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Abstract We report of cellulose and arabinoglu-

curonoxylan (AGX) blend films made from wood

polymers extracted from one and the same tree. Blends

were prepared by dissolution of wood polymers in

1-ethyl-3-methylimidazolium acetate (EmimAc).

Films were produced by casting EmimAc solution

followed by coagulation in ethanol. The films were

optically transparent, fully amorphous as shown by

wide angle X-ray scattering, and free from EmimAc

residues as shown by Fourier transform infrared

spectroscopy. Mechanical properties were analyzed

as a function of water content. The plasticizing effect

of water on the filmswas evidenced by both tensile and

dynamical mechanical analysis measurements with

humidity scans. Equilibrium moisture content (w/w)

was measured at different relative humidities and the

proportional water uptake was clearly related to the

mechanical properties. We found good mechanical

properties independent of the polysaccharide compo-

sition and an increased Young’s modulus at low

humidities with a maximum at approximately 20 %

AGX content. The strengthening effect was removed

after leaching the AGX from the films. This study

shows potential applications of biopolymer extracted

from trees as future packaging.

Keywords Wood biopolymers films � Ionic liquid �
Mechanical properties � Arabinoglucuronoxylan

Introduction

The secondary cell wall in plants has a highly

organized hierarchical structure with exceptional

properties (Albersheim et al. 2010). Cellulose and

hemicelluloses are the two main components in the

cell wall and they constitute a renewable and

biodegradable resource with great potential (Ra-

gauskas et al. 2006; Zhu et al. 2006). Hemicelluloses

are complex polysaccharides composed of a different

number of sugar units and their derivatives that have a

relatively low degree of polymerization (*70–200

sugar units) (Heredia et al. 1995; Ragauskas et al.
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2006). Hemicelluloses represent a vast natural re-

source as they account for the majority of plant

biomass after cellulose and lignin (Lerouxel et al.

2006; Reiter 2002). Hemicelluloses are often divided

into four main classes, e.g. xyloglucans, glucoman-

nans, xylans and mixed linkage glucans. Xylans are

the most abundant hemicelluloses (Fengel and We-

gener 1983), and depending on their native chemical

structure, molecular weight and branched character

they may be soluble in water. Strong interactions

within cellulose chains (Klemm et al. 2005) and with

the hemicellulose matrix provides for the great

mechanical performance of the secondary cell wall

(Albersheim et al. 2010), that could be utilized for high

performance materials.

The macromolecular structure of cellulose makes it

insoluble in water (Hauru et al. 2012; Lindman et al.

2010; Medronho and Lindman 2014; Medronho et al.

2012), which complicates industrial processing. Ionic

liquids (IL) can be used to dissolve cellulose and

hemicelluloses (Kilpeläinen et al. 2007; Swatloski et al.

2002) and they do not cause the polymer chains to

degrade at moderate temperatures (Mäki-Arvela et al.

2010). ILs are composed of molten salts that are liquid

at ambient temperatures, have a low vapor pressure and

are chemically stable (El Seoud et al. 2007; Rogers and

Seddon 2003; Torimoto et al. 2009; Zhu et al. 2006).

The dissolution potential of cellulose and hemicellulose

in the ionic liquid 1-Ethyl-3-methylimidazolium ac-

etate (EmimAc) is not decreased to the same extent by

the presence of water in the ionic liquid (Hauru et al.

2012) as other ILs are (Swatloski et al. 2002;

Troshenkowa and Wawro 2010).

Dissolution and regeneration of lignocellulosic

materials from ionic liquids have previously been

described in the literature (Kosan et al. 2008; Pinkert

et al. 2009; Simmons et al. 2011; Sundberg et al. 2013;

Turner et al. 2004; Zhao et al. 2009). The crystallinity

of regenerated materials depends upon the dissolution

time and the regeneration conditions. Both partially

crystalline materials (Cao et al. 2010; Zhang et al.

2005; Östlund et al. 2013) as well as amorphous

materials (Kilpeläinen et al. 2007; Sundberg et al.

2013; Wu et al. 2009) have been reported. The non-

solvent used for regeneration also affects the proper-

ties of the regenerated materials (Fink et al. 2001;

Isobe et al. 2011; Östlund et al. 2013). The tunable

crystallinity provides a tool to customize the material

properties for specific applications.

Water plasticizes cellulose (Nakamura et al. 1983;

Salmen and Back 1977; Sundberg et al. 2013) by

absorption to the amorphous parts of the polymer

matrix (Howsmon 1949; Zografi et al. 1984) and

therefore¸ the amount of molecularly bound water is

inversely proportional to the degree of crystallinity of

the cellulose (Nakamura et al. 1981). In contrast to

cellulose most of hemicelluloses are water soluble, a

fact that is however affected by their chemical

structure (Bosmans et al. 2014). As a consequence at

RHs above 75 % AGX films flow freely with rapidly

decreasing storage modulus (Escalante et al. 2012).

Xylan has been shown to strengthen cellulose/xylan

composites (Dammström and Gatenholm 2008;

Köhnke et al. 2008; Sun et al. 2014) with a maximum

in the Young’s modulus at approximately 30 % xylan

content (Dammström and Gatenholm 2008).

Hemicelluloses, specifically xylan, have good me-

chanical properties (Gröndahl et al. 2004; Höije et al.

2008; Šimkovic et al. 2014). That can be explained by

their chemical structure andmolecular weight (Mw). For

instance Šimkovic et al. (2014) reported xylan (Mw

45,000 Da; 17 % 4-O-MeGlcA content, 83 % xylose)

films with high Young’s modulus (7 GPa) and tensile

strength (around100 MPa)with 4 %elongation to break.

Escalante et al. (2012) reported on spruce AGX (Mw

12,700 Da, 10 % 4-O-MeGlcA content, 80 % xylose,

7 % arabinose, 3 % other sugars) films with Young’s

modulus around 2.7 GPa, tensile strength 55 MPa and

2.7 % strain to break and very low oxygen permeability.

A better understanding of the molecular and

supramolecular interactions between cellulose and

xylan could lead to novel materials with tailored

properties. It could also contribute to an increased use

of this abundant but not fully utilized biopolymer.

In this study we analyze the structure, crystallinity

and mechanical properties of cellulose/AGX blend

films as a function of moisture. The two biopolymers

used were isolated from the cell wall of a single

Norwegian spruce, dissolved in, and precipitated from

EmimAc with ethanol.

Materials and methods

Cellulose isolation from spruce wood

Spruce cellulose was isolated by chlorite delignifica-

tion according to the Wise and Timell methods
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(Timell 1961; Wise et al. 1946). Briefly, 150 g of

wood meal (Norway Spruce) was delignified with

sodium chlorite at 70–80 �C, in a three-necked round

flask in the following manner: To a 1:25 wood meal to

liquor ratio (adjusted with water) glacial CH3COOH

and NaClO2 (15 mL: 45 g respectively) were added

every 12 h four times. The obtained holocellulose

(about 100 g) was then treated with 24 wt% KOH in a

ratio 1:7 w:v for 24 h at room temperature in order to

extract 4-O-methyl-glucuronoarabinoxylan and galac-

toglucomannans. The non-soluble material was treat-

ed with a mixture of sodium hydroxide (17.5 wt%)

and boric acid (4 wt%) at room temperature for 24 h to

extract glucomannans. The obtained cellulose was

washed with diluted acetic acid until neutral pH and

air dried on the lab bench.

Arabinoglucuronoxylan extraction from spruce

wood

Hemicelluloses were precipitated from the 24 wt%

KOH extract from holocellulose (vide supra) with

acidic ethanol (hemicellulose solution: ethanol 96 %:

glacial CH3COOH in a ratio 1:4:0.4 v:v:v respective-

ly), filtrated, dried and again dissolved in 10 wt%

KOH (1:10 w:v) at room temperature for about

30 min. The latter hemicellulose solution was treated

with a saturated solution of Ba(OH)2 (1:20 w:v) to

precipitate the galactoglucomannans, which after-

wards were separated by centrifugation. The super-

natant containing AGX was poured into a solution of

acidic ethanol as described above in order to obtain

AGX with a yield of approximately 10 g (7 wt% from

the original wood).

Arabinoglucuronoxylan was further bleached with

hydrogen peroxide as it follows: 1:20 hemicellulose to

water ratio was set and 1.2 wt% diethylene triamine

pentaacetic acid (DTPA)was added and left overnight in

order to chelate any metal that could inactivate the

peroxide. Sodium silicate and hydrogen peroxide (2.25

and 30 wt% respectively, referred to the xylan content)

were added, the temperature was raised to 50 �C and the

pH adjusted with NaOH 1 N to 10.5–11.0. The bleach-

ing reaction time was 4 h after which, arabinoglu-

curonoxylan was precipitated in four volumes of acidic

ethanol as mentioned before, filtered in Whatman filter

paper and dried in vacuum.

Themolecularweightof theAGXwas analyzed using

a Waters 2690 aqueous system (Waters Corporation,

USA) consisting of HPSEC-MALS-RI-UV as described

in detailed by Escalante et al. (2012) andwas determined

to beMw12,700 Da. The sugar compositionof theAGX

was analyzed using HPAEC-PAD (Dionex) and was

determined to be 10 % 4-O-MeGlcA, 80 % xylose, 7 %

arabinose, 3 % other sugars.

Film preparation

Five different films were prepared by varying the

amount of arabinoglucuronoxylan (AGX) [0 % AGX,

5 % AGX, 10 % AGX, 20 % AGX and 33 % AGX

(w/w) of the total dry weight]. A total dry weight of

0.5 g were solubilized in 12.5 g of EmimAc (BASF,

Sigma-Aldrich) at 80 �C for 96 h after which the

solution was clear and homogeneous. The solution

was poured onto glass and spread to a thickness of

0.5 mm using a glass slide. The thin spread liquid

solution was placed in an oven at 80 �C for a few

minutes to smoothen the surface. The solution was

then sprayed with 99.9 % ethanol (Scharlau, Fisher

Scientific) using an atomizing nozzle (LEE Compa-

ny). Once the surface of the solution coagulated, the

glass was submerged in an ethanol bath to allow for

full gelation. The formed gel was then washed by

repeated exchange of ethanol to remove all the

EmimAc. The pure gels were dried at room tem-

perature on sheets of Teflon in sealed containers over a

saturated salt solution of (MgNO3)2�6H2O (Acros,

Sigma-Aldrich) providing a relative humidity (RH) of

54 %. The dried films were 25 ± 9 lm thick.

Carbohydrate analysis (Dionex)

The carbohydrate compositionwas analyzed in triplicates

with high performance anion exchange chromatography

with pulsed amperometric detection (HPAEC-PAD),

using a Dionex ICS-3000 system equipped with a

CarboPac PA1 (4 9 250 mm) analytical column. Prior

to analysis the samples were hydrolyzed according to

Theander and Westerlund (Theander and Westerlund

1986).

Scanning electron microscopy (SEM)

Samples for SEM analysis were kept at 0 % RH for

7 days until analysis. Cross sections were prepared by

quenching the films in liquid N2 followed by snapping

or carefully ripping them into pieces. Cutting tools
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were avoided to ensure the preservation of the internal

structure of the films. Several cross sections were

analyzed for each film. The samples were mounted

onto stubs and sputter coated for 60 s with gold

(Edwards Sputter Coater S150B). The samples were

analyzed using a Leo Ultra 55 FEG SEM.

X-ray diffraction analysis (XRD)

The crystallinity of the regenerated films was analyzed

using wide angle x-ray scattering (WAXS). Samples

were mounted on glass slides and analyzed with

Phillips X’Pert materials research diffractometer

(MRD). Radiation was generated with an X-ray tube

with Cu anode (Ka radiation, k = 1.54184 Å) at

45 kV and 40 mA. The 2h range was 10�–30�, and the
resolution was 0.1� with 6 s averaging time per step.

Control powder samples of AGX and Spruce

cellulose were analyzed with a Siemens D5000 in

Bragg–Brentano set-up using Cu-characteristic ra-

diation (1.54056 Å) and a secondary monochromator.

The 2h range was 10–30�, and the resolution was

0.05�.

Fourier transform infrared spectroscopy (FTIR)

Samples to be analyzed were stored at 0 % relative

humidity. Thin samples of the films were analyzed

using beam condenser mode. The spectrum from 4000

to 400 cm-1 was recorded for each sample with a

resolution of 4 cm-1. The spectrum for EmimAc was

acquired by placing a small droplet of EmimAc in

between two tablets of KBr. All samples were

analyzed using a Perkin Elmer 2000 FTIR. The

EmimAc data was normalized against a pellet of pure

KBr.

Tensile testing

The tensile tests were conducted in a DMA Q800 (TA

Instruments) with an attached RH control unit to allow

for controlled relative humidity during the tests.

Samples were cut from the films using parallel razor

blades with an inter distance of 5.73 mm. The film

thickness (average of three measurements) was mea-

sured using a Micrometer (Mitutoyo). The samples

were mounted in the testing chamber with an

approximate distance between the clamps of 14 mm.

The samples were then allowed to equilibrate to the

desired humidity before testing commenced. The

temperature was set to 25 �C. A preload of 0.01 N

was used and the stress was ramped with 0.25 N/min.

Due to the complexity for setting up this test only three

replicates were tested for each film at each humidity.

Dynamical mechanical analysis (DMA)

Dynamical mechanical analysis (DMA) was used to

measure the storage modulus (G’) of the regenerated

films. The measurements were conducted using a

DMAQ800 (TA Instruments) connected to a humidity

controller. Samples for analysis were cut from the

films using parallel razor blades with an inter distance

of 5.73 mm. The film thickness (average of three

measurements) was measured using a Micrometer

(Mitutoyo). The samples were mounted in the testing

chamber with an approximate distance between the

clamps of 15 mm. The samples were loaded at 1 Hz

frequency, 125 % force track, 0.1 N preload force and

an amplitude of 10 lm. The temperature was fixed at

25 �C and the humidity was ramped with 1 % RH per

10 min starting at 10 % RH running up to 90 % RH.

The data was normalized.

Water vapor sorption

Film samples (0 %AGX; 20 %AGX and 33 %AGX)

were conditioned in closed vessels containing saturat-

ed salt solutions. The salts used were lithium chloride

(LiCl; Sigma-Aldrich), magnesium chloride hexahy-

drate (MgCl2�6H2O; Merck, Sigma-Aldrich), magne-

sium nitrate hexahydrate (Mg(NO3)2)�6H2O; Acros,

Sigma-Aldrich), sodium chloride (NaCl; Merck, Sig-

ma-Aldrich) and potassium sulphate (K2SO4; Sigma-

Aldrich) giving relative humidities (RH) of 11, 33, 54,

75 and 97 % respectively. For 100 % RH the samples

were conditioned over deionized water. The samples

were dried at 105 �C for 1 h and then stored in a

desiccator at 0 % RH. The samples were weighed and

then conditioned at the lowest humidity for 24 h. The

weight was recorded and the samples were then moved

to the next increased sequential humidity and left for

24 h before the next measurement.

Arabinoglucuroxylan leaching

Films (0 % AGX, 20 % AGX and 33 % AGX) were

placed in 5 wt% KOH solution at 40 �C and stirred at
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150 rpm. The KOH solution was exchanged three

times with approximately 12 h in between changes.

The films were then placed in deionized water at 40 �C
and stirred at 150 rpm. The water was exchanged

twice with approximately 12 h in between changes.

The films were dried at room temperature on sheets of

Teflon in sealed containers over a saturated salt

solution of (MgNO3)2�6H2O (Acros, Sigma-Aldrich)

providing a RH of 54 %.

Statistical analysis

Statistical analyses were performed using Microsoft

Excel 2010 Software (Microsoft). The sample size

from the tensile tests was n = 3 per data point. Each

data point is reported as the mean ± standard de-

viation. One-way ANOVA utilizing Bonferroni-Holm

posthoc analysis was used to compare all pairs of

means. p values of p\ 0.05 were considered to be

statistical significant.

Results and discussion

Regeneration and film morphology

The regeneration process resulted in clear optically

transparent thin films with a smooth surface. Regard-

ing optical transparency, little to no difference was

observed for films of different composition. These

observations suggest that both the cellulose and the

arabinoglucuronoxylan were solubilized in the Emi-

mAc and that the components were fully miscible. The

macromorphology of the 5 % w/w arabinoglu-

curonoxylan film can be seen in Fig. 1. FTIR spectra

of the regenerated films lacked the characteristic peaks

of the pure EmimAc (1572 and 1404 cm-1) (Supple-

ment Fig S1) and thus confirmed the removal of

EmimAc from the regenerated materials. Carbohy-

drate composition analysis revealed that the initial

blend ratios were not maintained after regeneration

(Table 1). Residues were seen on the glass used to cast

the films. It was also noted that the adherence of the

films to the glass increased with increasing ara-

binoglucuronoxylan content. The regeneration pro-

cess consequently resulted in arabinoglucuronoxylan

losses.

X-ray diffraction analysis showed that the non-

regenerated cellulose was semi-crystalline and that the

non-regenerated arabinoglucuronoxylan was amor-

phous. Regenerated films were all amorphous and

there was little to no variation in between films with

different composition (Fig. 2). Consequently the ara-

binoglucuronoxylan content did not affect the crys-

tallinity of the regenerated films. Low film thickness in

combination with ethanol (Östlund et al. 2013) as a

non-solvent also ensured a rapid regeneration process,

which subsequently resulted in amorphous films.

Figure 3 shows SEM images of surface and cross

section of 0 %AGX, 20 %AGX and 33 %AGX films.

As seen the surface of the films is smooth while the

cross section shows a porous laminar structure with

little to no variation between the films with different

composition. Results of SEM analysis support the

proposed gelling mechanics of a spinodal decomposi-

tion resulting in a film with internal porosity on a nano

level (Laity et al. 2002; Sundberg et al. 2013). The

observed similarity between the films of different

composition could potentially be explained by a

regeneration process where a network of cellulose

forms independently of the arabinoglucuronoxylan

content. The arabinoglucuronoxylan can then adsorb

on the cellulose network as well as agglomerate in the

empty voids in the cellulose network. Froschauer et al.

(2013) showed that there is a difference in solubility

between cellulose and xylan in an EmimAc/ethanol

solvent system, with cellulose displaying a lower

solubility than xylan with an increasing ethanol

concentration. During the regeneration process where

ethanol is added to the EmimAc solution this would

likely result in a phase separation further explaining the

morphology of the films.

Fig. 1 Regeneration of cellulose/AGX blends from EmimAc

results in clear and optically transparent films. The film depicted

is a 5 % AGX film
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Water sorption isotherms

Equilibrium water content of the films (0 % AGX,

20 % AGX and 33 % AGX) was analyzed at different

RH. The films were conditioned over saturated salt

solutions in closed containers. The absorption curve of

the films was recorded and the results can be seen in

Fig. 4. Water uptake of the samples was approximate-

ly linear until a RH of 75 %. For RH above 75 % the

recorded water uptake was considerably higher. This

change in the water uptake rate could be due to a

change in the conformation of absorbed water within

the material from bound to free water (Froix and

Nelson 1975; Sundberg et al. 2013). The increase

could also be affected by increased biopolymer chain

mobility facilitated by water plasticizing effect.

Mechanical properties

Dynamical mechanical analysis (DMA)

In Fig. 5 the results of the DMA analysis are shown.

The change in the storage modulus as a function of the

RH is similar between films of different composition

with some differences in the absolute values at 10 %

Table 1 Carbohydrate analysis of regenerated films. The results are reported as the mean value (n = 3) ± the standard deviation

Sample Detected glucose (mg/L) Detected xylose (mg/L) AGX fraction (%)a

0 % AGX 148.90 ± 3.82 0.00 0

5 % AGX 139.76 ± 3.58 3.09 ± 0.18 3.05

10 % AGX 136.82 ± 3.46 5.99 ± 0.21 5.89

20 % AGX 127.72 ± 3.34 13.33 ± 0.44 12.94

33 % AGX 105.43 ± 2.89 21.42 ± 0.70 22.44

a The AGX fraction was calculated from the molar fractions proposed by Escalante et al. (2012)

Fig. 2 Wide angle X-ray diffraction (WAXS) spectra of spruce

cellulose, AGX and films regenerated from dissolved cellulose

(0 % AGX) and cellulose/AGX blends (5 % AGX, 10 % AGX,

20 % AGX and 33 % AGX)

Fig. 3 Scanning electron

micrographs of regenerated

cellulose films (0 % AGX)

(a and d) and cellulose/AGX
blend films (b and e; 20 %

AGX, c and f; 33 % AGX)

top surface at 910,000

magnification (a–c) and
cross section at 930,000

magnification (d–f)

1948 Cellulose (2015) 22:1943–1953

123



RH (0 % AGX, 6870 MPa; 5 % AGX, 7883 MPa;

10 % AGX, 5909 MPa; 20 % AGX, 7644 MPa; 33 %

AGX, 8578 MPa). All the different films were plasti-

cized by moisture increase and starting at approximate-

ly 70 %RH the storagemodulus decreased rapidly. The

accelerated plasticization of the films could likely be

attributed to a change in the conformation of absorbed

water within the material (Froix and Nelson 1975;

Sundberg et al. 2013), from molecularly bound to free,

reaching a critical point at approximately 70 % RH.

This corresponds well to the results from the water

sorption isotherm analysis where the water uptake

increases rapidly at approximately the same moisture

content. The similarity of the plasticizing properties of

the films supports the proposed regeneration kinetics

with a cellulose network forming independently of the

AGX content. The measured storage modulus is

presumably only attributed to the cellulose component

and not affected by the AGX content.

Tensile properties

Tensile tests were conducted in a DMA Q800 (TA

Instruments) with an attached RH control unit to allow

for controlled relative humidity. In Fig. 6 the stress

strain behavior of each film composition is plotted for

different RH. As it can be seen, films with different

composition display similar tensile strength and

deformation at all tested relative humidities. There

was some variation in the maximum stress and

toughness for the different film compositions, espe-

cially for the 33 % AGX samples, which partly could

be due to the difficulty of exactly replicating the

production process. The trend in water/cellulose

interaction is clear with a decrease in stiffness and

an increase in the strain at break with increasing

relative humidity. The results of the blended films

correspond well to the previously reported results of

cellulose films with low to medium DP (Sundberg

et al. 2013). The similarity of the different samples

further adds to the proposed regeneration kinetics with

a cellulose network forming independent of the

arabinoglucuronoxylan content.

In Fig. 7 Young’s moduli are plotted for the

different films. The stiffness of the films decreases

with an increasing RH. At 30 %RH the stiffness of the

films containing AGX is higher than the pure cellulose

films with the 20 % AGX films being the stiffest.

Köhnke et al. (Köhnke et al. 2008) showed that the

adsorption of (glucurono)arabinoxylan (GAX) to

cellulose fibers improved the mechanical properties

of material prepared from the modified fibers com-

pared to unmodified cellulose fibers. Dammström and

Gatenholm (2008) reported that addition of xylan in

bacterial nanocellulose/xylan nanocomposites in-

creased the Young’s modulus with a maximum at

33 % xylan (w/w). Sun et al. (2014) showed that the

tensile strength of cellulose nanowhiskers (CNW)

films increased when Birch wood xylan was adsorbed

onto the CNWs prior to casting. The authors attribute

the increase in mechanical properties to the formation

of a rigid hydrogen bonded network resulting from the

strong and irreversible interaction between the CNW

and xylan. At humidities below a critical plasticization

level the addition of arabinoglucuronoxylan increases

the tensile strength of the regenerated films. We

Fig. 4 The weight percent water as a function of the relative

humidity for regenerated spruce cellulose (0 % AGX) and

cellulose/AGX blends (20 % AGX and 33 % AGX)

Fig. 5 The storage modulus (G0) as a function of the relative

humidity for regenerated films of cellulose (0 % AGX) and

cellulose/AGX blends (5 % AGX, 10 % AGX, 20 % AGX and

33 % AGX)
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hypothesize that this effect is due to increased

adhesion in the regenerated cellulose with the ara-

binoglucuronoxylan acting as a binding matrix and

that the effect is lost at higher humidities due to the

strong plasticization of xylan by water. However,

further investigation is needed to fully understand the

mechanisms governing this effect. The xylan mole-

cular structure also potentially affects the interactions

with cellulose and subsequently the mechanical per-

formance (Höije et al. 2008; Šimkovic et al. 2014).

Leaching of arabinoglucuronoxylan was successful

and resulted in an almost complete removal of AGX

from the films (Table 2). The strengthening effect of

the arabinoglucuronoxylan was removed upon re-

moval of the AGX from the films (Fig. 8). A

correction for the change in density after leaching

for the 20 %AGX films and 33 %AGX films does not

fully explain the difference in modulus between these

samples and the 0 % AGX films. The leaching results

Fig. 6 Representative stress/strain plots of regenerated cellulose films (0 % AGX) and cellulose/AGX blend films (5 % AGX, 10 %

AGX, 20 % AGX and 33 % AGX) at different relative humidities

Fig. 7 Young’s modulus of the regenerated cellulose (0 %AGX)

and cellulose/AGX blend films (5 % AGX, 10 % AGX, 20 %

AGX and 33 % AGX) at different relative humidities. Each bar

represents three replicates ± the standard deviation. Statistical

significant differences (p B 0.05) were seen between samples at

30 % RH (Fig. 8) and 90 % RH (20 % AGX different (p B 0.05)

to 5 % AGX, 10 % AGX and 33 % AGX). All films were

statistical significant different (p B 0.05) at 30 % RH compared to

higher RH (apart from 0 %AGX30 %RH compared to 60 %RH,

70 % RH; and 10 % AGX at 30 % RH compared to 60 % RH).

Few differences in between samples at higher humidities were seen
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in a weakening of the films indicating that the structure

of the films was disrupted upon AGX removal. The

regeneration kinetics and the resulting interactions

between cellulose and AGXwarrant further analysis to

elucidate the governing mechanisms.

Conclusions

Cellulose and arabinoglucuronoxylan, isolated from

the same tree were dissolved in EmimAc and regen-

erated with ethanol into clear optically transparent thin

films with a smooth surface. SEM analysis of the cross

section revealed internal porosity on a micro to nano

scale. XRD showed that the films were amorphous

after regeneration and that the composition did not

affect the crystallinity. With some variation in the

absolute values, the plasticizing effect of moisture on

the films’ tensile properties seems to be independent of

film composition. The Young’s modulus, maximum

stress, and storage modulus all decreased with in-

creasing humidity while the strain at break increased.

The plasticizing effect of water on the films was also

evidenced by DMAmeasurements. The similarities of

the films with different composition in the tensile and

DMA testing, together with the micro morphology

similarities, indicate a regeneration process were the

cellulose forms a network independently of the AGX

content. The equilibrium moisture content at different

relative humidities was clearly related to the me-

chanical properties. Stiffness of the blended films was

higher than the pure cellulose film at 30 % RH. The

strengthening effect was likely caused by cellulose/

AGX interactions. We found good mechanical prop-

erties independent of the polysaccharide composition.

Regeneration of cellulose/AGX blends from ionic

liquids provides a novel route for production of films

with tailored mechanical properties and shows poten-

tial of utilization of today unused renewable resources.
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