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STRUCTURAL CHANGES EVIDENCED BY FTIR
SPECTROSCOPY IN CELLULOSIC MATERIALS AFTER
PRE-TREATMENT WITH IONIC LIQUID AND ENZYMATIC
HYDROLYSIS

Iuliana Spiridon, Carmen-Alice Teaca,* and Ruxanda Bodirlau

Attempts were made to enhance the hydrolysis of Asclepias syriaca (As)
seed floss and poplar seed floss (PSF) by cellulase after pre-treatment
with ionic liquids. Two ionic liquids, namely 1-butyl-3-methylimidazolium
chloride [BMIM]CI and 1-ethyl-3-methylimidazolium tetrachloroaluminate
[EMIM]CI-AICI;, were used. In comparison with conventional cellulose
pretreatment processes, the ionic liquids were used under a milder
condition corresponding to the optimum activity of cellulase. Hydrolysis
kinetics of the IL-treated cellulose materials was significantly enhanced.
The initial hydrolysis rates for IL-treated cellulose materials were greater
than those of non-treated ones. The structural modifications of
hydrolyzed cellulose materials were analyzed using FTIR spectroscopy.
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INTRODUCTION

Cellulose is a major fraction of plant biomass. It is the most abundant renewable
resource in the world, and it can be useful in the conventional petrochemical refineries in
an economy based on renewable resources (Klemm 2005; Lynd et al. 1999). In its natural
state, cellulose is highly crystalline in structure with individual cellulose polymer chains
held together by strong hydrogen bonding and van der Waals forces. The individual
cellulose chains are a linear condensation polymer molecules made up of anhydroglucose
units joined together by B-1, 4-glycosidic bonds (Klemm et al. 1998) with degrees of
polymerization ranging from 1000 to 15,000 units. In general, neither the water
molecules nor the catalysts for hydrolysis (like cellulase enzymes) are able to easily
penetrate the crystalline matrix (Zhang and Lynd 2004; Lynd et al. 2002). Enzymatic
saccharification processes require the dissolution of cellulose in a solvent to facilitate the
access of cellulase to cellulosic substrates. Cellulose consists of polydispersed linear
polymer chains that form hydrogen-bonded supramolecular structures; because of this,
cellulose is insoluble in water and most common organic liquids.

Ionic liquids (IL’s), a new class of cellulose-dissolving solvents (Swatloski et al.
2002), and new reaction media for biocatalysis (Van Rantwijk and Sheldon 2007; Lau et
al. 2004), are potential solvents for the enzymatic saccharification of cellulose. However,
the significant decrease in cellulase activity in the presence of cellulose-dissolving IL’s
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(Turner et al. 2003) requires that a cumbersome recovery process is necessary to retrieve
the regenerated cellulose produced by the pretreatment of cellulose with IL’s prior to
enzymatic saccharification (Dadi et al. 2006). To simplify the entire process, it is
necessary to develop IL’s that are compatible with both cellulose solubility and cellulase
activity.

The application of ionic liquids (IL’s) as solvents in carbohydrates chemistry
(Murugesan and Linhardt 2005; Zhu et al. 2006) or reaction medium for the
homogeneous cellulose modification (Liebert and Heinze 2008) has recently been
reviewed. Some ionic liquids, especially those containing the CI anion, are capable of
dissolving cellulose (Cao et al. 2009). Ionic liquids have the ability to dissolve large
amounts of cellulose under relatively mild conditions, and the feasibility of recovering
nearly 100% of the used IL to its initial purity makes them attractive (Dadi et al. 2006;
Heinze et al. 2005; Dadi et al. 2007).

Cellulose can be dissolved in methylimidazolium salts, especially 1-butyl- 3-
methylimidazolium chloride ([BMIM]CIl) (Swatloski et al.2002; Swatloski et al. 2003;
Mazza et al. 2009) and 1-allyl-3-methylimidazolium chloride ([AMIM]CI) (Wu et al.
2004; Zhang et al. 2005) ammonium salts such as benzyldimethyl(tetradecyl)ammonium
chloride ([BDTA]CI), and pyridinium salts such as 1-butyl-3-methylpyridinium chloride
([BMPy]Cl) (Heinze et al. 2005; El Seoud et al. 2007). In all these cases, the dissolution
of the cellulose materials is also due to the action of the chloride anions, which interact
with the hydroxyl groups of cellulose by disrupting the hydrogen bonds in the
biopolymer (Swatlovski et al. 2002; Moulthrop et al. 2005). These interactions were
evidenced by NMR method in solutions of cellulose in [BMIM]CI at 5% at 90°C
(Remsing et al. 2006; Moulthrop et al. 2005).

Acid and basic ionic liquids represent new classes of IL’s (Olivier-Bourbigou et
al. 2010). The acid or basic function can be attached either on the anion or on the cation
(MacFarlane et al. 2006). IL’s containing polynuclear metallic anions such as
chloroaluminates have been known for a long time for their potential Lewis acidity and
superacidity in the presence of protons. Many ionic liquids based on metal ions have been
developed (Lin and Vasam 2005). Work has been first focused on chloroaluminates
associated with imidazolium or pyridinium cations. A variety of different anions are
formed in solution ([AICL], [ALCI;], [AI:Clio]), the ratio of which vary with changing
aluminium chloride composition. These ideas have more recently been extended to other
chlorometalate salts.

The use of ionic liquids in biocatalytic transformations has solved some of the
problems encountered in their applications in aqueous and organic solvents. Ionic liquids
are a particularly attractive alternative medium for the enzymatic reactions of
carbohydrates, because their solubility is enhanced in ionic liquids.

Formulators of cellulose chemicals and soft fibrous structures are always looking
for additional types of fibers in order to improve performance or reduce cost. Soft fibrous
structures have conventionally been made with wood pulp fibers. More recently,
synthetic fibers have been used. Seed hairs may protect a seed and/or aid in the transport
of a seed present on a plant. Methods of separating and cleaning cotton staple fibers
and/or cotton linters fibers, for example, are well known and effective. However, they are
unsuitable for use with other types of seeds.
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Individualized seed hairs may be converted into chemical derivatives including
but not limited to cellulose derivatives. Individualized seed hairs may also be used in
their physical form, usually fibrous, and herein referred to "seed hair fibers", as a
component of fibrous structures. Many plants have seed hairs. Seed hairs may have a
wide range of morphology and chemical properties. For example, the seed hairs may be
in the form of fibers, namely seed hair fibers. Such seed hair fibers may have a high
length to diameter ratio.

Milkweed (Asclepias syriaca) is an industrial crop. The seed pods are harvested
for their floss, which has been found to provide high thermal insulation, being produced
commercially as hypoallergenic fiber fillers in comforters and pillows. Milkweed seeds
end up as by-products of floss production and have limited applications as plants for
landscaping and erosion control. Seeds contain 21% oil and 32% crude protein (dry basis)
(Evangelista 2007). Milkweed seed protein has functional properties that may find use as
a thickener, protein extender in adhesives, or emulsifier in paints (Evangelista et al.
2009). Milkweeds produce some kinds of fibers in their stems: the long, quite strong but
brittle bast fiber and the seed hairs. These fibers can be used as a substitute for wood in
pressed panels. It was also reported that it is possible to use Asclepias syriaca fibers for
paper manufacture (Spiridon 2007; Popa et al. 1996).

In the present paper, structural changes of cellulose materials (Asclepias syriaca
fibers, poplar seed floss), previously treated with two ionic liquids, including 1-n-butyl-3-
methylimidazolium chloride ([BMIM]CI) and 1-ethyl-3-methylimidazolium tetrachloro-
aluminate [EMIM]CI-AICI;, were analyzed after enzymatic hydrolysis with cellulase. The
hydrolysis rate was estimated by determination of the soluble sugars released during
saccharification. The structural modifications of cellulose materials were evidenced by
Fourier transform infrared spectroscopy (FTIR).

EXPERIMENTAL

Materials

Acetic acid, sodium acetate dihydrate, 3, 5-dinitrosalicylic acid (DNS), sodium
hydroxide, sodium potassium tartrate (Rochelle salt), phenol, sodium metabisulfite, and
ethanol were obtained from Sigma-Aldrich, Ltd. (Germany). Ionic liquids [BMIM]CI —
IL1 and [EMIM]CI-AICI; — IL2 (Fig. 1), > 95% purity degree, were obtained from Fluka
and have been used without further purification. Cellulase from Aspergillus niger strain
was supplied by BioChemika, Fluka. Cellulose materials, the Asclepias syriaca seed floss
(As) and poplar seed floss (PSF), were used without any preliminary treatment (Fig. 2).
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Fig.1. Structure of ionic liquids (IL’s) used in the experiments
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Fig. 2. Photographs of milkweed plant flowers and dried milkweed pod showing pod hull, floss,
and seeds

Methods
Cellulose materials treatment with ionic liquids

The cellulose materials Asclepias syriaca seed floss (As) and poplar seed floss
(PSF) were kept in a vaccum oven at 50 °C for 24h prior to use, then were mixed with
vacuum-dried ionic liquids IL1, respectively IL2 [material:solvent = 1:10 (w/w)] into
dried glass conical vessels equipped with mechanical stirrer, under an inert atmosphere of
nitrogen. We should mention that [EMIM]CI-AICI; (IL2) is very hygroscopic, and this
may pose severe practical limitations in its handling and storage. Water impurities are
known to react with the anions, releasing super-acidic protons. These cause unwanted
side reactions in many applications and possess considerable potential for corrosion.
Therefore, in order to minimize this detrimental action, IL2 was previously stored in a
vacuum desiccator containing phosphorus pentoxide. The conical vessels containing a
mixture of cellulose material and IL were then loosely capped, and maintained at 100°C
for 10h, using an oil bath. The treated cellulose materials were washed with sufficient
deionized water and dried at 70°C for 48 h before being subjected to enzymatic
hydrolysis.

Enzymatic hydrolysis of cellulose materials

The cellulose substrates, As and PSF, were hydrolyzed without or previously
treated with ionic liquid in vials using a waterbath WNB 7-45. The total vial volume was
5 mL, containing cellulose material concentration of 2 mg/mL. A cellulase addition of 30
FPU/g was used in the hydrolysis reaction. The mixture was buffered with 50 mM acetic
acid—sodium acetate solution, pH 4.8. The hydrolysis reaction was carried out at 40°C for
100 h. All cellulose material samples were hydrolyzed using the same cellulase stock
solution. The release of soluble reducing sugars was periodically measured by the DNS
assay.

Analysis
Chemical analysis of As and PSF was performed according to the TAPPI
methods. The milkweed floss is composed of 54.9% cellulose, 8.0% hemicelluloses,
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19.3% lignin, and 0.9% ash. The poplar seed floss is composed of 62.07% cellulose,
17.04% lignin, and 2.5% ash.

Reducing sugar was measured by the DNS assay (Miller 1959). Glucose was used
as a standard for the reducing sugar measurement. Triplicate determinations were made
for each hydrolysate sample. Cellulase activity was determined by the standard filter
paper assay and expressed as filter paper units per gram (FPU) (Ghose 1987). One FPU is
defined as the enzyme that releases 1 pumol of glucose equivalents per minute from
Whatman No.1 filter paper.

The color intensity of the hydrolysate samples was measured in a Cole-Palmer
spectrophotometer at 540 nm. The hydrolysis rate of reducing sugars from treated
cellulose materials was calculated with Eq. (1) as follows:

Hydrolysis rate (%) =
(reducing sugars weight/dry cellulose material weight) x 100 (1)

Fourier transformed infrared spectroscopy (FTIR) was performed by using a
Bruker Vertex 70 spectrophotometer. The spectra (4000-400 cm™) were recorded with a
resolution of 4 cm™ and 64 scans per sample. About 2.0 mg samples were prepared by
mixing with 120 mg of spectroscopic grade KBr then pressed to produce 13 mm diameter
pellets.

RESULTS AND DISCUSSION

Cellulase-Catalyzed Hydrolysis of Cellulose Materials

It has been shown that the structure of cellulose material regenerated from used
ionic solutions by addition of water is less crystalline when compared to the original
untreated cellulose (Biganska and Navard 2009).

The solubility of cellulose, lignin, and carbohydrates in the ionic liquids has been
studied (Egorov et al. 2007). Overall, the ability of IL’s to dissolve cellulose material
depends on its nature (degree of polymerization of cellulose component, crystallinity),
the operating conditions (reaction time, temperature, initial concentration of cellulose
material in the IL), and the presence of impurities.

The influence of IL’s used for treatment of cellulose materials (As, PSF) on their
further enzymatic hydrolysis with cellulase was evaluated. The cellulose-enriched
materials solubilization in ionic liquid modified the ordered structure of substrate with a
positive impact on the rates of enzymatic hydrolysis. [BMIM]CI seemed to be a
noticeably better solvent, while [EMIM]CI-AICI; caused a more intense degradation
process of the cellulose materials through increasing of reaction medium acidity. It was
found that the enzymatic hydrolysis rate was improved significantly by pre-treatment
with ionic liquid (Fig. 3-a, b).

It seems that the cellulose samples exhibiting lower crystallinity and higher
cellulase adsorption were hydrolyzed by cellulase much faster after treatment with IL’s,
compared with samples untreated with IL’s. The hydrolysis rate of As pretreated with IL1
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was only 8.8% after 50 hours of enzymatic hydrolysis, greater than that obtained for As-
IL2. However, the hydrolysis rate had a value of 17.35% for PSF when it was pretreated
with [BMIM]Cl and 12.55% for PSF-IL2, respectively.

Cellulose material represented by As presents a more compact structure
comparatively with PSF, and this fact can diminish the rate of the cellulose hydrolysis
reaction. It is well known that use of IL’s for pre-treatment of cellulose materials may
cause some degradation of components. Hemicelluloses present in As contain carboxylic
acid moieties that may induce such degradation reactions. Nevertheless, IL’s themselves
exhibit some catalytic action under acidic conditions. For chloride-based imidazolium
IL’s, the proton present on the 2-position of the imidazole ring acts as a hydrogen-bond
donor, and the associated chloride acts as a hydrogen-bond acceptor. This can effectively
activate the hydroxyl groups of carbohydrates dissolved in IL’s (Moulthrop et al. 2005;
Mazza et al. 2009). The increase of reaction medium acidity during cellulose materials
pre-treatment with [EMIM]CI-AICI; can depolymerize cellulose and hemicelluloses by
hydrolysis to smaller fractions.
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Fig.3. Reducing sugar released during enzymatic hydrolysis of untreated and pretreated cellulose
materials: a) As, and b) PSF
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The hydrolysis rate of untreated As increased up to 8.35% after 100 h. This
behavior may be related to the incomplete accessibility of the cellulose fraction to
cellulase, and thus limiting enzymatic hydrolysis. However, the hydrolysis rate of As and
PSF treated with [BMIM]CI] was significantly improved after 40 h. After 100 h of
enzymatic reaction, the hydrolysis rate of substrates after treatment with [BMIM]CI was
greater than that obtained in the case of [EMIM]CI-AICI; treatment. It seems that
treatment of As and PSF with IL’s increased the accessible fraction of cellulose.
Differences appeared by using these two IL’s could be due to the significant degradation
process of both cellulose materials by treatment with [EMIM]CI-AICI;. The loss of intra-
and inter-molecular hydrogen bonding resulting in amorphous cellulose provided an
enhanced surface area, leading to better enzyme accessibility and increased binding sites
in recovered cellulose materials. The difference in the hydrolysis rates and amounts of
total reducing sugars released from two pre-treatments can be attributed to the differences
in the ensuing cellulose structures of amorphous cellulose from [BMIM]CI pre-treatment
and largely crystalline cellulose from [EMIM]CI-AICI; pre-treatment (Li et al. 2009; Liu
and Chen, 2006; Zhao et al. 2009).

FTIR Spectroscopy Analysis of Cellulose Materials

Fourier transformed IR spectra in the 800-1800 cm™ region were employed to
characterize the structure of cellulose materials under study. Figures 4 and 5 present the
FTIR spectra of cellulose materials before and after pre-treatment with ionic liquid. The
absorption band at 1430 cm™ is assigned to the CH, scissoring motion in cellulose. The
absorption band at 897 cm™ is assigned as C—O—C stretching at the p-(1—4)-glycosidic
linkage in cellulose (Nelson and O’Connor 1964).
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Fig. 4. FTIR spectra for As before and after pre-treatment with ionic liquids: a) 1400-1435 cm™
region; b) 800-1000 cm™ region
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Fig. 5. FTIR spectra for PSF before and after treatment with ionic liquids: a) 1415-1430 cm™
region; b) 890-905 cm™ region

As shown in Fig. 4, the absorption band at 1430 cm™ was strong for untreated
cellulose materials, but weak for the treated ones. The spectra shown in Figs. 4 and 5
indicate that the untreated cellulose materials As and PSF possess cellulose I crystal type.
This is in accord with the well-known fact that almost all native celluloses in the higher
plants have the crystal structure of cellulose I. The cellulose I structure was transformed
into amorphous or cellulose II structure after treatment with ionic liquid and enzymatic
hydrolysis (Figs. 6 and 7).
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The absorbance values at 1430 cm™ and 897 cm™ are quite sensitive to the crystal
structure of cellulose in cellulosic materials. Thus, the absorbance ratio Aj430/Agg7, which
is known as crystallinity index (O’Connor et al. 1958) or lateral order index (LOI-
Hurtubise and Krisig 1960), has been used as evidence of the presence of cellulose I
fraction in the cellulose material structure (Oh et al. 2005). The FTIR spectra show
characteristic cellulose peaks around 1000-1200 cm™ (Zhbankov et al. 2000; Langkilde
and Svantesson 1995). The band near 1160 cm™ is representative of the anti-symmetric
bridge stretching of C-O-C groups, and the band near 1318 cm™ can be ascribed to CH,
wagging vibrations in cellulose.

The results of FTIR investigation showed that the peaks of cellulose materials
were lower after enzymatic hydrolysis and especially after treatment with ionic liquids,
indicating that some of cellulose was degraded. The band at 1635-1640 cm™, which has
been attributed to the absorbed water bending vibrations, significantly decreased after
enzymatic hydrolysis after pretreatment with ionic liquids. Another two infrared ratios
were calculated: (1) Aj3z72/Az900, Which is known as the total crystallinity index (TCI)
(Nelson and O’Connor 1964), and (2) As30s /A1330, which is known as hydrogen-bond
intensity (HBI) (Oh et al. 2005; Siroky et al. 2010). These parameters, shown in Tables 1
and 2, are closely related to the crystal system and degree of the intermolecular
regularity.

A higher index value (TCI, LOI) indicates that the material has a high crystallinity
and an ordered structure. This indicates that a part of the crystalline structure of cellulose
was transformed into amorphous form through treatment with IL’s (Li et al. 2010). As a
consequence, the fragmental and porous treated cellulose materials with highly
amorphous structure could provide more surfaces for enzymes to attack on. This fact is
confirmed by enzymatic hydrolysis rate of cellulose material samples treated with ionic
liquid.
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LOI and HBI values decrease for both cellulose materials treated with IL’s by
comparison with the untreated ones (Table 1). Probably, during the pre-treatment with
IL’s, the cellulose materials lost their crystalline structure and, instead, restructured them-
selves into mostly amorphous forms. This decrease in cellulose crystallinity index (LOI)
implies that the treated cellulose material has an increase in cellulose surface accessibility
and would theoretically enable more efficient cellulase hydrolysis.

HBI values decrease for all samples (As, PSF) treated with both IL’s, while LOI
parameter exhibits a different behavior as it decreases for As-IL1 and PSF-IL1 and
increases for AS-IL2.and PSF-IL2 after enzymatic hydrolysis (see Tables 1 and 2). This
fact may be related to the initial characteristics of cellulose materials subjected to IL’s
pre-treatment (As is a more dense cellulose material than PSF), as well as to the specific
action of IL2 ([EMIM]CI-AICI;) that may significantly aid cellulose degradation during
pre-treatment.

Table 1. Crystallinity Indices for Cellulose Materials before and after Treatment
with lonic Liquids

Cellulose LOI TCI HBI
material (1437cm™/ 899 cm™) | (1378 cm™/ 2900 cm™) | (3308 cm™/1330 cm™)
As 2.24 0.77 5.29
As-IL1 2.15 0.75 4.80
As-IL2 2.06 0.82 3.90
PSF 2.58 0.49 4.42
PSF-IL1 2.41 0.73 4.38
PSF-IL2 2.35 0.79 4.37

Table 2. Crystallinity Indices for Cellulose Materials after Treatment with lonic
Liquids and Enzymatic Hydrolysis

Cellulose LOI TCI HBI
material (1437cm™/ 899 cm™) | (1378 cm™/ 2900 cm™) | (3308 cm™/1330 cm™)
As 1.97 0.71 5.80
As-IL1 1.98 0.93 4.77
As-IL2 2.95 0.79 3.52
PSF 2.74 0.54 4.42
PSF-IL1 2.02 0.36 4.01
PSF-IL2 2.65 0.71 4.23

The values of parameters were influenced by treatment with ionic liquid and
enzymatic hydrolysis of cellulose materials under study. Thus, the ordered well
crystalline phase and the degree of intermolecular regularity of carbohydrates from
substrate considered in this study were affected by treatment with IL’s through changing
the fiber structure.

CONCLUSIONS

1. The present paper is dedicated to study the hydrolysis using as substrate the Asclepias
syriaca seed floss (As), and poplar seed floss (PSF), which are cellulose-enriched
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materials. This is in agreement with the current tendency to prioritize developing
processes under environmentally friendly conditions.

2. Cellulose materials originating from Asclepias syriaca seed floss and poplar seed
floss treated with ionic liquid and further hydrolyzed with cellulase were hydrolyzed
more easily than those hydrolyzed without pre-treatment. Treatment with IL’s
modified the ordered structure of substrates with a positive impact on the rates of
enzymatic hydrolysis by increasing the accessible fraction of cellulose. Differences
appeared by using these two IL’s could be due to the significant degradation process
of both cellulose materials by pre-treatment with [EMIM]CI-AICI; through increasing
of reaction medium acidity which can depolymerize cellulose and hemicelluloses by
hydrolysis to smaller fractions.

3. The loss of intra- and inter-molecular hydrogen bonding, resulting in amorphous
cellulose, provided an enhanced surface area, leading to better enzyme accessibility
and increased binding sites in recovered cellulose materials. The difference in the
hydrolysis rates and amounts of total reducing sugars released from two pre-
treatments can be attributed to the differences in the ensuing cellulose structures of
amorphous cellulose from [BMIM]CI pre-treatment and largely crystalline cellulose
from [EMIM]CI-AICI; pre-treatment.

4. FTIR investigation evidenced that the peaks of cellulose materials were lower after
enzymatic hydrolysis and especially after treatment with ionic liquids, indicating that
some of cellulose was degraded. Higher index values obtained from calculated
infrared ratios (total crystallinity index TCI, lateral order index LOI) indicate that the
cellulose materials have a high crystallinity and an ordered structure. A part of the
crystalline structure of cellulose was transformed into amorphous form through pre-
treatment of cellulose materials with IL’s.

5. Decrease in cellulose crystallinity index (LOI) indicates that treated cellulose material
has an increase in cellulose surface accessibility and would theoretically enable more
efficient cellulase hydrolysis. Differences should be expected when using different
IL’s, mainly in the case of those which may act detrimentally to the cellulose fraction
from cellulosic materials.
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