-chitin
: tic stirring
Conventional . /E magne
polar solvent gyc\ffbld N Lo 10 s '?etnzooenrqature for
system oW ! P
2h
. . magnetic stirring
Choline chl(.)n(.je/urea o o NS NS at 100 °C for 24
(molar ratio: 1:2) Ho A~ J\ h
DES [ H,N NH,
Choline chloride/ ) < magnetic stirring
thiourea HO. AR~ NS NS at 100 °C for 24
(molar ratio: 1:2) \/\/N\ HZNJ\NHQ h
L-Allyl-3- =\ magnetic stirring
methylimidazolium N N - NS 2* o
bromide (AmimBr) P AN Br at 100 °Cfor 6 h
1-Ethyl-3-
ILs methylimidazolium _ o magnetic stirring
?Cetateo | ovons A NS at 90 °C for 6 h
EmimOAc
1-Butyl-3-
methylimidazolium =\, o magnetic stirring
acetate SNt~ 10 3 at 110 °C for 4 h
(BmimOACc)
i y-Valerolacton o magnetic stirring
Co-solvent (GVL) ov NS NS at 100 °C for 6 h
BmimOAc: GVL 6 NS magnetic stirring
(molar ratio: 3:1) at 90°Cfor4h
o]
. BmimOAc: GVL NN N )J\ 8 > magnetic stirring
Mixtures (molar ratio: 5:1) at 90 °C for 4 h
O 0
BmimOAc: GVL \Q’ 12 3 magnetic stirring

(molar ratio: 8:1)

at 90 °C for 3 h
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Table 3.2: Maximum solubility of Kraft lignin in various solvent systems as well as its dissolution
conditions (NS: Not soluble).

Solvent Solvent Maximum Dissolution
: Chemical structure Solubility (wt%) "
variant name e conditions
Kraft lignin
1-Butyl-3-
methylimidazolium M\, o magnetic stirring at
I acetate SN~ AN 10 110 °C for 4 h
(BmimOACc)
y-Valerolacton magnetic stirring at
- O.
Co-solvent (GVL) ov NS 100 °C for 6 h
BmimOAc: GVL magnetic stirring at
(mass ratio: 1:1) — . 15 90 °C for 4 h
BmimOAc: GVL SN A ic stirfing at
Mixtures (mass ratio: 2:1) 20 ma?”e IC stirmng &
o _o 90 °Cfor4 h
BmimOAc: GVL v S
(mass ratio: 4:1) 30 magnetic stirring at

90°Cfor3h

3.1.1 Dissolution of chitin and cellulose in DMAc/LICI

It is observed that about 3 wt% activated chitin and 10 wt% activated MCC can be dissolved in
DMAC/LICI (8%, w:w) at room temperature within two hours, respectively, Table 3.1. As shown in
Figure 3.1, the obtained transparent mixtures are clear and homogeneous, which can be
observed from both from the visual appearance and in the light microscope. The results indicate a
complete dissolution of the two biopolymers in the solvent of DMAC/LICI (8%, w:w) under the
selected experimental conditions. Furthermore, it clearly proves that DMAC/LICI has the ability to

dissolve both chitin and cellulose simultaneously.

The reason for the good solubility of the two biopolymers in DMAC/LICI is the activation process
can weaken the hydrogen bonds among the molecules of the biopolymers. It can be explained as
the molecules of the biopolymers can be separated due to charge-charge exclusion and
expansion effects from solvent exchange process. Correspondingly, the solvent will penetrate into
crystalline regions of biopolymers to destroy the association hydrogen bonding among molecules
[101,132].
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Figure 3.1: (i) Visual appearances of mixtures containing of (a) 3 wt% chitin, (b)1 wt% chitin and 3
wt% MCC, (c) 0,6 wt% chitin and 4 wt% MCC, (d) 0,4 wt% chitin and 5 wt% MCC, (e)
10 wt% MCC in DMAC/LICI (8%, w:w) within 2h; (i) Selected optical microscopy
images of the mixtures containing (a) 3 wt% chitin, (b) 10 wt% MCC and (c)1 wt%
chitin and 3 wt% MCC.

3.1.2 Dissolution chitin and cellulose in DES

Figure 3.2 shows turbid solutions are obtained from the mixtures containing 1 wt% chitin and 1 wt%
MCC in choline chloride/urea (molar ratio: 1:2) and choline chloride/thiourea (molar ratio: 1:2),
respectively. Therefore, it can be considered that both a-chitin and MCC are insoluble in the two
prepared DES solvents as choline chloride/urea (molar ratio: 1:2) and choline chloride/thiourea
(molar ratio: 1:2) under the selected experimental conditions. The phenomenon suggests that the
two DES solvents cannot be used for the direct dissolution of a-chitin and MCC. The insoluble
behaviour of chitin and cellulose in DESs could result from the high viscosity of the solvent
systems [108,134,137].
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Figure 3.2: Visual appearance of the mixtures containing (a) 1 wt% chitin and (b) 1 wt% MCC, in
choline chloride/urea (molar ratio: 1:2); (c) 1 wt% chitin and (d) 1 wt% of MCC, in
choline chloride/thiourea (molar ratio: 1:2).

3.1.3 Dissolution of chitin in AmimBr and cellulose in EmimOAc

Table 3.1 illustrates that the IL AmimBr shows certain solubility for chitin, while cellulose is found
to be insoluble. It is considered that the solubility of chitin in AmimBr is caused by some specific
interactions formed by the solvent with the chitin chains as well as the relatively lower viscosity of
the IL [30]. However, it can be observed from Figure 3.3 that although the visual appearance of
the obtained mixture with 2 wt% chitin in AmimBr seems transparent and clear, some incompletely
dissolved particles of chitin were observed in light microscopy. The result indicates an incomplete
dissolution of chitin in AmimBr under the selected experimental conditions. On the contrary, it can
be observed that up to 15 wt% cellulose can be dissolved in EmimOAc, while chitin shows
insoluble. The good solubility of EmimOAc for MCC can be caused by the interactions of its anion
with cellulose hydroxyl group [110,138]. On the other side, the insolubility of chitin in EmimOAc
might result from the high viscosity of the solvent [25,130].
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Figure 3.3: Visual appearance and corresponding light microscopy images of the obtained
mixtures containing (a, b) chitin (2 wt%) in AmimBr; (c, d) MCC (8 wt%) in EmimOAc,

3.1.4 Dissolution of chitin and cellulose in BmimOAc-GVL

It is shown that up to 10 wt% MCC and 3 wt% chitin can be dissolved in BmimOAc under the
selected experimental conditions, Table 3.1. The good dissolving power of BmimOAc for the two
biopolymers can result from its acetate anion, which disrupt the complex hydrogen bond network
of chitin or cellulose during the dissolution process. This strong hydrogen bonding acceptor and
coordinating anion is supposed to interact strongly with the protons of the amino and hydroxyl

groups for chitin and with the protons of hydroxyl group for cellulose [30,138,139].

The dissolution capacity of BmimOAc for chitin and cellulose can be improved by adding the co-
solvent GVL, Figure 3.4. Furthermore, Table 3.1 shows that the solvent system with a molar ratio
of BmimOAc to GVL as 8:1 can dissolve about 13 wt% MCC and 2 wt% chitin at 90 °C. The result
illustrates that although GVL alone can dissolve neither chitin nor cellulose (Table 3.1), when
applied as a co-solvent, it brings up some advantages for the dissolution of the biopolymers as
follows: GVL presents a positive influence on the dissolution of chitin and MCC, because lower
temperatures and shorter times can be applied. Furthermore, GVL facilitates further processing by
decreasing the viscosity of the biopolymer solutions [130]. Therefore, compared to the sole ILs,
BmimOAC-GVL solvent system is more environmental benign. The investigation of GVL as a co-
solvent was a cooperation work with our project partner. More detailed information of the
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dissolution chitin and MCC in BmimOAc-GVL solvent can be found in the enclosed Publication #A
and corresponding appendices [131].

Figure 3.4: (i) Visual appearances and light microscopy images of the mixtures containing 1wt%
chitin and 4 wt% MCC in solvent with different molar ratios of BmimOAc to GVL
(without GVL (a), 4:1(b), 8:1 (c)). (ii) Light microscopy images of mixtures containing
2 wt% chitin in BmimOAc-GVL (molar ratio: 8:1) within (a) 1h, (b) 2h, (c) 3h under the
selected experimental conditions.

3.1.5 Dissolution of chitin and lignin in BmimOAc-GVL

Due to the good solubility of BmimOAc-GVL for chitin and MCC as mentioned above, this solvent
system was also employed for the dissolution of Kraft lignin. Table 3.2 shows that a maximum of
30 wt% Kraft lignin can be dissolved in BmimOAc-GVL at a mass ratio of 4:1. The confirmation of
the solubility of Kraft lignin in BmimOAc-GVL can be found in Figure S3 (enclosed Publication #B).
Detailed description of the dissolution of chitin and lignin in BmimOAc-GVL can be found in the

enclosed Publication #B.
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3.2 Characterization of chitin based composite materials

3.2.1 Composite chitin/cellulose materials fabricated from DMACc/LICI

3.2.1.1 Visual appearance and SEM analysis

All the obtained films fabricated from DMAC/LICl present a transparent and homogeneous
appearance, Figure 3.5 (i). Furthermore, it should be noted that all the regenerated films were with
a certain strength, which could be easily handled both in wet and dry state. The SEM micrographs
illustrates that the morphology of the composite film containing chitin is rougher than the pure
cellulose film, Figure 3.5 (ii).

Figure 3.5: Photographs (i) and SEM micrographs (ii) of the chitin/cellulose composite films
fabricated from DMAC/LICI (8%, w:w) (a) chitin, (b) cellulose, (c) composite film with
25 wt% chitin concentration.

3.2.1.2 ATR-FTIR measurement

In order to confirm the composition of chitin and cellulose in the composite films fabricated from
DMAC/LICI, composite chitin/cellulose films as well as the pure chitin and cellulose films were
characterized by FTIR-ATR spectroscopy, Figure 3.6. The ATR-FTIR results illustrate that
composite chitin/cellulose film shows the characteristic bands for both chitin and cellulose, Table
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3.3. A chemical reaction between the biopolymers and the solvents during dissolution, which
occurred as new absorption peaks, was not be detected. The results demonstrate the successful
fabrication of chitin/cellulose composite materials from the solvent system of DMAC/LICl under the

selected experimental conditions.
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Figure 3.6: ATR-FTIR spectra of the films prepared from DMAC/LICI (8%, w:w): (a) cellulose, (b)
chitin, (c) composite film with 25 wt% chitin concentration.

Table 3.3: Measured absorption bands of samples with assignment to the type of atomic vibration.

Absorption bands  Type of atomic vibration Reference
3405 cm? stretching vibration of O-H in the structure of chitin [26]
3266 cm? vibrational mode of the N-H [26]

1655, 1625 cm™? vibration mode of amide-l double bands for distinguishing [26], [35]
chitin from chitosan

1650 adsorbed water in cellulose [140]
1548 cm* bending vibrations of amide-Il band [35]
1430 cmt a mixture of cellulose-Il and amorphous cellulose [141]
1305 cmt bending vibrations of amide-Ill band [35]
897 cm C, at the B-1,4 glycosidic linkages [49]
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3.2.1.3 Water contact angle measurements

The wetting performance of the composite chitin/cellulose film fabricated from DMACc/LICl was
evaluated using water contact angle measurement. The contact angle is defined by the angle
between a water droplet and the sample interface, which describes the wetting behavior of
materials. Water contact angles lower than 90° correspond to a hydrophilic surface, whereas
hydrophobic surface induce contact angles higher than 90° [142]. The water contact angle of the
pure cellulose film is of 23.5°, which is considered hydrophilic, Figure 3.7. The water contact
angles of the chitin/cellulose composite films increased with the increasing of chitin concentration.
It should be noted that water contact angle of the composite with 25 wt% chitin concentration is
about 90% large of pure chitin film, Figure 3.7. The result illustrates that chitin renders the

composite materials more hydrophobic, even in a relatively low percentage of content.
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Figure 3.7: Water contact angles of the chitin/cellulose composite films with different
concentrations of chitin regenerated from DMAC/LICI.

3.2.2 Chitin/cellulose composite materials from AmimBr and

EmimOAc

3.2.2.1 Visual appearance and SEM analysis

The obtained materials from the two ILs as AmimBr and EmimOAc present different appearances
compared to the one from DMAC/LICI. It can be observed that the obtained the pure cellulose film

were transparent, whereas the composite chitin/cellulose film with 20 wt % of chitin content show
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a more or less white and partly opaque appearance. The composite materials become more
translucent with increasing content of chitin (Figure 3.8 (i)). Furthermore, the composite
chitin/cellulose films are quite weak and almost cannot be completely removed from the
coagulation bath. Especially, it should be noted that the pure chitin film is not successfully
regenerated, Figure 3.8 (i (d)). The phenomenon confirms the good solubility of MCC in EmimOAc,
whereas chitin is partly dissolved in AmimBr under the selected experimental conditions. The SEM
micrographs of the pure cellulose film present a homogeneous morphology, while the composite
films exhibit a rough surface, which might due to the chitin content (Figure 3.8 (ii)). No further
characterizations were conducted on composite chitin/cellulose films prepared from AmimBr and
EmimOAc, because stable composite films could not be successfully obtained.

Figure 3.8: (i) Photographs of films (a) cellulose, (b) composite film with 20 wt% chitin
concentration, (c) composite film with 33 wt% chitin concentration, (d) unsuccessfully
regenerated chitin; (ii) the SEM micrographs of (a) cellulose, (b) composite film with
20 wt% chitin concentration, (¢) composite film with 33 wt% chitin concentration.

3.2.3 Chitin/cellulose composite materials from BmimOAc- GVL

All the composite chitin/cellulose materials with different chitin concentrations can be successfully
regenerated from the BmimOAc-GVL solvent system. Therefore, characterizations of the
composite chitin/cellulose fabricated from BmimOAc-GVL solvent system including morphology
analysis, polymer compositions, crystal structures, thermal analysis, as well as mechanical
properties were investigated. In order to confirm that chitin was not deacetylated into chitosan by
dissolving in BmimOAc, the degree of acetylation of the regenerated chitin was determined using
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element analysis (EA) and ATR-FTIR spectroscopy. It is found that chitin is not deacetylated into
chitosan, which is critical for the use of intact chitin in composite materials. In addition, the water
absorption capacity and wetting behaviour of the obtained composite chitin/cellulose materials
were studied. All the referred characterizations as well as the purity examination of the recycled
BmimOAc can be found in the enclosed Publication #A and its supplementary materials.

3.2.3.1 Drying method investigation

3.2.3.1.1 Visual appearances of the obtained composite chitin/cellulose materials before
dry

The visual appearance of the pure chitin, pure cellulose and composite chitin/cellulose with 20 wt%

of chitin content gels (about 7 mm thick) and films (about 1 mm thick) before drying are shown in

Figure 3.9. It is found that the appearance of pure chitin gels is partly opaque, while films are

almost transparent before drying. The wet pure cellulose gel and film show a white and opaque

appearance. Compared to pure cellulose, the wet composite chitin/cellulose gel and film are

lighter white and partly opaque.

Figure 3.9: Visual appearances of the obtained gel and films before drying (pure chitin (a, d) pure
cellulose (b, e) and (b) composite film with 20 wt% chitin concentration, (c)
composites with 20 wt% chitin concentration (c, f)).

3.2.3.1.2 Composite chitin/cellulose materials drying with supercritical carbon dioxide
(scCOy)

It is observed that both of the composite gels/films converted from aquogels to aerogels with white
appearances after drying with scCO,, Figure 3.10. Almost no shrinkage occurred on the dried
composites, Table 3.4. The phenomenon can be caused by scCO; drying, which is applied to

avoid pore collapse of the porous structures of material [143].
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3.2.3.1.3 Composite chitin/cellulose material drying at ambient conditions.

It is observed that the obtained composite chitin/cellulose film and gel dried at ambient conditions
show yellow appearance, which can be caused by oxidizing from oxygen (O2) by exposing in the
air for two days, Figure 3.10. Furthermore, the dried composite gels and films are not uniform with
an extensive linear shrinkage between 73% and 78%, Table 3.

3.2.3.1.4 Composite chitin/cellulose materials dried with compressed air

It is found that both of the composite gels/films show a slight opaque appearance after drying with
compressed air, Figure 3.10. It should be noted that the composite chitin/cellulose materials dried
with compressed air are uniform and of even shape. Only a slight linear dimensional changes
ranging from 9-12% is observed, Table 3.4. In addition, compared with the above two other drying
methods, the dryness time of the chitin/cellulose composites drying with compressed air is shorter.
For instance, a composite gel (thickness: 5 mm) costs around 60 min to be dry, while film with a
thickness of 1 mm needs only around 20 min for drying.

Drying with scCO,

Drying at

ambient conditions

Drying with

compressed air
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Drying with scCO,

Drying at ambient conditions

Drying with compressed air

Figure 3.10: Composite gel (i) and film (ii) with 50 wt% chitin concentration with different drying
methods (a) wet; (b) drying with scCO3; (c) drying at ambient conditions; (d) drying
with compressed air.

Table 3.4: Linear shrinkage of the composite chitin/cellulose composite gels/films after drying with
three different drying methods.

Composite Chitin Linear shrinkage (%)
Samples con(z\?vrs('g/:)z;ltion with different drying method
ScCO; Ambient condition Compressed air
gel 20 0 77 11
50 0 78 12
80 0 78 12
film 20 0 73 9
50 0 73 9
80 0 75 10
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3.2.3.2 Recycling of BmimOAc

The recycled solvent was analysed by using 1H- and 13C-NMR to evaluate the sustainability and
environmental benign of the solution process for the fabrication of chitin/cellulose composite
materials using BmimOAc-GVL. The analysis result of the obtained extract reveals that the solvent
remained unaltered after dissolving the two biopolymers. Detailed information can be found in the
enclosed Publication #A (Fig. A5).

3.2.4 Chitin film coated materials

3.2.4.1 Chitin film coated on wood

3.2.4.1.1 Visual appearance and SEM analysis

The appearance of the untreated wood and the coated wood is shown in Figure 3.11. A
homogeneous chitin layer can be clearly detected on the surface of spruce sample, The SEM
micrographs illustrate that chitin is not only successfully coated on the surface of the wood but

also partly infiltrates into the pores of wood sample.

Figure 3.11: The photographs of the spruce cubes coated with chitin film and without chitin film
(a,) and SEM micrographs of the surface of spruce cubes coated with chitin film (b, c).

3.2.4.1.2 Water contact angles

Figure 3.12 shows the measured contact angles of water as well as the water absorption time on
the samples. The contact angle of wood coated with chitin film is 72.6° (quite close to hydrophobic)
and without chitin is 125.2°. However, the penetration time of a water droplet into the sample was
about 16.8 min for a coated with chitin sample, whereas it is around 8.1 min for the wood sample
without chitin.
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Figure 3.12: Water absorption time and contact angles of the wood samples non-coated and
coated with chitin film.

According to literature report, the natural wood is hydrophilic due to the hygroscopic properties
[144]. The observed large contact angle of the natural wood might originate from the rough wood
surface structure. Due to the large pores of the natural wood surface, the water droplet is quickly
absorbed. The phenomenon proves that the coated chitin layer rendered the wood surface more

hydrophobic. Furthermore, the chitin film significantly retarding the water infiltration into wood.

3.2.4.2 Chitin film coated on the cellulosic textiles

The characterization on the chitin coated cellulosic textiles was mainly performed with our project

partner and detailed information can be found in the enclosed Publication #C.

3.2.5 Chitin/lignin composite films from BmimOAc-GVL

Chitin/lignin composite films with different mass ratio of lignin were successfully obtained from the
BmimOAc-GVL solvent system. The detailed characterization of the composites including
morphology analysis and polymer compositions was performed. Especially, the specific properties

of the composite chitin/lignin material as a biofilm sorbent for Fe(lll) and Cu(ll) ions from aqueous
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solutions at room temperature were evaluated. All the detailed information is present in the
enclosed Publication #B.

3.2.6 Chitin/lignin composite materials from melt compounding

process

It is found that all the chitin/lignin composite samples fabricated from melt compounding process
are severely deteriorated after soaking in an ethanol bath. None of them formed an intact
specimen for tensile testing, Figure 3.13. After drying, all the composite samples are considerably
brittle and friable, which made them problematic for further characterization. Due to the
unsuccessful generation of the chitin/lignin composite material, no further characterizations are

carried on the chitin/lignin composite from melt compounding process.

Figure 3.13: Chitin/lignin composite material (CL_3) fabricated by melt compounding.
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Publication #A

Cellulose and chitin composite materials from an ionic liquid and a green co-

solvent

Yaging Duan, Auriane Freyburger, Werner Kunz, Cordt Zollfrank
Carbohydrate Polymers 192 (2018) 159-165; http://doi.org/10.1016/j.carbpol.2018.03.045

This work represents the first report on a sustainable method for the preparation of cellulose/chitin
composite materials from the ionic liquid 1-Butyl-3-methylimidazolium acetate and y-valerolactone
as a biosourced sustainable co-solvent. Element analysis and attenuated total reflectance Fourier
transform infrared spectroscopy show that the average degree of acetylation of chitin in the
composite materials was around 82.5%. This indicates that chitin is not deacetylated to chitosan
during the dissolution process. The X-ray diffraction results show that the degree of crystallinity of
the composite materials increases from amorphous to 59% with increasing chitin concentration
accompanied by a developing crystallite size up to 3 nm. Mechanical testing yielded a maximum
tensile stress of 4.7 MPa, an elastic modulus of 27.4 MPa and a breaking elongation of 78.7% for
the composites with 80 wt% chitin. In addition, water contact angle measurements indicated that

the presence of chitin rendered the materials more hydrophobic.

The work was performed under the supervision of Prof. Dr. Cordt Zollfrank, Biogenic Polymers,
TUM and Prof. Dr. Werner Kunz, Institute of Physical and Theoretical Chemistry, University of
Regensburg (UR). The solvent for the dissolution of the two biopolymers were developed in
collaboration with Dr. Auriane Freyburger (UR). The preparation, measurement, characterization

and evaluation of the composite samples were carried out by the author of this dissertation.
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We report on a method for the preparation of cellulose/chitin composite materials from the ionic liquid 1-butyl-
3-methylimidazolium acetate and y-valerolactone as a biosourced sustainable co-solvent. Element analysis and
attentuated total reflectance Fourier transform infrared spectroscopy show that the average degree of acetylation
of chitin in the composite materials was around 82.5%. This indicates that chitin is not deacetylated to chitosan
during the dissolution process. The X-ray diffraction results show that the degree of crystallinity of the composite
materials increases from amorphous to 59% with increasing chitin concentration accompanied by a developing

crystallite size up to 3 nm. Mechanical testing yielded a maximum tensile stress of 4.7 MPa, an elastic modulus of
27.4 MPa and a breaking elongation of 78.7% for the composites with 80 wt% chitin. In addition, water contact
angle measurements indicated that the presence of chitin rendered the materials more hydrophobic.

1. Introduction

Composite materials based on biopolymers have gained special at-
tention due to their biocompatibility and environmentally benign
properties (Shen, Shamshina, Berton, Gurau, & Rogers, 2016). Biopo-
lymer based materials can be applied in numerous fields such as med-
ical applications (Qiu & Park, 2001), pollutant adsorbents (Iloughton &
Quarmby, 1999), packaging materials (Gontard et al., 2011), and many
more. As the two most important and abundant natural biomass re-
sources (Kadokawa, Hirohama, Mine, Kato, & Yamamoto, 2012;
Takegawa, Murakami, Kaneko, & Kadokawa, 2010) cellulose and chitin
are both commercially available with an annual production of more
than 107 and 10" tons, respectively (Deguchi, 2017; Khalaf, 2016; Park
& Kim, 2010; Varshney & Naithani, 2011). Cellulose is a renewable
resource from lignocellulosics, such as wood and lignified higher plants
and is the main constituent of the plant cell walls (Klemm, Heublein,
Fink, & Bohn, 2005). This biopolymer is widely used for the production
of paper, textiles and cosmetics and in many other industrial processes
(Shokri & Adibkia, 2013). It is a glucose based homopolymer linked
through B (1 — 4) glyosidic bonds (Klemm et al., 2005). Chitin has a
similar structure to cellulose, but bears an acetamido group (—NHAc) at
the C-2 positions instead of the hydroxyl group. It is the characteristic
structural component of cell walls of fungi, the exoskeletons of ar-
thropods such as crustaceans (e.g., crabs, lobsters and shrimps) and
insects (Kurita, 2001). Chitin is produced in large quantities as a

* Corresponding author.
E-mail address: cordt.zollfrank@tum.de (C. Zollfrank).

https://doi.org/10.1016/j.carbpol.2018.03.045

byproduct during shrimp meet production (Wu, Sasaki, Irie, & Sakurai,
2008).

Both polysaccharides cellulose and chitin form rigid molecular
structures caused by strong inter- and intramolecular hydrogen bonds.
This leads to a lack of solubility of these polysaccharides in water and
common organic solvents (Takegawa et al., 2010). Despite their huge
availability, cellulose and chitin in composite materials remain un-
utilized. This is primarily due to the fact that only a few solvents are
capable of dissolving chitin without deacetylation into chitosan (Wu
et al., 2008). In order to directly prepare composite materials from
cellulose and chitin, a solvent, which has the ability to dissolve both
polymers without undesired derivatization and without being altered
itself, is required. Over the last decade, ionic liquids (ILs) have been
thoroughly investigated and proposed as promising solvents with neg-
ligible vapor pressure, non-inflammability and high thermal and che-
mical stability (Heinze & Koschella, 2005). Among them, some have
been found to dissolve unmodified cellulose and chitin (Kadokawa
et al., 2012). The preparation of cellulose/chitin composite materials
was recently performed by preparing two separate solutions of the
biopolymers in two different ILs during for four days at elevated tem-
peratures (Kadokawa et al., 2012; Takegawa et al., 2010). The main
drawback of this method is the high amount of ILs still present in the
final composite materials. The separation of the two ILs after washing
remains a problem concerning efficient recycling procedures. However,
the IL 1-butyl-3-methylimidazolium acetate (BmimOAc) is capable of
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dissolving both cellulose and chitin from different origin and molecular
weight at 110 °C {Wu et al., 2008). Since ILs are partly toxic and poorly
biodegradable {e.g. imidazolium and pyridinium-based Ils; Stolte et al.,
2007; Wood & Stephens, 2010), reducing the amount of an IL applied
for dissolution would be desirable. y-Valerolactone {(GVL), which is a
readily available biosourced solvent derived from renewable lig-
nocellulosic biomass (Alonso, Wettstein, & Dumesic, 2013), was se-
lected as a co-solvent to improve solution processing and to reduce
environmental issues. We report on the simultaneous dissolution of
native cellulose and chitin in a solvent system composed of the IL
BmimOAc and the biosourced co-solvent GVL. We hypothesize that the
dissolution of both polysaccharides in a single phase solvent is required
to prepare cellulose and chitin composite materials without chemical
modification or alteration of the two biopolymers. The obtained ma-
terials were characterized by optical microscopy, element analysis (EA),
attentuated total reflectance Fourier transform infrared spectroscopy
{ATR-FTIR), X-ray diffractometry (XRD) and mechanical testing. Spe-
cial attention was paid to the evaluation of the degree of acetylation of
the regenerated chitin to confirm that chitin was not deacetylated into
chitosan during processing. We further anticipate that the wetting be-
havior and water absorption capacity of the cellulose/chitin composites
can be tuned as a function of molar ratio cellulose to chitin.

2. Experimental
2.1. Chemicals and materials

Microcrystalline cellulose was purchased from Merck (Germany). a-
Chitin extracted from shrimp shells was obtainedfrom Sigma Aldrich
{Germany). The degree of polymerization (DP) of cellulose was 124 and
of chitin was 1691 as determined by solution viscosimetry, Table S1.
Both biopolymers were dried at 90 °C for one day and stored in a de-
siccator over silica gel prior to use. 1-Butyl-3-methylimidazolium
acetate (BmimOAc, purity =>98%, Sigma Aldrich, Germany) was dried
with a high vacuum set-up at 107 mbar for 5days. y-Valerolactone
(GVL, Reagent Plus’, purity = 99%, Sigma Aldrich, Germany) was
dried by adding dried molecular sieve (3 i\.). The solvents were stored in
a desiccator over silica gel after drying. The biopolymers and reagents
were used without any further chemical modification or purification.

2.2. Preparation of solvents to dissolve chitin and cellulose

The solvent system was obtained by mixing desired amounts of
BmimOAc and GVL in a glove box at room temperature. Two molar
ratios of BmimOAc to GVL, namely 8:1 and 4:1, were mixed in glass
vials and immediately stitrred to obtain clear and homogenous mixtures.

2.3. Dissolution of cellulose and chitin in BmimOAc-GVL solvent system

First, solutions of 8 wit% cellulose and 2 wt% chitin were prepared
by dissolving the biopolymers in the respective BmimOAc/GVL mixture
at 90 "C under mechanical stirring for 3 h. Then, the two solutions were
mixed together to obtain the desired molar ratio of cellulose to chitin.
The composition of the prepared samples and mixtures are summarized
in Table 1.

2.4. Preparation of cellulose/chitin composite films and gels

Composite cellulose/chitin thin films were prepared by pouring the
respective hot solution {1 g) into a petri dish {d = 4 cm) with a syringe.
They were subsequently kept at room temperature until the mixtures
cooled down. Then, they were carefully covered with ethanol and left
for about 4h at room temperature until the composite films could be
easily removed. Finally, the composite films were subjected to Soxhlet
extraction with ethanol (100mL) for 24h in order to completely re-
move BmimOAc and GVL. The complete solvent removal was confirmed
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Table 1
Preparation of composite materials with different eellulose to chitin molar ratios; Cs:
composite polymer solution, Cf: composite films, Cgr gel films.

Sample Cellulose:chitin/  Sample code  Cellulose:chitin Chitin

code BmimOA«:GVL (composites)  {molar ratio) concentration
(solution}  (molar ratio} (wt%)

Cs 1 3.2:1/8:1 Cf1 (Cg 1} 3.2:11 20

Cs 2 1.9:1/8:1 Ccf2(Cg2y  1.9:1 30

Cs3 1:1.3/8:1 Cf3i(Cg3y 113 50

Cs 4 1:2.9/8:1 Cf4(Cg 4}  1:2.9 70

Cs5 1:5.0/8:1 C£5(Cg5)  1:5.0 80

by ATR-FTIR measurements, as will be detailed in Section 3.4. The
residual films were sandwiched between two Teflon plates and left to
dry for approximately one day at ambient temperature.

A similar process was performed for the preparation of the com-
posite cellulose/chitin gels. Approximately 2 g of the polymer solutions
were cast into a square Teflon mold (4 X 4 X 1cm®). The composite
gels were subjected to Soxhlet extraction with ethanol (100 mL) for 24 h
in order to completely remove BmimOAc and GVL. After washing they
were dried with compressed air at room temperature.

2.5. Determination of the degree of acetylationr DA of chitin

The DA of chitin in the composites was determined using element
analysis (EA) and ATR-FTIR spectroscopy. Pure regenerated chitin
materials {called chitin-R1, chitin-R2 and chitin-R3) were prepared
from three BmimOAc/GVL solutions with different chitin concentra-
tions ranged from 1%, to 3% {wt:wt). The DA value from the native
chitin powder {called chitin-NP) was determined under identical con-
ditions and was taken as reference. The DA of chitin (%) was de-
termined using the element composition of the samples from EA ana-
lysis and was calculated with the following Eq. (1) {Sajomsang & Gonil,
2010; Xu, McCarthy, Gross, & Kaplan, 1996)

DA = {C/N — 5.14)/1.72 x 100 (1)

where C/N is the mass ratio {w/w) of carbon to nitrogen. The DA of
chitin (%) determined from the ATR-FTIR spectra was calculated by
evaluation of three absorbance area ratios of the samples from Eq. {2).
This equation is generally applicable for chitin samples, where DA va-
lues range from 50 to 100 (Kasaai, 2008; Shigemasa et al., 1996):

DA {%) = (Ays55 + A1pas5)/Azaso 2

where Aijgss, Ajgos and Aasgse are related to the baseline corrected
amide-I absorbance area and O-H absorbance area of samples (Fig. 2).

2.6. Characterization

The elemental composition of cellulose and chitin as well as of the
prepared composite materials was investigated in an element analyzer
Euro EA (HEKAtech GmbH, Germany). After oxidation at 1000 °C, the
gaseous products were separated by gas chromatography and detected
with a thermal conductivity detector. Carbon (C), hydrogen {(H) and
nitrogen {(N) relative contents were determined using tin capsules,
containing 1-3mg of sample. Relative content of oxygen {O) was
measured using silver capsule within 1-2 mg of sample.

Infrared spectra of the samples were obtained by using an atte-
nuated total reflectance-Fourier transform infrared spectrometer (ATR-
FTIR, Nicolet 380, Thermo Fisher Scientific, USA) equipped with a
diamond crystal. The measurements were conducted directly on native
powder and film samples in the wavenumber region of 4000-400 cm ™.

X-ray diffraction (XRD) patterns were obtained with an X-ray dif-
fractometer {Rigaku, MiniFlex 600, Tokyo, Japan) equipped with a
high-speed one-dimensional detector (Rigaku, D/teX Ultra, Tokyo,
Japan) and a KB-filter. XRD spectra were recorded in the 26 range of
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5°-4@°, with a step width of 0.02°, a scanning speed of 2°/min and a
CuKa radiation (A = 0.1541 nm) generated at 40kV and 15mA at
room temperature. The crystallinity index (CI) of the samples was
evaluated using Eq. (3) (El-Nesr, Raafat, Nasef, Soliman, & Hegazy,
2013; Focher, Beltrame, Naggi, & Torri, 1990; Shankar, Reddy, Rhim, &
Kim, 2015):

CI% = (I110 — Tam)/T110 X 100% 3

where I110 is the maximum intensity of the peak at 26 = 22.5° for
cellulose and 28 = 19.1° for chitin. Ly, is the intensity of the amorphous
region, which is at 26 = 18° for cellulose (Park, Baker, Himmel, Parilla,
& Johnson, 2010), and at 28 = 16° for chitin {Herrera, Salaberria,
Mathew, & Oksman, 2016; Shankar et al., 2015). The crystallite size (D)
for some samples was evaluated using the Scherrer Eq. (4) (Das et al.,
2009):

D = KA/B (26) cos O 4)

where K is a constant (0.94), A is the wavelength of the X-ray
{0.1541 nm), B {20) is the full width at the half maximum of the re-
spective peak (FWHM) after subtraction of the values measured with
standard material (B, (20) = 0.001745rad) and © is Bragg’s angle
(Shankar et al., 2015).

The mechanical properties of the composite gels were evaluated
with a universal tensile tester {Smar Tens 010, Karg Industrietechnik,
Krailing, Germany) with an initial grip separation of 1 mm and cross-
head speed of 10 mm/min. Pure cellulose, pure chitin and composite
gels were cut into rectangular strips (1 X 2 em?). The thickness of the
gels was determined using an electronic digital caliper with an accuracy
of 0.01 nun. Three random measurements of the thickness and width
were taken from each gel sample. Tensile stress, elastic modulus and the
elongation at break were obtained by the measurement of three speci-
mens and the mean values with standard deviations were provided.

2.7. Water absorption capacity and water contact angle of cellulose/chitin
composite materials

Water absorption capacity of the pure cellulose, pure chitin and
composite materials were measured as follows: First, composite samples
were dried at 100°C for 12h. Then, the samples were cut into small
square pieces {1 X 1 cm?) and weighed. Subsequently, each sample was
directly placed into a small beaker containing deionized water (15 mL)
at room temperature for 48h. Samples were removed, superficially
dried with a tissue paper and weighed after 24h soaking in water.
Three specimens from each sample were measured and the mean values
with standard deviations were calculated. The water absorption capa-
city of the sample was evaluated by the following Eq. (5):

A% = (M; — Mo)/M, x 100 (5)

where A% is the percentage of water absorption; M, the weight (g) of
sample with absorbed water in the respective test time; My the initial
weight (g) of dry sample.

The wetting behavior of the composite cellulose/chitin films was
evaluated by measuring the contact angle of a water droplet on the
films using a P1 goniometer (Erna Inc, Japan). To this purpose, a water
droplet formed with a micrometer pipette was slowly placed on the
surface of the samples. The tangent of the drop profile at the contact
point with the surface of the sample was observed through an optical
system. The measurements were repeated ten times for each sample and
the mean values with standard deviations were calculated.

3. Results and discussion
3.1. Solvent system for cellulose and chitin

The IL BmimOAc is capable of dissolving both cellulose and chitin
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from different origins and molecular weights at 110°C {Wu et al.,
2008). As mentioned above, ILs are partly toxic and poorly biode-
gradable (Stolte et al., 2007; Wood & Stephens, 2010). As a con-
sequence, it would be desirable to reduce the amount of IL applied for
dissolution. We selected GVL, a biosourced solvent derived from re-
newable lignocellulosic biomass {Alonso et al, 2013). Unfortunately,
GVL alone does not dissolve cellulose or chitin. However, a mixture of
BmimOAc with GVL is capable of dissolving both biopolymers. To find
the optimum molar ratio of BmimOAc and GVL, 2 wt% cellulose and
0.5 wt% chitin were simultaneous dissolved in solely BmimOAc, and in
BmimQAc-GVL mixtures of 8:1 and 5:1 {mol:mol) ratios. All obtained
solvent mixtures were clear {(Fig. S1). However, complete dissolution of
cellulose and chitin were only obtained with BmimQOAc and GVL with
an optimum molar ratio 8:1. Hence, the BmimOAc/GVL mixture with a
molar ratio of 8:1 was chosen as the solution system for preparing the
composite materials. An advantage of this solvent system is that it has a
lower viscosity compared to pure BmimOAc (Fig. $2). A low viscosity is
beneficial for the dissolution of polymers with high molecular weight
such as chitin to improve processing capabilities. Secondly, the solvent
system allowed a relatively low temperature {30 °C) and shorter time
{3h) to dissolve chitin and cellulose compared to other solvents pre-
viously reported {(Kadokawa et al., 2012; Takegawa et al., 2010; Wu
et al., 2008).

3.2, Preparation of cellulose/chitin composite materials

Fig. 1(i) shows the preparation process of the cellulose/chitin
composite materials. The prepared composite films were transparent,
whereas the gels showed a more or less white and partly opaque ap-
pearance. After drying, the composite films {with a thickness of 10 um)
were translucent, while the opacity of composite gels {about 2mm
thick) decreased with increasing chitin concentration (Fig. 1(i),
Table 1).

In addition, both composite films and gels exhibited a homogeneous
surface, which was observed using scanning electron microscopy.
Furthermore, the morphology of composite gels showed an increasing
surface roughness with increasing chitin content (Fig. 54).

3.3. Determination of the DA of chitin

Table 2 shows the DA values of the chitin native powder and of the
regenerated chitin films determined from EA and ATR-FTIR analysis.
The DA values of the samples evaluated by both methods showed a
comparable good correlation. Chitin from regenerated films showed a
slight decrease of the DA compared to the chitin native powder. The
average DA values of the regenerated chitin films were 81% from EA
and 83% according to the ATR-FTIR evaluation. This indicated that the
regenerated material is still chitin {Pillai, Paul, & Sharma, 2009
Rinaudo, 2006, Table 2).

The ATR-FTIR spectra showed that the regenerated chitin films
chitin_R1, chitin_R2, chitin_R3 exhibited similar peaks corresponding to
the native chitin powder, Fig. 2. The vibration mode of amide-I double
bands at 1655 and 1625cm™ ", which are the important bands for
distinguishing chitin from chitosan, were detected in all the samples.
The bending vibrations of amide-Il band at 1548 cm ™~ and amide-ITI
band at 1305 cm ™! all confirmed that chitin was not deacetylated to
chitosan, which is in good agreement with the EA result. The peak at
897 cm ! confirmed the presence of p-1,4 glycosidic linkages and the
band located at 3450 cm ™! is ascribed to the stretching vibration of
O—H in the structure of chitin (Wysokowski et al., 2014). However, a
decrease of absorption band at 1655c¢m ™" of the regenerated chitin
films indicated a decrease of the DA during the regeneration process
(Kasaai, 2008), which was in good agreement with the aforementioned
EA result.
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Fig. 1. (i): Preparation procedure for composite chitin/cellulose films and gels from BmimOAc-GVL solution; (ii): Composite gels prepared with different cellulose/chitin molar ratios
(pure cellulose (a}, Cgl (b), Cg2ic), Cg3 (d), Cg4 (e}, Cg5 (£}, pure chitin (g)).

3.4. ATR-FTIR measurement of composite cellulose/chitin materials glycosidic linkages between glucose (Jin et al., 2009). The detailed
spectra for chitin were described above. The splitting of the amide-I,
To examine the composition of cellulose and chitin in the prepared and the bands at 3266 and 3106 cm ™" (vibrational mode of the N—H)

films/gels and to confirm whether BmimOAc and GVL have been indicated that the native chitin is a-chitin (Cdrdenas, Cabrera, Taboada,
completely removed from the composite materials, samples were & Miranda, 2004). Hence, a decrease of these absorbance bands might
characterized by ATR-FTIR (Fig. 3a). The band located at 1650 cm ™' in suggest a change of the crystalline structures after regeneration. The
the cellulose film could be resulting from adsorbed water (Pang et al., composite samples showed the spectral characteristics in both cellulose
2014) and the band at 1430 cm ™! indicated that the film consists of a and chitin. The characteristic absorption peaks of chitin were stronger
mixture of cellulose-II and amorphous cellulose {Nelson & O'Connor, with increasing concentration in chitin as expected. For instance,
1964a). The small sharp band at 894 cm ™" is characteristic for the - sample of Cf 1 did not show absorption band at 3266 and 3106 cm™*
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Fig. 2. ATR- FTIR spectra of native chitin powder and regenerated chitin films prepared
from different chitin concentrations.

Table 2

Elemental analysis of regenerated chitin films as well as chitin natlve powder and the
corresponding degree of acetylation (DA) values evaluated by EA and ATR-FTIR respee-
tively (wt% is the mass ratio of the examined element in the samples).

Sample  C(wit%) H(wt N(wt O (wi%) DA% (EA} DA%

%) %) (ATR_FTIR}
Chitin NP 39.0 6.1 5.8 37.6 58.9 90.7
Chitin R1  39.3 6.3 6.0 34.5 82.2 85.4
Chitin R2  39.2 7.4 5.9 32.5 821 82.7
Chitin R3  39.0 7.8 5.9 41.3 79.7 80.2

(vibrational mode of the N—H) and exhibited only weak amide-II and
-III bands. Those bands were comparably stronger in sample Cf 3,
which contain more chitin. No reaction between the biopolymers and
the solvents occurred as new absorption peaks could not be observed.
Furthermore, absorption peaks derived from BmimQAc and GVL were
not observed in any spectra of the composite samples (Fig. 3b). These
results demonstrated the successful fabrication of cellulose/chitin
composite materials from the solvent system of BmimQOAc-GVL.

3.5. Crystallinity of cellulose/chitin composite materials

The crystal structure of native cellulose and chitin powders and of
the composite films was analyzed by XRD, Fig. 4. Native micro-
crystalline cellulose powder exhibited the typical peaks of cellulose-I at
20 of 15.0°, 16.0° and 22.6° {Herrera et al., 2016; Nelson & O'Connor,
1964b). The chitin powder showed the characteristic crystalline peaks
of c-chitin {around 9.1°, 18.9° and 26.3") (Wu et al., 2008).

The regenerated cellulose film showed only flat and broad

. Amiden
Amldel‘ , Amidelll

i cf_1
R |Chitin
-

| Cellulose

Absorved i
water (cellulose) B-linkage

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)
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diffraction peaks from 10° to 25°, which indicated the expected for-
mation cellulose-1I in an apparently amorphous state (Park et al., 2010).
The diffraction peaks of the chitin film appearing at 206 = 9.1° and 18.9°
were weaker and broader than those of the native powders and the
peaks at 18.9” and 26.3° almost disappeared. This phenomenon suggests
a transition from the a-chitin to the B-chitin polymorph after re-
generation (Cdrdenas et al., 2004). The XRD patterns of the cellulose/
chitin composite films showed both diffraction peaks from cellulose and
chitin and the intensity of the chitin peaks increased with chitin con-
tent. This result suggests that chitin is the predominant crystalline form
in the composite films. The crystallinity index (CI) and crystallite size
{D) were determined by using Eq. (1) and the Scherrer Eq. (2). The
calculated values are listed in Table 3. The cellulose regenerated from
solution appeared as an amorphous solid. The CI of chitin was also
strongly decreased from 82% to 549%. This phenomenon is caused by
the dissolution process, where crystalline structures of cellulose and
chitin were destroyed. Furthermore, all composite films exhibited re-
latively lower crystalline degrees compared to the pure chitin film.
However, their CI increased with increasing chitin content {Table 3).
The crystallite size of native cellulose and chitin was 5 and 7 nm, re-
spectively, These values are similar to those previously reported
{Ardizzone et al., 1999 Shankar et al., 2015). The comparably smaller
crystallite size of chitin in the composite film {6 nm) illustrated a slight
decrease induced by the regeneration process. Furthermore, the crys-
tallite size of the composite samples became smaller with decreasing
chitin content. For instance, the composite sample with higher cellulose
content Cf 1 was apparently amorphous. The determined crystallite size
of Cf _2 and Cf 3 were 1 nm and 2nm, respectively, which also in-
dicated an almost amorphous state. Only Cf_ 4 with a crystallite size of
3nm showed a developing crystallinity.

3.6. Mechanical properties of composite cellulose/chitin gels

The mechanical properties of the composite cellulose/chitin gels
were determined by tensile testing. Table 4 shows that the tensile stress
values of the composite samples increased linearly with the increase of
chitin content from 20 to 80wt% from 0.5 to 4.7 MPa. However,
composite samples with lower than 70 wt% of chitin exhibited lower
tensile stress values than the pure cellulose and chitin gels. On the other
hand, the elastic modulus of the composite samples increased from 13.3
to 27.4MPa with increasing chitin content. The hydrogen bonding
between cellulose and chitin might be stronger with the increasing
concentration of chitin in the composite gels. This might be the reason
for the observed increased stiffness and strength of the composite
samples. Additionally, the composite gels exhibited a higher elongation
at break than the cellulose gels. The higher breaking elongation with
increasing chitin concentration indicated the contribution of chitin to
the elastic properties of the composite materials (Fig. S5). Furthermore,
the relatively higher tensile strength (4.7 MPa) and breaking elongation

; 1382
(b) BmimOAc 2950 1563 | 1171 gs0
GvL i '
" " ¥
I H | ‘|
: B ;
® i
= 2979 | 1l exs
1055
1 | 939
1167
1763
400 4000 3600 3200 2800 2400 2000 1600 1200 BOO 400

Wavenumber (cm')

Fig. 3. ATR- FIIR spectra of (a} cellulose, chitin and selected composite films and (b} the components of the solvent system BmimOAc and GVL.
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Table 3

Crystallinity index (CI) and crystallite size (D) of cellulose, chitin and selected composite
samples.

Sample CI (%) D (nm) sample Cl{%) D (nm)

Cellul ose, reference 81 5 cf1 - -

Chitin, reference 89 7 cf2 45 (4]

Cellulose film - cf3 56 2

Chitin film 54 cf4 59 3
Table 4

Results of the mechanical properties, water absorption and contact angles for the cellu-
lose, chitin and the composite gels.

Sample Tensile Elastic Breaking Water Water
stress modulus elongation absorption  contact
(MPa} (MPa) (%} (wi%) angle (7
Cellulose, 35+01 141 +04 129 13 52 + 18 46.9 + 5.6
refer-
ence
Ccf1 05 +£01 133 05 302+ 12 60+ 09 58.3 + 3.8
cf2 l0+x01 217 13 357 11 62138 62.7 £ 6.3
Ccf3 28 £01 251+ 1.7 426 £ 20 75+ 34 655 £ 5.9
Ccf 4 36 £ 02 272+ 15 61831 83+ 49 73.4 £ 6.5
cf5 47 £ 01 274+ 11 787 £35 97 + 39 742 £ 7.3
Chitin, 33 +£01 382+ 26 964 =32 102+ 18 751 =69
refer-

ENCe

(78.7%) of the composite gel containing 20 wt% cellulose and 80 wt%
chitin illustrated that cellulose is mainly reinforcing the composite
material. In addition, compared to previously reports on the tensile
strength (7.5-9.0 MPa) and elongation at break (3.7-11.0%) (Takegawa
et al.,, 2010) for celluloseschitin composites, our cellulose/chitin ma-
terials showed a lower strength, but increased elastic properties.

3.7. Water ebsorption capacity and contact angles

The results for water absorption and the measured contact angles
are given in Table 4. All samples reached their absorption saturation of
water within 24 h at room temperature. The water absorption capacity
of the composite samples increased linearly with the chitin concentra-
tion. Especially, the composite sample with 80 wt% chitin exhibited a
similar water absorbance capacity (i.e. 97 wt%) as the pure chitin gel
(102 wt%). It should be noted that the cellulose/chitin material com-
posites were still robust and flexible after soaking in water. The contact
angle is defined by the angle between a water droplet and the sample
interface, which describes the wetting behavior of materials (Shankar
et al., 2015; Vogler, 1998). The contact angle of the pure cellulose film
was 47°, which is considered quite hydrophilic. On the contrary, pure
chitin films were more hydrophobic, resulting in higher contact angle of
75°. The water contact angles of the cellulose/chitin films increased

linearly with the chitin concentration, which were ranging from 58 to
74°. The results illustrated that chitin rendered the composite materials
more hydrophobic.

4. Conclusion

Cellulose/chitin composite materials were successfully prepared by
using a novel solvent system composed of only one single ionic liquid
{BmimOAc) and a biosourced co-solvent GVL with different cellulose to
chitin molar ratio. By adding GVL, the amount of environmentally ar-
guable IL can be significantly reduced. Clear solutions could be ob-
tained within 3h, which is much faster compared to previously re-
ported dissolutions time of 24 h. Analytical results indicated that chitin
was not deacetylated into chitosan, which is critical for the use of intact
chitin in composite materials. The XRD examination showed that the
obtained composite materials exhibited the crystal patterns of a-chitin
and B-chitin, but with a relatively low crystallinity index CI and crys-
tallite size. Furthermore, the mechanical properties of the cellulose/
chitin composites were evaluated. Increasing the chitin content was
beneficial for achieving elastic properties of the composite material.
The water absorption capacity was also depended on the chitin con-
centration. It was additionally found that the wertting behavior of the
cellulose/chitin composite materials can be tuned with the chitin con-
centration and chitin rendered the films more hydrophobic. The pre-
sented cellulose/chitin biopolymer composites could be applied in
packaging, medical or textile applications replacing fossil resource
based materials.
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1. Degree of polymerzation

The degree of polymerization of native cellulose and chitin powder were according to DIN 54 270.
First, native cellulose and chitin powder were dissolved in Cuen and DMAc /LICl (5%, w:w) solvent,
respectively)(Table Al). The intrinsic viscosities [n] of the two polymer solutions were calculated
by their efflux time in according to the Schulz-Blaschke equation. (A.1).

[l = (et -1) / (1 + Ky X (Nrer -1)) (A.1)
Where ne is the relative viscosity and K, is a coefficient (K, = 0.3)

The molecular mass (M) and DP of the two biopolymers were evaluated by the Kuhn-Mark-
Houwin-Sakurada (KMHS) equation. (A.2).

[n] = Kx M®° (A.2)
Where K is a constant value (K = 7.6 x 10%) and a is 0.95

Table Al. Viscosimetric determinations of DP of native cellulose and chitin powders.

Sample Concentration Solvent Temperature(°C) DP Ref
) o DIN54 270
) cupriethylenediamine .
Native cellulose i ) (Biliuta, Fras,
0.03 g/dL hydroxide solution 20 124 .
powder Harabagiu, &
(Cuen) .
Coseri, 2011)
Native chitin N,N-dimethylacetamide (Rinaudo,
0.01 g/dL ) 30 1691
powder (DMAC)/LICI (5%, w:w) 2006)

2. Viscosity of solvents

The dynamic viscosity of the solvent was determined using a falling ball viscometer (Anton Paar,
AMVN) in the temperature range from 25 to 110 ° C. The dynamic viscosity (n) is determined by
the equation. (A.3).

n =K (p_ball - p_sample) t (A.3)
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where K is a calibration constant that depends on temperature and tilt angle. p_ball is the density
of the sphere and p_sample means the density of the sample, which is measured by a bending
oscillator (DMA 5000M, Anton Paar); t is the measured roll time of the ball in the capillary.

Fig. A1 shows the viscosity curves of the two solvents as pure BmimOAc and a mixture of
BmimOAc with GVL (8:1, mol:mol). It was clearly found that the high viscosity of BmimOAc was
significantly reduced by adding GVL.

1000 -
7)
g
T 100 -
=
Z .
§ BmimOAc
o 10 -
£
c BmimOAc: GVL
e (8:1, mol:mol)

1 T T T T |
20 40 60 80 100 120

Temperature (°C)

Fig. Al. Viscosity data of pure BmimOAc and the mixture of BmimOAc and GVL (8:1, mol:mol) from 25 °Cto
110 °C. Lines correspond to correlations using the Vogel-Fulcher-Tammann equation.

3. SEM measurement of composite cellulose/chitin materials

The morphology of the prepared pure and composite materials were analyzed by digital scanning
electron microscopy (DSM 940 A, Zeiss, Oberkochen, Germany) in secondary imaging mode at
10 kV and current at 3.20A (samples were sputtered with Au). As shown in Fig. A2, the composite
sample showed the morphology of both cellulose and chitin, which indicated its homogeneous.

Furthermore, it was observed that the morphology of the materials became rougher with the
increasing content of chitin.
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Fig. A2. SEM micrographs of the surface of films and gels ((a) cellulose film, (b) Cf_3, (c) chitin film, (d)
cellulose gel, (e) Cg_3, (f) chitin gel).

4. TGA measurement of composite cellulose/chitin materials

Thermal analysis were determined by using thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) on a simultaneous thermal analyzer (STA PT1600 TGA/DSC, Linseis)
from room temperature to 600°C with a heating rate of 10 °C/min under inert atmosphere of Ar.
Fig. A3 illustrated that all the samples started with a considerable sharp weight loss between ca.
260 °C and 300 °C, due to the thermal hydrolysis of their polymer chains. Because of the high
crystallinity of the native cellulose and chitin powders, they showed comparable higher onset
decomposition temperatures than the regenerated gels. However, the latter exhibited higher
decomposition temperatures at 50 wt% mass loss, which indicated an improved thermal stability.
In addition, Cg_5 with 80 wt% chitin content showed analogous behavior as pure chitin gel on

thermal stability.
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Fig. A3. TGA curves of native cellulose and chitin powders, regenerated cellulose and chitin gels and
selected composite samples

5. Mechanical testing of composite cellulose/chitin materials

Fig. A4 shows the strength and elastic properties of the Cg_4 during the tensile testing, which
supported the mechanical properties results described in the article.

Fig. A4. Photograph of the selected sample (Cg_4) during the tensile testing.

6. Determination of the structures of the recycled green solvents

After the Soxhlet procedure, the ethanol-based coagulation solutions was first concentrated using
a rotary evaporator (100 mbar) at 45°C until the ethanol was nearly evaporated. Then, the
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residual solvent was dried with a high vacuum (10° mbar) at 40°C for 5 days. The chemical
structures of the recycled solvents were identified using nuclear magnetic resonance (NMR,
ECA400, Jeol Inc, USA) by dissolving them in dimethy sulfxide-d®. The *C-NMR and H-NMR
spectra of the recycled green solvents illustrated that the chemical structures of BmimOAc and
GVL were not changed in the preparation process of composite materials (Fig. A5). The result
confirmed that there was no reaction between the biopolymers and the solvents.
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Fig. A5. C-NMR and *H-NMR spectra from recycled BmimOAc and GVL
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Lignin/chitin films and their adsorption characteristics for heavy metal ions

Yaging Duan, Auriane Freyburger, Werner Kunz, Cordt Zollfrank
ACS Sustainable Chemistry & Engineering; https://doi.org/10.1021/acssuschemeng.8b00805

This study presents the fabrication of novel lignin/chitin films from a solvent system composed of
the ionic liquid 1-butyl-3-methylimidazolium acetate and y-valerolactone as a bio-sourced co-
solvent. Scanning electron microscopy and attenuated total reflectance Fourier transform infrared

spectroscopy confirmed the successful preparation of the lignin/chitin films.

This work also first studied the application of lignin/chitin film as an adsorbent for Fe(lll) and Cu(ll)
cation uptake from aqueous solutions. It was observed that the maximum adsorption capacity for
Fe(lll) was 84 wt% and for Cu(ll) was 22 wt% within 48 h. The adsorption kinetics of the
lignin/chitin bio-adsorbent film is discussed. Moreover, the lignin/chitin films could be regenerated
by desorption of the Fe(lll) and Cu(ll) ions. Up to 12 wt% and 46 wt%, respectively, could be
released within 48 h by directly soaking the metal ion loaded film within water at room temperature.
The lignin/chitin film can be considered as a stable and recyclable bio-adsorbent material with a

high adsorption metal ion capacity for water purification.

The work was performed under the supervision of Prof. Dr. Cordt Zollfrank, Biogenic Polymers,
TUM and Prof. Dr. Werner Kunz, Institute of Physical and Theoretical Chemistry, UR. The solvent
for the dissolution of chitin was developed in collaboration with Dr. Auriane Freyburger (UR). The
preparation, measurement and characterization the composite lignin/chitin samples as well as
evaluation and kinetics study of their absorption properties were carried out by the author of this

dissertation.
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s ABSTRACT: This study presents the fabrication of novel

(2
9 lignin/chitin films from a solvent system composed of the ionic w
10 liquid 1-butyl-3-methylimidazolium acetate and y-valerolactone
11 as a biosourced cosolvent. Scanmpg electron microscopy and Kraft Lignin/chitin v L
12 attentuated total reflectance Fourier transform infrared spec- lignin * Sorbent film
13 troscopy confirmed the successful preparation of the lignin/ 9
14 chitin films. The application of lignin/chitin film as an adsorbent . . ﬁ 0 e
15 for Fe(IlT) and Cu(II) cation uptake from aqueous solutions is r Dissolution o S
16 discussed. It was observed that the maximum adsorption \3 Regeneration @ °
17 capacity for Fe(III) was 84 wt % and for Cu(II) was 22 wt % Metal contaminated o
18 within 48 h. The lignin/chitin films could be regenerated by Chitin water (Me*: Fe3*, Cu2*)
19 desorption of the Fe(III) and Cu(Il) ions. Up to 12 and 46 wt
20 %, respectively, could be released within 48 h by directly soaking the metal ion loaded film within water at room temperature.
21 The lignin/chitin film can be considered as a stable and recyclable bicadsorbent material with a high adsorption metal ion
22 capacity for water purification.
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2 Hl INTRODUCTION Lignin is also considered as a biomass resource with a high 51
25 Water pollution with toxic heavy metals is an increasing threat potential in various and value added productions. It was s

reported that Kraft lignin and lignin from other sources could s3
be used as a metal ion adsorbent for treating wastewater.'® s

Another important and abundant natural biomass resource is ss
the polysaccharide chitin, which occurs primarily as a
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to the ecosystems of the earth.” Especially, the pollution with
Fe (11I) and Cu (II) from highly loaded industrial sewage water
and other pollution sources is known to be the most common
and toxic one, which is of major concern.” Hence, the removal
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33
3 attention.

4 Lignin is one of the three essential components from
41 wood' """ and also one of the most abundant biopolymers next

of heavy metals from sewage is an important topic for the
environmental issues. Numerous research work toward the
development of various technologies for the removal of toxic
metal i ions from water have bccn reported such as ion cxchan§e
resins,” chemical prec (ljltatmn and coagulation-flocculation,

eIectrolytlc reduction,” membrane technology,” and biosorb-
ents.” Many alternatives with respect to fossil resource based
solid-phase sorbents prepared from the renewable resources

such as gcellulose, lignin, and chitin have gained special
13
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characteristic component of cell walls of fungi, the exoskeletons
of arthropods such as crustaceans (e.g., crabs, lobsters, and

shrimps), and insects."” The chemical structure of chitin is an :

amino-polysaccharide, which consists of a glucose polymer
linked through £ (1 — 4) glyosidic linkages bearing acetamido
groups at the C-2 positions. The annual production of chitin is
more than 107 tons™® and most of them occur as a byproduct
(secondary resource) from shrimp production.”’ Because of its
chemical stability, high reactivity, and nontoxicity, chitin is
considered to be an attractive biomaterial.”*** The common
features of both lignin and chitin are their feasible accessibility,
biocompatibility, and environmental beneficial properties.
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. . . Furthermore, it was reported that both biopolymers showed a ¢
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47 300 billion tons in the year of 2012, and around 20 billion tons
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Table 1. Preparation of the Composite Lignin/Chitin Thin Films and Their Dimensional Changes after Drying as well as the
Element Compositions of the Films, Lignin, and Chitin Native Powders®

lignin:chitin elemental composition (wt %)
samples mass ratio feed mass ratio film dimensional change (%) C N S H N/C S/C
lignin 62.8 0.3 L1 5.6 0.01 0.018
LC1 4.1 3.1:1 61.1 503 37 04 6.0 007 0.008
LC2 3:1 24:1 50.0 454 36 03 3.9 0.08 0.007
LC3 21 Le:l 222 $3.8 5.7 0.1 6.5 0.01 0.002
LC4 LI 112 16.7 484 55 n d 6.6 011 n. d
LCS 12 1.2.0 56 46.0 6.1 n d 6.7 013 nd
LCs L3 129 L3 48.0 67 nd 6.9 0.14 nd
LC7 1:4 1:4.4 0 46.7 72 n d 6.6 015 n. d
chitin 444 6.5 n d 7.0 018 n. d

“n.d.: not detected.

73 Composites from lignin and chitin have been scarcely studied
74 in the literature. There are only a few reports, where the
75 combination of lignin and modified chitin leads to improve-
76 ment in the adsorption of hydrophobic organic (:c»mpuunds.22
77 However, the chemical modification process could bring some
7s drawbacks as high cost, leaching of unexpected organic
7¢ compounds as well as difficulties in recycling operations.m
8o Moreover, compared to biosorbent composite materials
81 prepared by a powder processing route from lignin and
82 chitin*'¥** films from solution processing might have
83 advantages such as a high capacity for metal binding, simplified
84 absorption processes, stability, facile desorption, and recycla-
8s bility."

86 Solution processing is commonly used for the fabrication of
87 novel biomaterials. However, there are limitations with respect
88 to the dissolution of both biopolymers simultaneously in one
8o solvent. Especially, chitin exhibits a lack of solubility in water
90 and commeon organic solvents, as a result of its strong inter- and
o1 intramolecular hydrogen bonds.>® Several solvents have been
92 reported for the dissolution of the two ponmers.30733
93 However, most of those solvents exhibit disadvantages such
94 as toxicity, high energy loss, and high cost, and they often yield
95 products with poor pr(:rperties.?’l‘32 Additionally, chitin might
96 deacetylate into chitosan in many solvents. In order to prepare
97 lignin and chitin composite film, a solvent, which has the ability
9 to dissolve both lignin and chitin without derivatization and
90 without being altered itself is required. In recent years, the ionic
100 liquid {IL) 1-butyl-3-methylimidazolium acetate {BmimOAc)
101 was found to dissolve lignin and chitin from ditferent origins
102 and molecular weight.21 Because BmimQOAc is partly toxic and
103 pootly biodegradable,34 reducing its amount for the dissolution
104 of the biopolymers would be desirable. y-Valerolactone {GVL),
105 a readily available biosourced solvent derived from lignocellu-
106 losic biomass,” is suggested as a cosolvent for improving
107 solution processing.

108 We present a method for the preparation of the lignin/chitin
109 films, with a high adsorption capacity for Fe (IIT) and Cu {II)
110 from aqueous media. Film samples were prepared by dissolving
111 lignin and chitin in a BmimOAc-GVL solvent system without
112 any chemical modification and alteration of the two
113 biopolymers. The obtained films were characterized by
114 scanning electron microscopy {SEM), element analysis (EA),
115 and attentuated total reflectance Fourier transform infrared
116 spectroscopy (ATR-FTIR). Special attention was paid to the
117 investigation of the adsorption/desorption capacity for Fe(Ill)
118 and Cu(Il} from aqueous media, using atomic absorption

@

o

=9

[SEe]

&

&

=Y

=3

spectroscopy (AAS). In addition, the adsorption capacity of the
films as a function of lignin to chitin mass ratio was studied.

B EXPERIMENTAL SECTICN

Chemicals and Materials. Kraft lignin powder {Indulin AT) was
purchased from MeadWestvaco (U.S.A.). Its number-average molec-
ular weight (M,) and weight-average molecular weight (,,) is 600 g/
mol and 4540 g/mol, respectively, as determined by gel permeation
chromatography {GPC) (Supporting Information). Kraft lignin
powder was first washed with ethanol by Soxhlet extraction at 90 °C
for 48 h. The solid residue was subsequently collected and dried at 80
°C for 1 day. Chitin powder {@-chitin) extracted from shrimp shells
was purchased from Sigma-Aldrich (Germany) and dried at 90 °C for
1 day prior to use. The degree of polymerization (DP) of chitin was
1691 as evaluated by solution viscosimetry {Supporting Information).
1-Butyl-3-methylimidazolium acetate (BmimOAc, purity >98%),
purchased from Sigma-Aldrich {Germany), was dried with a high
vacuum setup at 10~7 mbar for § days. y-Valerolactone {GVL, Reagent
Plus, purity >99%) was obtained from Sigma-Aldrich {Germany) and
dried with 3 A molecular sieves. All biopolymers and solvents were
stored in a desiccator over silica gel after drying. Fe(III) and Cu(lIL)
cations in diluted nitric acid HNO; with a concentration of 0.2 and
0.02 mol/L, respectively, (RoTi STAR, purity >99%) were purchased
from Sigma-Aldrich (Germany). All materials were used without
further modification.

Dissolution of Kraft Lignin and Chitin in the BmimOAc-GVL
Solvent System. The solvent system was obtained by mixing
BmimOAc and GVL at a mass ratio of 4:1 in a glass vial at room
temperature. They were immediately stirred to obtain a clear and
homogeneous solution {Supporting Information).

Solutions of 20 wt % lignin and 2 wt % chitin were obtained by
dissolving the two biopolymer powders in the BmimOAc-GVL solvent
system, respectively, at 90 °C with magnetic stirring for 3 h
{Supporting Information). The composite samples were prepared by
mixing the two solutions according to the desired mass ratio of lignin
to chitin as shown in Table 1.

Preparation of Lignin/Chitin Films with BmimOAc-GVL. The
lignin/chitin films were prepared as follows: First, 2 g of the hot
mixture solution was poured into a Petri dish (4 = 4 cm) with a syringe
and subsequently casted by immediately shaking the Petri dish to
obtain a 0.2 mm thick film. Then, the films were stored at room
temperature until they cooled down. The casted solution was covered
with ethanol for 12 h until the gellike material could be easily
removed from the Petri dish. The obtained gels were continucusly
washed with ethanol for 48 L in order to remove residual BmimOAc-
GVL solution. The lignin/chitin thin films were obtained by drying the
gel-like materials between two Teflon plates under ambient conditions
for 1 day. Because some lignin was released from the composite
samples into ethanol during the coagulation process (Supporting
Information), the mass ratio of lignin to chitin in the films were

B DOI: 10.1021/acssuschemeng 8b00805
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168 calculated from the dissolved amounts of lignin for each sample. The
169 compositions of the lignin/chitin films are summarized in Table 1.
171 Shrinkage. The linear dimensional change of the lignin/chitin

171 films after drying was evaluated by the following eq 1:

<

1w D=4, —A4)/A, X 100 (1)
173 where D is the dimensional change (%), A, is the initial area of the
174 films before drying (cm®), and A, is the final area of the film samples
175 after drying {cm?).

176 Elemental Analysis. The elemental compositions of the lignin/
177 chitin films were investigated in an element analyzer Euro EA
178 (HEKAtech GmbH Germany). After oxidation at 1000 °C, the
179 gaseous products were separated by gas chromatography and detected
180 with a thermal conductivity detector. Carbon (C), hydrogen (H),
181 nitrogen {N), and sulfur (S) relative contents were determined using
182 tin capsules, containing 1—3 mg of sample.

183 Scanning Electron Microscopy. The surface morphology of the
184 lignin/chitin films were analyzed by scanning electron microscopy
185 (SEM) in secondary imaging mode at 10 kV and current of 3.20 yA
186 with a working distance of 7 to 9 mm (DSM 940 A, Zeiss,
187 Oberkochen, Germany). The samples were sputter-coated with Au.
188 Fourier Transform Infrared Spectroscopy (FTIR). Infrared
189 spectra was obtained by attentuated total reflectance (ATR) in a
190 Nicclet 380 FT-IR {Thermo Fisher Scientific, U.S.A.) equipped with a
191 diamond crystal. The measurements were conducted on films and
192 measured in the wavenumber region of 4000—500 cm™".

193 Atomic Absorption Spectrometry (AAS). Ion analysis was
194 petformed using an atomic absorption spectrometer {AAS, ZEEnit,
195 analytic Jena, Germany) equipped with a hollow cathode lamp (I = 6
196 mA and A = 248.3 nm), and a thermospray apparatus (50 mm in
197 length and 9 mm in height) at a rate of $ mL/min was used for Fe. For
198 the determination of Cu, a hollow cathode lamp (I = 4 mA and 4 =
199 324.8 nm) and a thermospray apparatus (about 50 mm in length and 7
200 mm in height) was used. Acetylene and air at a flow rate of 50 L/h
201 were used for the flame, respectively. The flow system was operated
202 with a Teflon tube (diameter = 1 mm, Analytik Jena, Germany).

203 lon Adsorption Experiments. The adsorption experiments were
204 performed by soaking the films with different lignin to chitin mass
20 ratios in aqueous Fe (III) or Cu (II) fon solutions of 3 mg/L at room
206 temperature for various times (2, §, 8, 24, and 48 L). As a reference
207 sample, a pure chitin film was also measured under identical
208 conditions. Evaluation of adsorption experiments were carried out
209 by analyzing the cation concentration of the diluted aqueous ion
210 solutions by AAS. Four specimens from each sample were measured.
211 Additionally, the pH values of the corresponding aqueous ion
212 solutions were measured using a digital pH meter {HI83141,
213 HANNA, USA), at room temperature. The adsorption capacity of
214 each sample for each tested time was calculated by eq 2.
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A={(C, = C)x V)/M X 100% (2)
216 where A is the adsorption capacity of metal ions on the samples (%),
217 C, is the initial concentration {mg/L} of Fe(Ill) and Cu{II) ions
218 measured from AAS, C, is the metal ion concentration of the solutions
219 (mg/L) after adsorbed by AAS analysis in the tested time, V is the
220 volume of tested solution {15 mL), and M is the initial weight of the
221 respective film samples {mg).

222 Kinetics Study. The investigation of the kinetics of the adsorption
223 process were carried out by soaking the film LC3 (Table 1) in aqueous
224 Fe(Ill) or Cu(Il} ion solutions with different concentrations: 1, 2, 3,
225 and 4 mg/L. The tests were performed at room temperature for
226 various times {2, 5, 8, 24, and 48 h). The adsorbed amount of metal
237 ions {g, mg/g) on the samples for each time was calculated by eq 3.

28 (3)

129 where Cj is the initial concentration {mg/L) of Fe(Ill) and Cu(II)
230 ions, C, is the metal ion concentration of the solutions {mg/L) by AAS
231 analysis after the respective adsorption time, V is the volume of tested
232 solution {15 mL), and M is the initial weight of the film samples (mg).

215

©

[

q, = {((C, = C} xV)/M

=t
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To investigate the type of adsorption mechanism for Fe(IlI) and
Cu(Il) of the lignin/chitin films, two kinetic models (pseundo-first-
order and pseudo-second-order) were evaluated.'™*>*

Pseudo-first-order model:

log(qB - qt) =logq - K,/2.303t (4)

Pseudo-second-order model:

tfg = 1/(k, % ¢') + 1/g Xt (s)

where k) is the rate constant of the adsorption process in the pseudo-
first-order model {1 b™"), and k, is the rate constant of the adsorption
process in the psendo-second-order model (g/mg h).

Equilibrium Study. The amount of metal ions adsorbed by the
lignin/chitin film (LC3) at equilibrium (g,, mg/g) was calculated by

240
241
242
243
244

eq 6 248
q,= ({(C, = C) xV)/M (6) 1
where C, is the equilibrium metal ion concentration {mg/L) of Fe(IIl) 247
and Cu(II) ions. Freundlich and Langmuir models were used for the 248
determination of the adsorption isotherms.>® 249
Freundlich isotherms 250
log(ge) =log Kz + 1/1 X log C, (7) 21
where Ki {mg/g) and n are the Freundlich constants. 252
Langmuir isotherms 253
q./C =K xq -K Xgq (8) 254
where Ky (L/mg) and g, (mg/g) are Langmuir constants, 255
representing the maximum adsorption capacity of the sorbent. 256
lon Desorption Experiments. In order to investigate the 257
recycling capability of the lignin/chitin films, the desorption processes 258
were carried out by soaking the dried metal ion loaded films in water at 25¢
room temperature {22 °C) for 24 and 48 b, respectively. Desorption 260
was evaluated by determining the concentrations of the released Fe 261
(111) and Cu (II) ions from the loaded films in water using AAS. Four 262

replicates from each sample were measured. The percentage of 263
desorbed Fe (III) and Cu (II) from each films was calculated by the 264
following eq 9: 265

D= {(C, x V)/M)/A X 100% (9

where D (%) is the percentage of the desorbed mass related to their
initial mass after 24 and 48 h, respectively, A is the adsorbed amounts
of metal ions on the film samples within 48 h (mg/mg), C, is the 269
metal jon concentration (mg/mL), V is the volume of solution {15
mL), and M is the weight of the film sample {mg).

lon Readsorption Experiments. In order to evaluate the 272
reusability of the lignin/chitin films, they were collected after the
desorption experiment and dried. Then they were soaked in aqueous
Fe {III) or Cu (II) ion solutions of 3 mg/L at room temperature. The
readsorption process and evaluation were performed in the same way
as for the adsorption batch experiments. The readsorption capacity of 277

each sample for each tested time was calculated by eq 10. 278
A, = ((Cp-C) X V)/M X 100% {10) 379
where A,. is the readsorption capacity of metal ions on the samples 280

(%), Cp is the initial concentration {mg/L) of Fe(IlI) and Cu(Il) ions 281
measured from AAS, C{ is the metal ion concentration of the solutions
(mg/L) after adsorption by AAS analysis in the tested time, V is the
volume of tested solution {15 mL}), and M is the initial weight of the
respective film samples {mg).

B RESULTS AND DISCUSSION

Preparation of Lignin/Chitin Films. The obtained lignin/ 287
chitin films were flexible gels with a brown color, which
appeared darker with increasing content of Kraft lignin. After 286
the samples were dried, the dimensional changes of the films
were inversely proportional to the content of chitin {Figure 1).

DOI: 10.1021/acssuschemeng 8b00805
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Figure 1. (i) Preparation procedure of the lignin/chitin films from BmimOAc-GVL solution; (ii) lignin/chitin films in wet state; (iii) lignin/chitin
films in dry state ((a) LC7, (b) LC6, (c) LCS, (d) LC4, (e) LC3, (f) LC2, (g) LC1).

Figure 2. SEM micrographs of the surface of the selected lignin/chitin films ((a) LC1, (b) LC4, (c) LC7), and (d) chitin).

292 All samples were relatively robust materials both in wet and dry
203 state, except for the pure lignin sample. Although lignin was
204 released in minor fraction from the composites during
205 regeneration, the mass ratio of lignin to chitin in the obtained
206 films was almost the same for each sample (Table 1). The
297 obtained lignin/chitin films exhibited linear dimensional
208 changes after drying, which decreased with the increasing
209 concentration of chitin (Table 1). The sample LC7, which had
300 the highest chitin content, showed no dimensional change after

301 drying.

Elemental Analysis (EA) of the Lignin/Chitin Films.
TI'able 1 shows the result of elemental analysis of the samples.
Carbon (62.8 wt %), nitrogen (0.5 wt %), hydrogen (5.6 wt %),

and sulfur (1.1 wt %) were found for the Kraft lignin powder.””

The EA result of chitin powder (carbon (44.4 wt %), nitrogen 3

(6.5 wt %), and hydrogen (7.0 wt %)) indicated a degree of N-

acetylation of 89%. The results of the lignin/chitin film samples

from EA confirmed the successful preparation. It was shown :

that with the decreasing mass ratio of lignin in the prepared

films, the mass ratio of sulfur/carbon was also linearly reduced. :

Because of the low content of lignin present in the film samples

70
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FTIR spectra of the selected lignin/chitin films (LC3 and LC4), Kraft lignin, and chitin.
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Figure 4. Adsorption curves of lignin/chitin films and pure chitin film for (a) Fe(IIT) and (b) Cu(II) within different contact times maximum
standard deviation for the adsorption values of Fe(Il) was +6.13 and of Cu(ll) was +2.24.

(LC4, LCS, LC6, and LC7), the sulfur could not be detected.
Additionally, the samples with increasing chitin content showed
a gradually increasing mass ratio of nitrogen/carbon (N/C).
This result confirmed that chitin was not deacetylated into
chitosan during its dissolution in BmimOAc-GVL.

SEM Measurement of Lignin/Chitin Films. It was
observed by SEM that the surface of sample LC1 with the
highest lignin content showed a rough morphology with many
small individual and irregular distributed lignin particles (Figure
2a). This appearance changed to a smoother surface with
increasing chitin content (Figure 2b,c). The pure chitin film
exhibited a dense, homogeneous, and firm surface morphology
(Figure 2d).

ATR-FTIR Measurement of Lignin/Chitin Films. Figure
3 shows the ATR-FTIR spectra of Kraft lignin in comparison to
chitin as well as selected samples LC3 and LC4. The spectrum
of Kraft lignin exhibits the following bands: The stretching
vibration bands of O—H group at 3600—3200 em™' and C—H
at 2934 cm™ . The bands at 1593 and 1508 cm ™" are associated
with the stretching of C—C vibration of the aromatic skeleton.
The bands at 1200—1350 and 1026 cm™ are attributed to the
stretching vibration of C—0, C—0 (H), C—O (Ar), and C—
O—C etheric bond of the phenolic groups.”*” The character-
istic bands of chitin are the amide-I doublet bands located at
1650 and 1626 cm™!, amide-II band at 1549 ¢cm™), and the

amide-IIT band at 1306 cm ™, This confirms that chitin was not 3

degraded during the dissolution in BmimOAc-GVL (Support-

ing Information), which is in good agreement with the results
from element analysis. The bands located at 3430 and 3266 ;

em™" are ascribed to the stretching vibration of O—H and N-H

groups. The intense peaks at 1154—1010 cm ™" correspond to 3

the stretching vibration of C—0O—C and C—O bonds, and the
peak at 897 cm™'

lignin to chitin mass ratio of 1.6:1 and 1.2:1, showed the

characteristic spectra from both biopolymers, respectively. New

absorption peaks resulting from possible degradation products

were not observed (Supporting Information). Furthermore, 3
absorption peaks derived from the solvents are absent in the 3

spectra of all composite samples, indicating that BmimOAc and

GVL were completely removed from the films during 33

regeneration process.

Adsorption Capacity of Lignin/Chitin Films for Fe(lll)
and Cu(ll). The lignin/chitin films showed a considerable
adsorption for Fe(IlI) and Cu(1l) from aqueous solutions, in
contrast to pure chitin films, where ion adsorption was quite
low. It was found that the adsorption amounts of all the
samples for both Fe(TII) and Cu(Il) increased with increasing
adsorption time (except for LC1, Figure 4). It is noticed that
the lignin/chitin films exhibited a higher affinity for Fe(III)

DOI: 10.1021/acssuschemeng.8b00805
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Table 2. pH Values of the Fe(III) and Cu(II) Aqueous Solutions {3 mg/L) within the Lignin/Chitin Films and Pure Chitin Film
after 2, 5, 8, 24, and 48 h, Respectively; Maximum Standard Deviation for the Experiments of Fe(IIT) was +0.25 and of Cu(II)
was +0.33

Fe(lll) pH (initial) = 3.67; T = 22 °C pH Cu(1I) pH (initial) = 3.48 T = 22 °C pH

36.
36
36,
36
36
36,
36¢
3T
37
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37,
37
37

37
37
37
38

B @

o

6

—
7

- & T &

2

3

Ny

S

=

7
8
9

=}

samples 2h 5h 8h 24 h 48 h 2h 5h 8h 24 h 48 h
LC1 3.90 4.54 4.83 5.34 6.03 3.51 3.65 3.69 3.73 3.76
LC2 3.83 4.57 4.79 5.32 5.58 3.49 3.64 3.69 3.73 3.75
LC3 374 447 4.54 4.66 4.49 3.50 3.57 3.59 3.57 3.58
LC4 374 425 424 426 3.89 349 3.54 3.56 3.55 3.57
LCS 376 425 4.29 432 392 3.49 3.53 3.55 3.55 3.56
LC6 3.80 4.34 4.36 4.34 398 3.48 3.58 3.58 3.60 3.57
LC7 3.87 422 4.33 433 395 351 3.58 357 3.56 3.56
chitin film 3.70 4.06 4.08 4.16 381 348 3.53 3.58 3.59 3.56

(a) (b)
0 0
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Figure 5. Psendo-first-order kinetic model for adsorption for (a) Fe(1ll) and (b) Cu(Il); pseudo-second-order kinetic model for adsorption for (c)

Fe(1II) and {d) Cu(II).

(absorption capacity of 61%—84%) than for Cu(1I) (adsorption
capacity of 12%—22%)) after 48 h. The highest adsorption
capacity for Fe(III) and Cu(II) is found for LC3 with a lignin
to chitin mass ratio of 1.6:1. The adsorption capacity of Fe(III)
for the samples LC4 and LCS showed only slight variations
(83% and 81%). The second highest adsorption capacity of
Cu(TI) (ie, 21%) was achieved by LC2 in 48 h. However, no
significant correlation between the adsorption amounts of metal
ions and the mass ratio of lignin could be observed (Figure 4).
It should be noted that the adsorption capacity for sample LC1
with the highest lignin content slightly decreased for both
Fe(III) and Cu(I) ions after 24 h. This phenomenon could be
due to a slight partial disintegration of LC1 in the aqueous
solutions, which leads to an increased ion release.

1t should be noted that our lignin/chitin film sorbent show a
lower sorption capacity and longer absorption time compared
with previously reported results for lignin/chitin and lignin/
chitosan biosorbents.'”"¥**" However, the efficient absorption

ability for the described materials might result from their higher s
specific surface area. However, the maximum capacity of our 3s2
films for Fe(IlI) (iec., 84%) and Cu(il) (i, 22%) after 48 h 13
adsorption time at ambient condition suggests that they can be 354
used as effective biosorbents. 8s

Table 2 shows that the pH values of both Fe(I11) and Cu(1I1) g6
aqueous solutions increased with increasing time for LC1 and 357
LC2. All other composite samples displayed a similar behavior 33
concerning the pH values. The result indicates that the lignin/ 3se
chitin films were relatively stable under experimental 190
conditions. Due to the slight change of the pH values of the 01
metal ion solutions from 2 to 24 h, it can be concluded that the 392
predominant mechanism of the lignin/chitin films in this period 393
is primarily adsorption.'” The decreased pH values of the 194
Fe(Ill) solutions from 24 to 48 h indicate an increased 305
concentration of protons, which could result from the exchange 396
process with Fe(11I) from the film samples. Therefore, another 397
possible mechanism such as ion-exchange can be also involved 398
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Table 3. Experimental and Calculated Data for the Pseudo-First-Order and Pseudo-Second-Order Kinetic Models According to
the Freundlich and Langmuir Isotherms for Adsorption of Fe(III) and Cu(II) on Lignin/Chitin Film

Fe(1IT) Cu(II)
model unit 1 mg/L 2 mg/L 3 mg/L 4 mg/L 1 mg/L 2 mg/L 3 mg/L 4 mg/L
pseudo-first-order K, h! 0.83 0.65 0.76 072 0.38 0.15 0.15 0.11
R - 0.9842 0.9636 0.9890 0.9434 0.9637 0.9952 0.9566 0.9437
pseudo-second-order K, g/mgh 1.54 143 1.24 113 235 178 1.09 0.79
R - 0.9991 0.9992 0.9991 0.9995 0.9953 0.9984 0.9992 0.9975
Freundlich K mg/g 0.79 0.35
[ - 1.31 2.08
R - 0.9387 0.989
Langmuir K L/mg 521 LS
G mg/g 1.21 0.28
R - 0.9736 0.9803
(@) b
. ) (b)
20 I 40
- =
®15 = -
z k4 oL = 530 S
2 S i N = §
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Figure 6. Desorption capacity of the metal ion loaded composites in water within 24 and 48 h: (a) Fe (11I) and (b) Cu (1I). The maximum standard
deviation for the desorption of Fe (111) was +0.46 at 24 h and was +0.59 at 48 h as well as of Cu(II) was +0.065 at 24 h and was +0.056 at 48 h.

in the Fe(III) binding process during this time.'” Overall, the
results illustrate that the film LC3 with 1.6:1 lignin to chitin
mass ratio, exhibited the highest adsorption capacity for Fe(IlI)
and Cu(II) ions and a good stability in the metal ion solutions.
Adsorption Kinetics. The kinetic parameters of the lignin/
chitin film (LC3) for adsorption of Fe(III) and Cu(II) were
calculated according to the pseudo-first-order model (Figure
5a,b) and pseudo-first-order model (Figure 5c,d). The
correlation coefficient R* (Table 3) obtained from the
pseudo-first-order model range from 0.9434 to 0.9890 for the
adsorption of Fe(Ill) ions and from 0.9437 to 0.9952 for
Cu(II). The pseudo-second-order model exhibits high
correlation coefficients (R?) close to 1.0 for all analyzed
concentrations of Fe(Ill) and Cu(ll)), which confirms an
almost perfect match with the experimental data. The results
corroborate previous literature reports, which showed that the
adsorption for various metal ions on the lignin/chitin
composites biosorbents followed a pseudo-second-order
model.'""? Additionally, the fit for the pseudo-second-order
model confirms that the adsorption of lignin/chitin film for
Fe(III) and Cu(Il) is a cooperative process from adsorption
and ion exchange,'"***** which is consistent with the
proposed mechanism mentioned above. It should be noted
that the rate constant (K;) decreased with increasing
concentrations of both Fe(IlI) and Cu(ll) ions, which might
result from the competition between the increased amounts of
ions and the active areas on the film."'
426  Adsorption Isotherms. Table 3 shows the parameters
427 obtained from the Freundlich and Langmuir isotherm models.
428 The coefficient of heterogeneity (1) calculated according to the
429 Freundlich model was 1.31 for Fe(III) and 2.08 for Cu(II) (1 <
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n < 10), indicating a physical interaction between the 430
biosorbent film and the metal ions under favorable adsorption 431
process condition."""'**® However, due to the lower correlation 432
coefficient (R*), the Freundlich model only fits poorly to the 433
adsorption data for Cu(II). The calculated saturation capacity 434
(9m) according to the Langmuir model was 1.21 mg/g for 435
Fe(Ill) and 0.28 mg/g for Cu(ll), respectively. The results 435
show a significantly higher adsorption capacity of the lignin/ 437
chitin films for Fe(Ill) compared to Cu(Il). The correlation 438
coefficient R* obtained from the Langmuir model was 0.9736 439
for Fe(Ill) and 0.9803 for Cu(Il), respectively, indicated an 440
effective fit for the adsorption data. Additionally, the similar R* 441
values calculated for the two isotherms models indicate that 442
both of them could be used to describe the adsorption process 443
of Fe(Ill) onto lignin/chitin film."

Desorption Characteristic of Lignin/Chitin Films. The
desorption results show that most of the lignin/chitin films
exhibit an increased amount of the released metal ions with
increasing desorption time, except for LC1 and LC2. For these 448
samples more Fe(III) was released after 24 h than after 48 h 449
(Figure 6). Similar to the results from adsorption, LC3 also 450
showed the highest desorption values for Fe(Ill) ions (12.1% 4s1
and 18.5%, after 24 and 48 h). The samples (except LC6 and 452
LC7), which had lower adsorption capacities, also showed 4s3
lower desorption rates of Cu(Il) than of Fe(IlI). Because of the 4s4
small absorbed amounts of Cu(Il) on LC6 and LC7, their 455
comparably higher desorption values could result from their 4s6
weak adsorption interaction for Cu(II) ions. 457

Readsorption Characteristic of Lignin/Chitin Films. It 4ss
was found that after initial loading and desorption, the lignin/ 4so
chitin films still showed a certain resorption amount for Fe(III) 460

DOI: 10.1021/acssuschemeng.8b00805
ACS Sustainable Chem. Eng. XXXX, XXX, XXX—XXX



Chitin based composite materials

46
46
463
464
46
46
467
46
469
470

[N

SN

&

471

472
473
474
475
47
477
47
47
480
48
482
483
484
48
486
487
48
489
490
49
492
493
494

-

R

=

o

&%

=

495

496
497
498
499
500
M
502
503
504
505
506
507

508

509
510
s11

512
513

514
515

ACS Sustainable Chemistry & Engineering

Research Article

ranging from 14% to 26% after 48 h (Supporting Information).
However, their readsorption capacity for Cu{ll) was only
limited, which confirmed a better affinity of the lignin/chitin
film biosorbent for Fe(Ill). Furthermore, the pH values of
Fe(lll) aqueous solutions slightly decreased with increasing
readsorption time whereas the pH of Cu{II) aqueous solutions
showed no changes {Supporting Information). Therefore, the
readsorption of the films for Cu{ll) might be achieved by
further extending desorption-adsorption cycles. The results
show the stability and reusability of the biofilm sorbent.

Bl CONCLUSIONS

Lignin/chitin films were successfully prepared from a
BmimOAc-GVL mixture (4:1, w:w). From lignin alone, it was
not possible to obtain composite films from the solution
process. The flexibility of the composite films could be
attributed to the presence of chitin. The investigation of
lignin/chitin film as biosorbent was performed for Fe(III) and
Cu(ll) aqueous solutions at room temperature. As the results
indicated, the film with a 1.6:1 lignin-to-chitin mass ratio
showed an optimum performance with respect to its high
adsorption/desorption capacity for Fe(IlI} and Cu(II} cations
and higher affinity for Fe{TII}. The adsorption process followed
a pseudo-second-order kinetic model indicating that two
mechanisms such as adsorption and ion-exchange were
responsible for uptake of metal ions in the lignin/chitin films.
The adsorption isotherms for both Fe(Ill} and Cu(Il} can be
described according to the Langmuir model. This is the first
study using the two biopolymers lignin and chitin to obtain
heavy metal film biosorbent. The lignin/chitin film biosorbents
show advantages such as high adsorption capacity for metal
ions especially at low concentration, stability in aqueous
solution, easy to use, facile desorption as well as reusability,
which are all requirements for their application in water
purification.
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1. Degree of polymerzation

The molecular weight of native Kraft lignin powder was determined by gel permeation
chromatography (Polymer Win GPC Unichrom; Polymer Standard Service, PSS, Mainz, Germany)
at 50 °C in a DMSO/0.075 LiINO3 solution as eluent at a flow rate of 0.4 mL/min and a refractive
index (RI) detector. Columns of PSS Gram 30A, PSS Gram 1000A and DMSO-Phil-P-300 (30 cm
long with diameter of 0.8 cm) were used. Molecular weight of Kraft lignin was calculated using

pullulan as calibrator.

The DP of native chitin powder was measured as follows: First, chitin was dissolved in DMAc /LiCl
(5% WI/V) solventl at 30 °C. Then, the intrinsic viscosity [n] of the solution with a chitin
concentration of 0.01 g/dL was calculated by its efflux time in according to the Schulz-Blaschke

equation (eq.S1).
[n1=(nrel -1)/ (1 + Kn x (nrel -1)) (S1)
Where nrel is the relative viscosity and Kn is a coefficient (Kn = 0.3)

Then, the DP of chitin was evaluated by the calculated molecular mass (M) from the Kuhn-Mark-
Houwin-Sakurada (KMHS) equation (eq.S2).

[n] = Kx Ma (S2)
Where K is a constant value (K = 7.6 x 10%®) and a is 0.95

Table S1. Molecular weights of native Kraft lignin and chitin powders determined by GPC and viscosimetric.
(Mn: number average molecular weight; Mw: weight average molecular weight.)

Sample Mn (g/mol) Mw (g/mol) DP
Kraft lignin 600 4540 -
chitin - - 1691

2. Dissolution of Kraft lignin and chitin in BmimOAc-GVL

Complete disslution of 2 wt% chitin was obtained only with BmimOAc and GVL at an optimum

mass ratio of 4:1 at 90 °C for 3 h (Fig. S1 (i a) (ii c)) observed under microscopy.

78



Chitin based composite materials

100pm 100pm

Fig. S1. Optical microscopy images of (i) the dissolution of 2 wt% chitin in the solvent system composited
with different mass ratio of BmimOAc to GVL (a)4:1, (b) 2:1 (c)1:1; (ii) of the dissolution of 2 wt% chitin in
BmimOAc-GVL (4:1, w:w )within (a) 1h, (b) 2h, (c) 3h.

The dynamic viscosities of the solvents as pure BmimOAc and BmimOAc-GVL (4:1, w:w) were
determined using a falling ball viscometer (Anton Paar, AMVn) at the temperature range from 25
to 110 ° C. Their dynamic viscosity (n) are determined by the equation (eq. S3).

n=Kx(po—p1) Xt (S3)

where K is a calibration constant that depends on temperature and tilt angle. po is the density of
the sphere and p; means the density of the sample, which is measured by a bending oscillator

(DMA 5000M, Anton Paar); t is the measured roll time of the ball in the capillary.

Fig. S2 shows the viscosity curves of the two solvents as pure BmimOAc and a mixture of
BmimOAc with GVL (4:1, w:w). It was clearly found that the high viscosity of BmimOAc was
significantly reduced by adding GVL.

1000 -

100 -

BmimOAc

Dynamic viscosity (mPa.S)

BmimOAc: GVL
(4:1, wiw)

20 40 60 80 100 120
Temperature (°C)

Fig.S2. Viscosity data of pure BmimOAc and the mixture of BmimOAc and GVL (4:1, w:w) from 25 °Cto
110 °C. Lines correspond to correlations using the Vogel-Fulcher-Tammann equation.
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The dissolution of 20 wt% Kraft lignin, 2 wt% chitin and lignin/chitin mixture (1:1, wt:wt), which
composed with 2 wt% lignin and 2 wt% chitin, in BmimOAc-GVL (4:1, w:wl) were estimated by
visual and optical microscopy. Fig. S3 shows that all the samples formed clear and homogeneous
solutions, which indicated a complete dissolution of the biopolymers in the solvent system of
BmimOAc-GVL (4:1, w:w) under the experimental conditions. The results proved that the
improved dissolution process by adding GVL as co-solvent.

—

Fig. S3. Visual appearances and optical microscopy images of the prepared resulting mixtures with
BmimOAc-GVL ((a) 2wt% chitin, (b) 20wt% lignin, (c) lignin: chitin, 1:1, w:w).

Fig. S4 shows the visual appearances of the selected lignin/chitin films. Pure lignin is not able to
make film in the ethanol coagulation bath. The required flexibility of the lignin/chitin film is brought
in by a certain amount of chitin and the more content of chitin, the more strength and easy-to-
handle of the film.

Fig. S4. Visual appearances of the prepared lignin/chitin films ((a) pure lignin, (b) lignin:chitin,, 7:1, w:w, (c)
LC1, (d) LCA4).
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3. Degree of acetylation (DA) determination of native chitin powder

The DA of chitin (%) was determined using the element composition of the samples from EA
analysis and was calculated with the following equation (S4).

DA =(C/N-5.14)/1.72 x 100 (S4)

where C/N is the mass ratio (w/w) of carbon to nitrogen.

4. ATR-FTIR measurement of the solvent systerm

The completely removed solvent system from the lignin/chitin films was examined by ATR-FTIR
(Fig. S4). It was found that no absorption peaks derived from the two solvents were observed in
any spectra of the composite samples. The results indicated that the successful preparation of

lignin/chitin films using BmimOAc-GVL.

T%

s BmimOACc

w———GVL

1763

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm-1)

Fig. S5. ATR-FTIR curves of the solvents BmimOAc and GVL.

5. TGA measurement of lignin/chitin films

The thermal properties of selected lignin/chitin films were determined by thermogravimetric
analysis (TGA) with a simultaneous thermal analyzer (STA PT1600 TGA/DSC, Linseis)) with a
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heating rate of 10 °C /min under inert atmosphere of air. 12-20 mg of the samples were heated

from room temperature to 600 °C.

120 1 —LCt
_ 100 - LC2
% —LC4
5 80
3 —1C6
o 6o - —Lc7
= —— Chitin film
o 40 -
QD
=

[
o
1

0 T T T T T
20 120 220 320 420 520

Temperature (°C)

Fig. S6. TGA curves of the selected composite lignin/chitin thin films prepared in different lignin to chitin
mass ratios as well as of the chitin films.

6. Adsorption experiments

Fig. S7 shows the visual appearances of the composite lignin/chitin films after the adsorption
experiments and two groups of Fe (lll) aqueous solution (3 mg/L) adsorbed with LC3 and pure
chitin film, respectively, under identical conditions. The images below supported the adsorption

capacity of the lignin/chitin film for Fe (lll) cations.

Fig. S7. (i) Photographs of LC2 in the Fe (lll) agueous solution, (ii) of LC2 removed from the Fe (lll)
aqueous solution; (iii) of the Fe(lll) aqueous solution(3mg/L) adsorbed with (LC3) and (iiii) pure chitin film
on the tested time: (@) O h, (b) 2 h, (c) 5 h, (d) 8 h, (e) 24 h (f) 48 h.
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Fig. S8. Linear forms of Freundlich isotherm model for adsorption of Fe(lll) (a) and Cu(ll) (b) and

Langmuir isotherm model for adsorption of Fe(lll) (c) and Cu(ll) (d) on lignin/chitin film.

7. Readsorption experiments
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Fig. S9. Readsorption curves of lignin/chitin films for Fe (Ill) within different contact times; maximum

standard deviation for the readsorption values of Fe (lll) was +3.39.
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Table S2. pH values of the Fe (lll) agueous solutions (3 mg/L) within the lignin/chitin films for the
readsorption experiment after 2 h, 5 h, 8 h, 24 h and 48 h respectively; maximum standard deviation for Fe
(1) was +0.18.

Fe(lll) pH (initial) =4.49; T=19.9 °C

PH
Samples

2h 5h 8h 24h 48h
LC1 3.66 364 3.64 3.68 372
LC2 3.77 3.65 3.63 3.70 3.78
LC3 3.88 3.59 3.58 358 3.64
LC4 401 3.62 3.59 3.61 3.60
LC5 4.02 3.62 3.61 3.62 3.61
LC6 4.09 3.65 3.64 3.65 3.64
LC7 423 3.68 3.65 3.67 3.66
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Chitin coated cellulosic textiles as natural barrier materials

Auriane Freyburger, Yaqing Duan, Cordt Zollfrank, Werner Kunz
Lenzinger Berichte 94/2018; www.lenzinger-berichte.com

In this work, investigations were carried on the chitin coated cellulosic textiles produced from
TENCEL®, Lenzing Viscose®, Lenzing Modal® and cotton fibers were coated by regenerating
chitin from a mixture of an ionic liquid (1-butyl-3-methylimidazolium acetate) and a bio-sourced co-
solvent (y-valerolactone). The coat was applied only on one side of the textiles. Structural and
morphological analysis demonstrated that a uniform and non-modified chitin film of 10 um was
successfully coated on all type of textiles without damaging their network. These new composite
materials exhibited the unique properties of chitin on one side without degrading cellulose
properties on the other side. The influence of the chitin coat on the textiles properties was
characterized by water contact angels, and gas/water permeability comparative studies of the
conventional and coated textiles. The results demonstrated that the presence of chitin decreased
the water wettability of the textiles solely on the coated site. Moreover, the chitin layer acted as a
promising water and oxygen barrier independently of the nature of the textiles. Further
optimization, as for instance the increase of the thickness of the coat, could improve the barrier
properties of these new materials, making them potential candidates for various applications as
impermeable textiles for hygiene products. Finally, a procedure to recover the ionic liquid during

the process was proposed for sustainable concerns.

The work was accomplished under the supervision of Prof. Dr. Werner Kunz, Institute of Physical
and Theoretical Chemistry, UR and Prof. Dr. Cordt Zollfrank, Biogenic Polymers, TUM. The
preparation and evaluation of the samples were mainly carried out by Dr. Auriane Freyburger, UR.
Characterization and measurement were performed in collaboration with the author of this

dissertation.
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Abstract

The two most abundant biopolymers chitin and cellulose have unique properties suitable for designing re-
newable materials. Cellulose already plays a significant role in the production of daily materials such as
textile fibers while chitin still remains widely less utilized. In this work, new cellulose/chitin composite
materials were prepared to study the advantages of a chitin coat on the properties of cellulose-based tex-
tiles. Textiles produced from TENCEL®, Lenzing Viscose®, Lenzing Modal® and cotton fibers were coated
by regenerating chitin from a mixture of an ionic liquid (1-butyl-3-methylimidazolium acetate) and a bio-
sourced co-solvent (y-valerolactone). The coat was applied only on one side of the textiles. Structural and
morphological analysis demonstrated that a uniform and non-modified chitin film of 10 gm was successfully
coated on all type of textiles without damaging their network. The degree of acetylation of the used chitin and
the fabricated chitin coating determined by elemental analysis was 95.8% and 91.9%, respectively. The in-
fluence of the chitin coat on the textiles properties was characterized by wetting, and gas/water permeability
comparative studies of the conventional and coated textiles. The results demonstrated that the presence of
chitin decreased the water wettability of the textiles solely on the coated site. Moreover, the chitin layer
acted as a promising water and oxygen barrier independently of the nature of the textiles.

Keywords: Chitin coating, water and oxygen barrier, TENCEL?, Lenzing Viscose®, Lenzing Modal®, cotton, textile fibers.

Introduction

Currently, most polymeric materials are manufactured
from petrochemical (fossil) resources. In order to re-
duce the dependence on petrochemical feedstocks and
their environmental impacts, the development and the
use of polymers from biomass as renewable materials
is important to our society [1]. In biomass, the natural
polysaccharides cellulose (poly B-(1,4)-D-glucopyra-
nose) and chitin (poly 3-(1,4)-2-acetamido-2-desoxy-
D-glucopyranose) are the most abundant biopolymer
resources. With cellulose being the principal structu-
ral component in higher plants, it has an estimated
annual production of 10" tons, while chitin is mainly
contained in crustacean shells up to 75 000 tons per
year [2,3]. In addition to their abundance and bio-

degradability, they have good chemical and mechanical
properties suitable for various applications as filtration
process, textile, hygienic, packaging and biomedical
utilization [2,4,5]. However, being not meltable below
their degradation temperature and having rigid bulk
structures, the processing of these biopolymers is a
real challenge and research on it has been increasing
exponentially [2,6].

Cellulose processing has been successfully performed
by more or less complex and polluting methods and is
mainly industrially used in the production of fibers for
textile and nonwoven applications. Among the most
prominent man-made cellulose fiber generations one
finds viscose, the Modal and Tencel® fibers. The first
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generation of cellulosic fibers, viscose, is manufactured
by derivatization of cellulose pulp with sodium
hydroxide and carbon disulfide to cellulose xanthate
and subsequent regeneration of the cellulose by so-
lution spinning. Modal is the second generation of
regenerated cellulose fibers and produced by a modi-
fied viscose process, inter alia, by using a pulp with a
higher degree of polymerization. The third generation
named Tencel® is manufactured by the Lyocell pro-
cess, an environmentally friendlier way to produce
fibers from cellulose solutions in N-methylmorpholine-
N-oxide in presence of water. Besides these man-made
fibers, the natural cellulosic fibers from cotton are still
the most widely applied raw materials used to produ-
ce textiles. [7]

Chitin has not achieved the same commercial value as
has cellulose and a large majority of its production
(60-70%}) is used to produce its de-acetylated deriva-
tive chitosan [8]. Chitin is structurally similar to cellu-
lose, but bears an acetamido group at the C; position
of the glucose units instead of an hydroxyl group.
This particularity confers it advantages over cellulose
such as excellent antibacterial properties, a less hydro-
philic character and water retention/chelate metal ions
capacity [4,9]. However, it induces also a more com-
plex inter- and intramolecular hydrogen bonding net-
work, causing a decreased solubility [10]. To date, the
only promising environmentally friendly and direct
solvents for chitin are ionic liquids (TL.s). ILs are salts
with a melting point below 100 °C. Imidazolium-based
ILs, for instance 1-butyl-3-methylimidazolium acetate
(BmimOAc¢), were described as the most effective
solvents without changing drastically the properties
of chitin [10-12]. L.e. the chitin can be recovered
without deacetylation, which is a prerequisite for main-
taining the chitin properties.

The aim of this study is to give new functional proper-
ties to four different cellulosic fibers (cotton, viscose,
modal and lyocell textiles) applying chitin coatings.
For this purpose, 1-butyl-3-methylimidazolium acetate
has been used to dissolve chitinin presence of the co-
solvent, vy-valerolactone (GVL) obtainable form re-
newable resources, for facilitating the polymer solu-
tion processing. By coating the chitin dope on the
textiles, composite materials could be prepared having
distinguished properties of each polymer, i.e. cellu-
lose and chitin, on each face. The effect of the re-
generated chitin film on the structure and the proper-
ties of the textiles were characterized by scanning
electron microscopy, infrared spectroscopy, water con-
tact angle measurements and water/gas permeability
studies. Furthermore, a method was also used to re-
cycle and reuse the costly ionic liquid at the end of the
coating route.
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Materials and Methods
Materials

Textiles used in this work were obtained from Len-
zing AG (Austria) and produced from four different
cellulosic fibers: TENCELP®, cotton, Lenzing Viscose®,
and Lenzing Modal® All textiles were washed and
desized by Lenzing AG and dried at 70 °C for 5 days
in an oven prior to use.

Chitin solutions were prepared with dried a-chitin
powder from shrimp shells purchased from Sigma
Aldrich (Germany). Its degree of polymerization and
of acetylation were measured to be 1690 and 95.8%,
respectively. The solvent system used to dissolve
chitin was composed of y-valerolactone (Reagent
Plus®, purity = 99%) from Sigma Aldrich (Germany)
and 1-butyl-3-methylimidazolium acetate (BmimOAc,
purity = 98%) from IoliTec (Germany). The latter
was dried using a high vacuum setup (at 10° mbar)
for 5 days, prior to dissolution of the chitin. All
other chemicals were used without further purifi-
cation.

Methods

Chitin solutions were prepared by dissolving a-chitin
(2 wt%) in BmimOAc (88 wt%) and GVL (10 wt%)
under nitrogen atmosphere at 110 °C. After total dis-
solution of chitin, a small amount of GVL was added
to dilute the highly viscous gel and to facilitate the
coating. The final solution was composed of 1.6 wt%
chitin, 30 wt% GV L and 68.4 wt% BmimOAc.
Chitin coating was performed by putting one face of
the textiles in contact with the chitin solution at 100 °C.
Textiles were then moved on the chitin solution sur-
face by a pair of tweezers for 5 minutes to provide a
homogeneous chitin layer. Chitin covered textiles
were left at room temperature for 2 hours to allow a
slow gelation of the chitin. Each material was subse-
quently soaked in ethanol for 2 days and in deionized
water for 2 days in order to remove the solvent resi-
dues, i.e BmimOAc and GVL, and to induce coagula-
tion of the chitin layer. The produced materials were
dried between 2 glass plates at room temperature for
several days.

Recovery of the ionic liquid BmimOAc was accom-
plished after the coating procedure using the following
method. The ethanol-based coagulation solutions were
first filtrated with a 0.2 pm polytetrafluorethylene
(PTFE) membrane filter to remove any possible poly-
mer residues. The obtained liquids were dried for two
hours under reduced pressure (100 mbar) at 40 °C using
a rotary evaporator. Further drying was carried out
with a high vacuum setup (10° mbar) at 40 °C for
5 days. The purity of the recycled BmimOAc was
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analyzed by 'H- and “C-NMR measurements in
dimethyl sulf oxide-d6 recorded with a Bruker Avance
300 spectrometer (Germany) at 300 MHz.

To characterize the composition of the materials, in-
frared spectra were measured with a Fourier trans-
form infrared spectroscopy (FTIR) instrument equip-
ped with an attenuated total reflectance (ATR) samp-
ler by pressing the samples against a Smart Diamond
ATR sensor (Nicolet 380, Thermo Fisher Scientific,
USA). Spectra were recorded in the range from 400 to
4000 cmt.

Films morphologies were studied by scanning electron
microscopy (SEM). Dried samples were placed on
carbon tape and coated with Au/Pd. SEM images were
obtained with a digital scanning electron microscope
(DSM 940 A, Zeiss, Germany) in secondary imaging
mode at an acceleration voltage of 10kV.

The wetting properties of the films were characterized
by water contact angle measurements using a gonio-
meter type P1 equipped with a microscope and a back
light (Erna Inc., Japan). Measurements were per-
formed at room temperature on both surfaces of the
coated films, i.e. on the chitin layer and the untreated
textile layer. A 2 uL. drop of deionized and sterile fil-
trated water was formed by an automated micrometer
pipette (Hamilton Company, USA) and placed on the
sample surface. The angle of the tangent formed at the
water drop base was recorded as well as the liquid
drop absorption time on each material. Overall five
drops were placed on various surface locations for
each sample.

The ability of water and oxygen to pass the materials
was investigated with permeability tests at a
constant temperature of 20 + 1 °C. Water permeability
measurements were performed using a setup with two
cells allowing the film to be in contact with 8 mL of
two different solvents, deionized water and ethyl
lactate (EL), through a hole of 3 mm in diameter. For
the coated materials, the chitin coat was in contact
with the water cell. Both solutions were stirred at 200
rpm for 7 hand 150 uL. were collected with an Eppen-
dort pipette from each cell at the same time at defined
fime intervals. The water concentration in each cell in
function of time was measured by volumetric Karl-
Fischer-Titration (870 KF Titrino plus, Metrohm,
Switzerland). The water permeability coefficient, Pu,0)
was used to characterize the water barrier property
of the films and was determined using Fick's first
law as [13]:

Juo= Paox Acho (L

where Ju,0 represents the flow of water per unit area,
Aco the difference in water concentration between
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the ethyl lactate and the water filled cell. The flux /o
can be also expressed by Equation 2:

1 _deqoineLe
= —x e AERE g Y 2
Juo A X ;7 X (@]

with the permeation area A, the water concentration
in the ethyl lactate cell cy,o in EL cell), the volume
related to the water concentration V, and the time t.

Thus, the water permeability coefficient can be calcu-
lated from Equations 1 and 2 by:

v x dCHo inELoal 3)
Ax Al dr

|Pyol =

Water permeability coefficients were calculated con-
sidering only the average of the values between 120
and 420 min. Before 120 min, the difference in water
concentration between the two cells could not be pre-
cisely determined due to the uncertainty of the water
concentration measurements in the pure water cell
carried out by Karl-Fischer-Titration.

Oxygen permeation under dry condition was evaluated
with an optical measurement conducted by a chemical
optical sensor (type PSto from PreSens, Germany).
The experimental setup consists of a self-developed
measurement cell comprising the chemical optical
sensor spot inside, read out via a polymer optical fiber
(POF-28MA from PreSens, Germany) connected to a
fiber optic oxygen transmitter (Fibox 4 trace from
PreSens, Germany). The film was fixed on the top of the
permeation cell with a constant volume of 49.38 cm?
and was in contact with the ambient air through a hole
of 5 mm diameter. After flushing the chamber three
times with nitrogen, the increase of the oxygen partial
pressure over time in the chamber was recorded three
times for each sample. The time range was selected
from 0 to 13 min, which is the period of time where
accurate oxygen partial pressures (from O to 52 hPa)
could be measured by the sensor spot for the textiles.
The permeability of the film was calculated with the
oxygen permeability coefficient, Po,, determined using
an adaptation of the ideal gas law (4) and the Fick's
first law (5).

po,x V=no, x RxT “

1 dno
Jo,= -Po, X Aco,= — 2 5
o, 0, X Aco, Axdt (&)

In Equation 4, po, is the partial pressure of oxygen, V
the volume of the chamber, no, the oxygen amount in
moles, R the gas constant, and T the absolute tempera-
ture. In Equation 5, Jo, represents the flow of oxygen per
unit area, Ace, the difference in oxygen concentration
between the filled chamber and the outside, and A the
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permeation area. By combining these two equations, the
oxygen permeability coefficient could be calculated by:

v dpo,

Pot = —— x2P%
%= KxIAR, " drf

(6)
The oxy gen permeability coefficients were calculated
considering only the average of the calculated values
between 1and 13 min.

Results and Discussion

Structure of the coated textiles

The studied textiles consist of an ordered structural as-
sembly of cellulosic fibers (TENCEL®, Cotton, Lenzing
Viscose®, and Lenzing Modal®) having a white color.
They were produced by interlacing warp fibers (lon gi-
tudinal) and weft fibers (transversal) so that each warps
fiber passes alternately under and over each weft
fibers. This structural hierarchy can be well observed
in Figure 2 A). After dissolution of the chitin in a mix-

Coated Lyocell

Chitin side

Lyocell yocell side

Coated Viscose

Viscose Viscose side

Figure I: Appearance of untreated and chitin coated textiles.

Chitin side

105 - 113

ture composed of the ionic liquid BmimOAc and the
co-solvent GVL, a chitin layer was formed on one side
of the textiles by promoting its precipitation in etha-
nol [10]. Once the textiles were coated with chitin,
they exhibited a thin transparent shiny film on the chitin
side while the untreated side was visually not modi-
fied during the coating (Figure 1).

The morphology of the prepared materials was ob-
served with SEM. An example of the obtained SEM
images for the coated material viscose performed on
the surface of both sides, ie. chitin and textile layer,
and the cross section is presented in Figure 2. On the
one hand, it could be observed that the viscose net-
work consisting of interlaced fibers was not damaged
by the coating procedure. The chitin side, on the other
hand, exhibited a homogeneous and smooth surface
without crevices or flaws. The chitin layer covered the
pores of the textile without penetrating inside. The
cross section of the coated material displayed two
distinct layers, i.e. the interlaced fibers representative

Coated cotton

Cotton side Chitinside

Cottory

Coated Modal

Modal side  Chitin side

;

Modal

Figure 2: SEM images of the viscose textile coated with chitin obtained from (A) the viscose side, (B) the chitin side, and (C) the

cross section.
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of the textile side and a thin homogeneous chitin coat.
The same observations were made also for all three
other coated materials. The thickness of the chitin coat
on all materials was estimated to be 10 + 2 gm as in-
ferred from the cross section SEM images.

To confirm the presence of chitin on the coated side
and to exclude degradation of the textiles, all materials
were characterized by FTIR in ATR mode. Figure 3
shows the FTTR-ATR spectra of the chitin side for the
four coated textiles. The IR curves were shifted by a

—— Lyocell
] 1 Cotton
1 [ Viscose
‘WW J\’mm 1\ —— Modal
3 (1)
5 1 1 SRRSO A
HEIRFAS W
@ f H
R, A ¥/
o e 1A
B | B ircazd
b S Armide 11| ~c-an- '.\‘
Amide 1| C-Dv \"'.‘

T T T T T T T T
4000 3800 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Figure 3: FTIR-ATR spectra of the chitin coated side for the
prepared textiles.
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constant value self-developed for visual clarity. Firstly,
no differences appeared comparin g all spectra. Second-
ly, the specific bands characteristic to chitin such as the
amide I doublet band located at 1654 and 1625 cm!,
the amide II band at 1550 cm™' and the amide III band
at 1307 em! could be detected for all materials. This
means that the recovered chitin was not deacetylated.
The other bands at 3430 and 3261 cm™! were attributed
to the OH and NH stretching, at 3090 em'! to the CH;
asy mmetric stretching, and at 2875 em! to the CHs
symmetric, CH, and CH; stretching [14]. CH defor-
mation and C-CH; amide stretching vibrations were
assignable to the peaks at 1428 and 1373 em . The
intense peaks at 1154-1010 em'! corresponded to C-O-C
and C-O stretching. The last peak at 896 cm’ con-
firmed the presence of [3 linkage in the molecule [14,15].
This indicated that chitin was successfully coated on
the textiles and no obvious degradation occurred
during the preparation.

Each starting material and its corresponding side on
the coated textiles are compared by FTIR-ATR curves
in Figure 4. Apain, IR curves for the coated textiles
wereshifted for a better display. The spectmm for each
textile side was similar to the spectrum for its non-
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Figure 4: Comparative FTIR-ATR spectra of each reference textile, (A) lyocell, (B) cotton, (C) viscose, and (D) modal with its

corresponding untreated side on the coated materials.
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coated material independent of its crystalline structure,
namely cellulose I for the natural cotton and cellulose 11
and amorphous cellulose for the man-made lyocell, vis-
cose, and modal textiles. Thus, the cellulosic fibers were
not chemically degraded during the coating process.
In addition, the absence of the chitin characteristic
bands confirmed the presence of chitin solely on the
coated side of the prepared material as also observed
under SEM.

Evaluation of new functional properties
In order to evaluate the specific properties of these
new materials, a comparison of the untreated textiles
and the coated cnes were performed regarding their
wetting and permeation performance.

In a first step, we studied whether the chitin coat can
act as a water barrier, since this biopolymer is a major
structural component in the exoskeleton of marine
crustaceans and contributes to their protection [3].
Therefore, wetting properties of the films were cha-
racterized using water contact angles measurements.
Typically, contact angles lower than 90° correspond
to favorable wetting of the surface (termed hydrophi-
lic), whereas low wettability materials (hydrophobic)
induce contact angles higher than 90° [16]. The rela-
fion between the water contact angles and the type of
textile (coated and non-coated) is illustrated in Figure
5 A). Due to the high hydrophilic behavior of cellulosic
fibers and the porous structure of the textiles, no water
contact angle could be measured for the non-coated
materials as the water drop was immediately absorbed.
Only cotton induced a contact angle of 85 + 5° for a
few seconds (10 s), probably due its highly ordered
structure (cellulose I). Far the coated materials, the
water contact angle tended to be identical on almost
all chitin sides and was approximately 90° (90 +4° for
the coated Lyocell, 91 + 3° for the coated Cotton, and
90 + 4° for the coated Viscose). Only the coated modal
textile exhibited a slight smaller value of 84 +3°. These
results proved that the chitin layers exhibit a poor
degree of wetting towards water. After a long contact
period on the surface of the chitin layer, a decrease of
the water contact angles were detected and the absorp-
tion times were recorded (Figure 5 B). A complete ab-
sorption of a 2 uL. drop on all chitin layers was reached
after ca. 20 min (24 + 3 min for the coated Lyocell,
22 + 6 min for the coated Cotton, 21 + 1 min for the
coated Viscose, and 19 + 4 min for the coated Modal).
Accordingly, the formed chitin layer is not impermeable
to water but significantly retards its infiltration.

Since the textile side of the coated materials immediately
absorbed the water drop textile wettability properties
were not changed during the process (Figure 5 B).
Consequently, the chitin coat affected only the wet-
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fing properties on one side of the coated materials, by
making the textiles more hydrophobic and by slowing
down the water penetration into the textiles, probably
by plugging the holes and the reduced wetting angle
towards the more hydrophobic chitin.

Table 1: Water permeability coefficient, Py, with corres-

ponding standard deviations as a function of the rype of ma-

terials.
Materials Pr.o (x107 m/s)
Lyocell 20£05
Lyocell coated with chitin 0.6+02
Cotton 1.6+ 04
Cotton coated with chitin 0.5+02
Viscose 1.7£07
Viscose coated with chitin 0.5+ 02
Modal 29+ 08
Modal coated with chitin 0.7+02

To study the influence of chitin on the water diffusion
through the materials, water permeability tests for all of
the coated and non-coated materials were additionally
performed under idemtical conditions. From these
experiments, water permeability coefficients were cal-
culated according to Equation 3 and are reported in
Table 1. As expected, the permeability coefficients for
all non-coated textiles were higher than the ones for
the coated materials, namely by a factor of 3.3, 3.2,
3.4, and 4.1 for Lyocell, Cotton, Viscose, and Modal,
respectively. The water transport was faster and easier
through the unmodified textiles, because of their po-
rous and hydrophilic nature of the textiles. As shown in
Table 1, water permeability values for the coated tex-
tiles ranged fram 0.5 to 0.7 x 107 m/s. This indicated
that the chitin coat has the same water barrier proper-
ties independently of the nature of the textile and slow
down the water permeation.

In order to explore other barrier effects of the chitin
layer, gas (i.e. O2) permeability tests were carried out
under dry conditions. Figure 6 (page 112) shows the
evolution of the oxygen partial pressure, po,, in the
measurement cell as a function of time investigated for
all materials. Oxygen permeability coefficients were
calculated according to Equation 6 considering the quasi
linear increase of the oxygen partial pressure and are
reported in Table 2. For non-coated textiles, po,identi-
cally increased from O to 51 hPain 13 minutes. Further-
more, it has to be noticed that this po,raise followed the
same trend as in the case when no membrane was fixed
on the top of the permeation chamber. Independently
of the textile nature, all are highly permeable to oxygen
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Figure 5: {A) Contact angle and (B absorption time of a 2 uL water drop on the surface of the textile materials non-coated and
coated with chitin (C5 stands for Chitin Side and TS for Textile Side).

which can be explained by the presence of open pores.
This generated high permeability coefficients for these
materials in the range from 9.0 to 9.1 x10* m/s (Table 2).
In contrast, the oxygen diffusion through the coated
materials was much slower as shown in Figure 6 B).
After 13 minutes, po, valves of 3.1, 3.0, 2.8, and 2.7
hPa were recorded for the coated Lyocell, Cotton, Vis-
cose, and Modal, respectively. As a result, coated tex-
tiles show significant lower permeability coefficients,
which were ranged from 0.40 to 0.46 x10, m/s. Com-
paring these values to those obtained for the non-coa-
ted textiles, it can be concluded that oxygen respec-
tively permeated throu gh Lyocell, Cotton, Viscose, and
Modal 19.8, 19.8, 21.4, and 22.8 times faster than
through its corresponding coated materials.

Table 2: Oxygen permeability coefficients, Po, ), with corres-
ponding standard deviations as a function of the type of
materials.

Materials Po,(x104 m/s)
Without membrane 94 +04
Lyocell 9103
Lyocell with chitin 046 £0.02
Cotton 9.1+04
Cotton with chitin 046 +0.02
Yiscose 9.0=03
Yiscose with chitin 042 +0.01
Modal 9.1+03
Modal with chitin 040+0.01

To prove that these new functional properties were
caused by chitin and not just by the plugging of the tex-
tiles pores, the same coatin g procedure was performed

with cellulose instead of chitin. To achieve this, a Lyo-
cell textile was coated with microcrystalline cellulose
under the same conditions as previously described.
Unfortunately, it was not possible to reproduce a com-
parably thin 10 = 2 gm cellulose layer. Therefore a
quantitative comparison could not be done, especial-
ly for the permeability tests. However, it can be men-
tioned that cellulose coating induced a lower water
contact angle of 34° instead of 90° for the chitin coa-
ting. The water drop was also two times faster absor-
bed by the cellulose layer than by the chitin one. Con-
cerning the gas/water permeability properties of the
cellulose coated Lyocell, it seemed that cellulose coa-
ting was more permeable to water but slightly less to
oxygen than chitin coating. Further work has to be
done to confirm these observations.

At the end of the coating process, the recycling of the
ionic liquid was attempted for sustainability and pro-
fitability interests. Once chitin regenerated, the ethanol-
based precipitation solutions were collected and sub-
mitted to a drying procedure detailed in the methods.
Ethanol could be successfully removed under reduced
pressure using a rotary evaporator. However, GVL
was still present in the residue due to its remarkable
low vapor pressure {0.65 kPa at 25 °C and 3.5 kFa at
80 °C) [17]. A second step was thus carried out to re-
move GVYL by using a high vacuum setup. Analysis of
the obtained extract by 'Hand “C NMR revealed that
BmimOAc remained unaltered and no trace of ethanol
or GVL was detected. The recovered IL was reused to
dissolve successfully 2 wt% of chitin as described above
in the dissolution experiment. Again, BmimOAc was
then a second time recovered and reused withoutappre-
ciable decrease of its efficiency.
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Figure 6: Oxygen partial pressure, po,, over time measured in the Oz permeation chamber for (A) all the textile materials non-
coated and coated with chitin and for (B) specific to the coated materials.

112

94



Chitin based composite materials

LENZINGER BERICHTE %4 (2018)

Conclusions

Textiles made from TENCEL®, Lenzing Viscose®,
Lenzing Modal® and cotton fibers were coated with
chitin, a natural and antibacterial polymer, to produce
new functional and renewable materials. The approach
used therefore was the chitin regeneration on one sur-
face of the textiles. Chitin was dissolved in the ionic
liquid 1-butyl-3methylimidazolium acetate with a bio-
sourced solvent y-valerolactone and precipitated with
ethanol, after being in contact with the starting mate-
rials. Transparent chitin coats of 10 gm thickness were
successfully created on the textiles without penetra-
tion into the textiles. These new composite materials
exhibited the unique properties of chitin on one side
without degrading cellulose properties on the other side.
The chitin coat influenced the properties of the resulting
composite materials by making them more hydro-
phobic and by slowing down the penetration of water
or Oz into the membrane. Further optimization, as for
instance the increase of the thickness of the coat, could
improve the barrier properties of these new materials,
making them potential candidates for variocus applica-
tions as impermeable textiles for hygiene products.
Finally, a procedure to recover the ionic liquid during
the process was proposed for sustainable concerns.
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4 Conclusion

In this work, for the purpose to successful fabricate novel chitin/cellulose and chitin/lignin
composite materials in a sustainable and environmental benign process. First, several different
solvents such as a conventional polar solvent system, DES and ILs were investigated for their
solubility to dissolve MCC and a-chitin. The results illustrates that the complete dissolution of both
chitin and MCC are only successfully attained in DMAC/LICI and BmimOAc. On the otherside,
AmimBr shows a partial solubility for chitin, whereas cellulose is insoluble. EmimOAc is able to
dissolve MCC and not chitin. It is noted that neither chitin nor MCC present a solubility in both
choline chloride/urea (molar ratio, 1:2) and choline chloride/thiourea (molar ratio, 1:2) under the

selected experimental conditions.

Because the solvent system DMAC/LICI is not only toxicity and non-biodegradability but also need
a required activation procedure for the biopolymers before they are dissolved. BmimOAc, which
can directly dissolving chitin and other two biopolymers, might be an alternative solvent. In order
to improve the sustainability of BmimOAc, a bio co-solvent GVL was added in an appropriate
amounts in BmimOAc. Compared to sole BmimOAc, the BmimOAc-GVL solvent system has a
considerable improved capacity to dissolve chitin, MCC and Kraft lignin. For instance, compared
to the other solvent systems, BmimOAc-GVL has an obvious shorter dissolution time (3 h) for the
biopolymers. The reason for this phenomenon could be that GVL reduces the viscosity of
BmimOAc, which is beneficial for the dissolution of biopolymers with a high molecular weight.
Furthermore, the addition of GVL offers significant improvement for the environmentally friendly of

the dissolution process by lower the processing temperature from 120 °C to 90 °C.

Chitin/cellulose composite materials were first prepared by regeneration from their mixtures with
above mentioned solvent systems. However, it is found that chitin/cellulose composite materials
could be only successfully regenerated from DMAC/LICI and BmimOAc-GVL in this work. The
result is consistent with the dissolution ability of the two solvent systems for the two biopolymers.
Furthermore, the weak composite gel regenerated from AmimBr and EmimOAc confirmed the
incomplete dissolution of chitin in AmimBr. Considering the unsuccessfully fabrication of the
chitin/lignin composites via the melt compounding process. The solution process using BmimOAc-
GVL solvent system is considered as a suitable method for fabrication of both chitin/cellulose and

chitin/lignin composites. Furthermore, the successful recycling of the solvent is revealed that the
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solution process using BmimOAc-GVL for the fabrication chitin based composites is sustainable

and environmentally benign.

The properties of the regenerated chitin based materials from BmimOAc-GVL solvent system
were evaluated by means of various analytical methods. The analytical results indicate that chitin
is not converted into chitosan by dissolving in BmimOAc-GVL, which is critical for the use of intact
unaltered chitin in composite materials. Furthermore, the mechanical investigation illustrates that
increasing the chitin content is beneficial for achieving elastic properties of the composite
chitin/cellulose material. The chitin/cellulose composite materials with acceptable regularity
shapes and good mechanical properties can be attained by drying with compressed air. In
addition, the flexibility of the composite chitin/lignin films could be attributed to the presence of
chitin. The obtained lignin/chitin films exhibits linear dimensional changes after drying, which

decreased with the increasing concentration of chitin.

The evaluation of the modification of the chitin/cellulose composites was performed on chitin
coated cellulosic materials. Chitin coatings on the surface of wood as well as on single-side of
cellulosic textiles were successfully prepared from BmimOAc-GVL. The analytical results show
that the chitin thin layer induces a specific hydrophobicity on the surfaces of wood and the
cellulosic textiles. In addition, the chitin coating also slows down the penetration of water and
oxygen into the coated materials, which suggests a potential application of chitin as a promising

water and oxygen batrrier.

The investigation of chitin/lignin composite as a biofilm sorbent was performed for Fe(lll) and Cu(ll)
agueous solutions at room temperature. It is observed that chitin/lignin composite film do not only
shows a considerable adsorption/desorption capacity on Fe(lll) and Cu(ll) ions from aqueous
solutions but also maintain an acceptable stability in the metal ion solutions. The adsorption
mechanism of the chitin/lignin composite film is evaluated to follow a pseudo-second-order kinetic
model. Furthermore, the result indicates that two mechanisms such as adsorption and ion-
exchange are responsible for metal ion uptake in the composite films. The adsorption isotherms of
the chitin/lignin composite film for both Fe(lll) and Cu(ll) can be described according to the
Langmuir model. In addition, the chitin/lignin composite film shows readsorption ability for the

metal ions, which indicates its stability and reusability as a biofilm sorbent.

This thesis offers possibilities and opportunities for the further development of high value added
chitin based composite materials with environmental benign processes. Chitin-based composite

materials show a bright future as a promising alternative to traditional petroleum based materials.
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For instance, the obtained chitin/cellulose composite shows potential applications as
biodegradable materials for packaging, medical devices or textiles. Chitin/lignin composite can be
utilized as a biosorbent film in water purification. In order to overcome the limitations of the
solubility of chitin and other biopolymers and scale-up of their fabrication from laboratory to
industry, considerable efforts should be conducted for their dissolution, advanced sustainable
processes, etc. Especially, an approach or solvent, which can dissolve chitin in large amount
without deacetylation it into chitosan, would preferable. Since chitin is a promising renewable
resource with high performance materials, the chitin based composite materials are expected to
be increasingly explored and developed with facile and environmental benign processes in the

near future.
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Appendices

Appendix 1. Fabrication of chitin based composites

Figure A.1: Teflon mould for preparing the chitin based composite gel (a) and film (b).

Appendix 2. Dissolution of chitin and lignin in BmimOAc-GVL

The dissolution of Kraft lignin in BmimOAc-GVL was confirmed using a light microscope (Leitz,

Germany).

Figure A.2: Light microscopy images of mixtures containing (a) 30 wt%, (b) 35 wt% Kraft lignin in
BmimOAc-GVL (mass ratio: 4:1) under the selected experimental conditions.
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