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Abstract 

Polysaccharides constitute an important source of raw materials for the packaging 
industry today. Polysaccharides have good natural barrier properties which are 
necessary for packaging films. Cellulose is the forerunner among renewable 
polymers for such applications. Hemicelluloses represent a new interesting breed of 
barrier materials. We have chosen to work with the hemicellulose O-acetyl-
galactoglucomannan (AcGGM). The high water solubility of this particular 
hemicellulose extracted from process waters is both an advantage and a limiting 
factor. However, through the right modification, the water sensitivity of AcGGM can 
be regulated.   

This thesis presents four ways to modify AcGGM: (i) benzylation, (ii) plasma 
surface treatment followed by styrene addition, (iii) vapor-phase (VP) surface 
grafting with styrene, and (iv) lamination of an unmodified film with a benzylated 
material.  

The most important methods of analysis of the films produced include contact 
angle measurement, dynamic mechanical analysis under moisture scan, and oxygen 
gas permeability measurement. 

It was found that unmodified AcGGM films have low oxygen permeability at 
intermediate relative humidity (50 % RH) and good dynamic mechanical properties 
over a wider humidity range. Films of benzylated material (BnGGM) exhibited a 
decrease in oxygen permeability at lower humidity but showed better tolerance to 
higher humidities and indicated better dynamic mechanical behavior than AcGGM 
films. Lamination proved to be the most promising technique of modification, 
combining the good gas barrier properties of AcGGM films with the moisture-
insensitivity of the BnGGM films. 
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Sammanfattning 

Polysackarider är idag en viktig råvarukälla för förpackningsindustrin. De har 
naturligt bra barriäregenskaper, vilket ofta är nödvändigt för förpackningsfilmer. 
Cellulosa är en föregångare bland förnyelsebara polymerer för ovannämnda ändamål. 
Hemicellulosa representerar däremot en ny intressant sort av barriärmaterial. Den 
höga vattenlösligheten hos hemicellulosan O-acetyl-galaktoglukomannan (AcGGM) 
som kan extraheras ur processvatten är både en tillgång och en begränsande faktor. 
Med hjälp av rätt modifiering går denna vattenkänslighet dock att reglera. 

Denna avhandling framför fyra modifieringssätt av AcGGM: (i) bensylering, (ii) 
plasma-ytbehandling följt av styrentillsats, (iii) gasfasympning av en AcGGM-yta 
med styren och (iv) laminering av en omodifierad film med ett bensylerat material.  

De viktigaste analysmetoderna som tillämpats på filmerna är kontaktvinkel-
bestämning, dynamisk-mekanisk mätning under fuktscan samt 
syrgaspermeabilitetsbestämning.    

Resultaten visar att omodifierade AcGGM-filmer förevisar låg syrgas-
permeabilitet vid lägre fukthalt (50 % RH) och goda dynamiska-mekaniska 
egenskaper vid ett bredare fuktighetsspann. Filmer av det bensylerade materialet 
(BnGGM) har högre syrgaspermeabilitet vid lägre fukthalt men visar bättre tolerans 
mot vid högre fuktighet samt uppvisar bättre dynamiska-mekaniska egenskaper än 
AcGGM-filmerna. Laminering visade sig vara den mest lovande modifierings-
tekniken där de goda barriäregenskaperna hos AcGGM-filmerna och fukttåligheten 
hos BnGGM-filmerna kombineras.  
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BnCl Benzyl chloride 
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BPO Benzophenone 
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GGM Galactoglucomannan 
LBG Locust bean gum 
MALDI-TOF-
MS 

Matrix-assisted laser desorption/ionization time of 
flight mass spectrometry  

NMR Nuclear magnetic resonance spectrometry  
PTC Phase transfer catalyst 
RH Relative humidity 
SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
SW Softwood 
TBAI Tetrabutylammonium iodide 
Tg Glass transition temperature 
UV Ultra violet 
VP Vapor-phase 
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1 Purpose of the study 

The use of renewable materials within the packaging industry has gained 
increasing interest in recent years. New sources for packaging materials are needed 
since the traditional oil-derived ones consume the oil reserves of the world. A new 
source of this kind could be process water streams in industry. In the best case today, 
internal by-product streams of the pulp and paper industry are utilized solely for their 
energy content. The streams contain potentially valuable substances for the 
aforementioned packaging industry in the form of hemicelluloses. 

We have chosen hemicellulose bearing in mind that polysaccharides generally 
have good barrier properties. This study uses the potential of O-acetyl-
galactoglucomannan from process water streams as oxygen barrier material for 
packaging. Packaging-related mechanical and oxygen permeability properties of 
hemicellulose films have been established. The specific purposes of this thesis are:  

 

 To produce and evaluate barrier films with hemicellulose O-
acetylgalactoglucomannan (AcGGM) for applications within packaging. 

 To modify hemicellulose in order to decrease its water sensitivity. 
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2 Introduction 

The need for biodegradable and renewable food packaging material is increasing 
rapidly as the population of the world rises. It seems inappropriate to continue using 
conventional polymers such as polyethylene and polypropylene for short term 
packaging applications since they persist for many years after disposal. Packaging 
materials of the future will need to be easily disposable and biodegradable.1 They 
should also have low gas and moisture permeabilities, good mechanical properties, 
and good resistance to food component attacks.2  

Polysaccharides, which are an important group of biopolymers, represent an 
exciting choice for renewable material for packaging. The most commonly used 
renewable packaging material today is cellulose pulp fiber in e.g. corrugated board, 
paperboard, and paper. Polysaccharides, such as starch, cellulose derivatives like 
carboxymethyl cellulose, which has excellent film forming ability, and alginate 
already possess naturally good barrier properties.3 Hemicelluloses, which are found 
in wood together with cellulose and lignin, have a big potential within the packaging 
industry based on the natural prerequisites of polysaccharides. Apart from being 
extractable from wood by e.g. aqueous alkaline solutions4 and by steam treatment,5 
hemicelluloses can also be isolated from by-product streams of the paper and pulp 
industry.6,7  

This thesis assesses the candidacy of hemicellulose, both unmodified and 
modified, as a barrier material for packaging. 
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3 Background 

3.1 Structure of major hemicelluloses 

Wood hemicelluloses are a heterogeneous class of short-chained polysaccharides 
that are biosynthesized through a different path than cellulose in the secondary cell 
wall in wood. They constitute about 20-30% of the total weight of annual and 
perennial plants and they are thus one of the most abundant natural polymers after 
cellulose. However, the industrial potential of hemicelluloses is still highly 
unexploited. The main hemicellulose in hardwood is O-acetyl-(4-O-
methylglucurono)xylan, while the predominant type in softwood is O-acetyl-
galactoglucomannan (Scheme 1).8 
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Scheme 1. General structural formulas for AcGGM and arabino-(4-O-methyl-glucurono)-
xylan. (GAL=galactose, GLC=glucose, MAN=mannose, Ac=acetyl group, XYL=xylose, 

GLcA=methylglucuronic acid, ARA=arabinose) 
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Hemicelluloses can be subdivided into xyloglucans, xylans, β-glucans, and 
glucomannans. Focus in this thesis lies on galactoglucomannan. The major 
hemicelluloses in Picea abies (spruce softwood) are O-acetyl-galactoglucomannan 
(AcGGM) 16.3% and arabino-(4-O-methylglucurono)-xylan 8.6%. Softwood also 
consists of other hemicelluloses such as xyloglucans in the primary cell wall and 
galactans in compression wood.9  

The backbone of AcGGM is linear or slightly branched and built up of (1-4)-
linked β-D-glucose and β-D-mannose units. Galactoglucomannans vary in the 
amount of galactose units, either the ratio of galactose:glucose:mannose is 0.1:1:3 or 
1:1:3. The α-D-galactose residue is linked as a single-unit side chain by (1-6)-bonds 
to the glucomannan backbone. The hydroxyl groups at the C2 and C3 positions in the 
chain are partially substituated by O-acetyl groups, on the average one group per two 
to three hexose units. The degree of polymerization (DP), based on a single sugar 
unit, is about 150 for galactoglucomannan. The backbone of arabino-(4-O-
methylglucurono)-xylan is built up of (1-4)-linked β-D-xylose units which are 
partially substituated at C2 by 4-O- α-D-methylglucuronic acid groups, on the 
average two residues per ten xylose units. In addition, the backbone is partially 
substituated by α-L-arabinose units, on the average 1.3 residues per ten xylose units.8 

 

The hemicelluloses referenced to within this thesis are summarized below. 

Galactoglucomannan: the backbone is mostly linear and built up of 1-4-linked β-
D-glucose and β-D-mannose units. Residues of α-D-galactose are 1-6-linked as 
single-unit side chains to the backbone in two ratios, either so that the 
galactose:glucose:galactose ratio is 0.1:1:4 or 1:1:3.8   

Glucuronoxylan: its backbone is made of β-1,4-linked xylopyranosyl residues 
which are substituted with one α-1,2-linked 4-O-methyl-D-glucuronic acid unit at 
approximately every 10 reisdues. Acetyl-substitution occurs partially in the C2 and/or 
C3 position.9 

Konjac galactoglucomannan: a neutral polysaccharide similar to cellulose. Its 
backbone consists of β-1,4-linked glucose and mannose units with possible branching 
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points on C3 on the mannoses. A degree of acetylation of the backbone of 5-10% has 
been reported.10 

Guar gum: a naturally occuring noninionic polysaccharide with a linear β-1,4-D-
linked mannan backbone with D-galactose side chains on every other mannose 
residue.11 

Locust bean gum: the backbone consists mainly of (1-6)-galactose-substituated (1-
4)-linked β-D-mannose residues.12 

 

3.2 Isolation of hemicelluloses 

The study of the most extensive part of a softwood fiber, the secondary cell wall, 
has shown that cellulose fibrils consist of highly ordered cellulose chains embedded 
in a hemicellulose and lignin matrix. Pure hemicelluloses are also found between the 
cellulose fibrils and the matrix.13 Their relatively large molecular size makes it 
difficult for the hemicelluloses to diffuse out of the cell wall during extraction. A few 
of the most commonly used extraction methods are shortly depicted below. 

3.2.1 Hemicelluloses from process water 

Hemicelluloses can also be found in various process liquors.6,7 AcGGM has e.g. 
been found in quite low concentrations, then analyzed and evaluated.14 The use of 
these by-product streams for isolation of materials for packaging would strongly 
promote the idea of sustainable development. The raw material is renewable and the 
streams are waste streams which otherwise go unused. 

3.2.2 Steam treatment 

When wood is steam treated, the temperature is raised and water is added. This 
results in the cleavage of ester bonds in the hemicelluloses and the formation of 
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organic acids, mainly acetic acid. When released, these organic acids give rise to an 
acidic environment which in turn leads to autohydrolysis of the glycosidic bonds in 
the hemicelluloses. A partially depolymerized water-soluble low molecular weight 
hemicellulose is hence obtained. This technique leads to quite low yields of 
hemicellulose due to degradation of the hemicelluloses along with contamination of it 
with dissolved lignin and cellulose. A yield of 8 wt-% of hemicellulose oligomers, 
with almost no loss of O-acetyl groups, has been reported to have been isolated from 
dry spruce wood after 2 min of steam treatment at 200°C.5  

3.2.3 Microwave treatment 

Autohydrolysis is also achieved through irradiation of wood with microwaves in 
water. This technique is linked with the same problems as the previous method of 
steam treatment. Long heating and cooling times as well as not being suitable on a 
large scale are other drawbacks. One advantage to this technique is the uniform 
heating of the wood.15 

  

3.3 Polysaccharides in packaging and their permeability 

The study of biopolymers for films and coatings based on polysaccharides, 
proteins or lipids is a research field that is rapidly expanding at the moment. In the 
food industry, there is a special interest in barrier layers with optimized properties 
based on biopolymers. The potential of polysaccharides and proteins as an edible 
coating on foodstuffs is well known, although it has not yet widely fulfilled in 
practice.3,16,17 A growing demand for replacing existing barriers such as aluminum 
and synthetic polymers (e.g., polyvinyl alcohol, polyvinylidene chloride) has lead to 
an acceleration in the development of biopolymeric barrier layers in food packaging 
systems. The environmental benefits are primarily related to the renewability of the 
biopolymers. However, it is not just environmental issues that are the driving force. 
There are also other drawbacks in the use of common gas barriers. For example, 
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aluminum barriers suffer from inferior mechanical properties and high costs.18 
Important properties for an oxygen barrier layer include not only low oxygen 
permeability but also good mechanical strength properties and a suitable degree of 
flexibility.2 Low water permeability is also often desired. However, the large amount 
of hydrogen bonds in biopolymer films makes the films hydrophilic and water 
becomes a general problem for polysaccharide and protein films.19 On the other hand, 
this makes such films excellent barriers to non-polar substances such as oxygen and 
some aroma compounds.16 Generally, a biopolymer which has good oxygen 
permeability will also be a good barrier to carbon dioxide, as well as many inorganic 
vapors and odors.20 

Due to the hydrophilicity of biopolymer films, their gas barrier properties depend 
on the prevailing humidity. Lamination21  with a hydrophobic film or blending with 
hydrophobic components22 are two basic approaches for improving the moisture 
tolerance.  

 

Many naturally occurring polysaccharides have been proposed for use in coating 
and film formulations, including starch, starch derivatives, cellulose derivatives, 
chitosan, alginates, carrageenan, pectinates, and various naturally occurring gums.23 
A plasticizer is often added to achieve sufficient film flexibility.24 An ideal plasticizer 
should also facilitate molecular motion and decrease internal friction within the 
biopolymer. Water has for a long time been known to function as a plasticizer and it 
is known, for example, to lower the glass transition temperature (Tg) of 
polysaccharides and proteins.19 A general decrease in Tg by 10 ± 5 °C per wt% water 
present has been reported for polysaccharides.25 Many polyols such as glycerol, low-
molecular weight PEG and alditols (e.g. sorbitol and xylitol) have a longer lasting 
softening action than water, which evaporates easily, and they are thus often used in 
polysaccharide and protein films.17,26  

 

One approach to increase the mechanical strength properties of a polysaccharide 
film, is to blend it with another polysaccharide or polysaccharide derivative which 
either has a higher molecular weight or is more capable of bringing about strong 
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secondary interactions. Examples of this approach have been investigated for konjac 
glucomannan blended with sodium alginate,27 carboxymethyl cellulose (CMC),28,29 
and chitosan.30  

 

In order to compare barrier materials, one compares their permeability coefficients 
which are determined by the steady-state rate of mass transport through the film.31 
The permeability coefficient, P, is defined by:  

 

  
   (volume of permeant) · (film thickness)
(area) · (time) · (pressure decrease in film)  

 

P = 

The coefficient is calculated on the basis of oxygen transmission measurements, 
using a Mocon Ox-Tran® apparatus. The diffusion depends on physical factors like 
density, crystallinity, orientation, cross-linking, plasticizers, moisture sensitivity, and 
temperature.  

 

Since polysaccharides generally possess a film-forming ability (CMC is excellent 
in this respect) which leads to modest or very good oxygen barrier properties 
depending on the structure,3,23 we thought it would be of interest to study wood-
derived hemicellulose in this respect. Water-soluble films of xylan, a crystallizable 
hemicellulose,32 extracted from kraft hardwood pulp together with e.g. glycerol were 
prepared already decades ago.33 A glucuronoxylan isolated from aspen wood has 
recently been evaluated as a film-forming barrier material.34 

 

3.4 Modification of hemicelluloses 

Chemical modification of hemicelluloses is performed to e.g. enhance their 
solubility, increase their viscosity, or make them thermoplastic. Methods of chemical 
modification include esterification (e.g. acetylation),35 etherification,36 grafting (of 
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gums),37 and other modifications like cross-linking.38 A few of these methods are 
introduced below. Surface modifications through plasma activation and UV 
irradiation are also covered. 

3.4.1 Etherification 

Etherification of polysaccharides can be used to regulate solubility, stability 
against microorganisms, and film-forming ability. The vast number of hydroxyl 
groups in the sugar structure gives excellent possibilities for property changes by 
substitution reactions. Functionalized celluloses that are established today include 
cellulose nitrate, which is among the first polymeric materials used as a plastic as 
such,39 and carboxymethyl cellulose (CMC), which is the most important cellulose 
ether today.36,40 Other cellulose ethers include benzyl cellulose, on which 
investigations started in 1917.41 Benzylation of cellulose was initially performed to 
manufacture a useful thermoplastic cellulose derivative in order to broaden the area 
of application of cellulose material.42-45 Today, benzyl cellulose can only be found in 
certain special applications such as filtration membranes.46 

A benzylation method was developed in dimethyl sulfoxide (DMSO) with benzyl 
bromide as benzylating agent and 18-crown-6 ether and potassium hydroxide as 
catalysts.47 Xylan has also been reacted with p-carboxybenzyl bromide.48 Xylan was 
firstly dispersed in water with sodium hydroxide, and p-carboxy-methylbenzoic acid. 
Fairly low degrees of substitution between 0.05 and 0.25 were obtained.  

Benzylation of konjac glucomannan is achieved with benzyl chloride in aqueous 
phase. A degree of substitution (DS) was calculated to 1.2 via elemental analysis.49  

A benzylation reaction for AcGGM is shown below in Scheme 2. 
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Scheme 2. Theoretical reaction in which AcGGM is fully benzylated exemplified by an 
acetylated mannose unit. 

3.4.2 Surface modification 

Many natural substrates can be grafted with vinyl monomers in aqueous slurry 
under a wide range of conditions. Cellulose has been the foremost polysaccharide to 
be grafted in this respect50, whereas graft experiments on hemicelluloses have been 
limited. Gums have been the main target for grafting among hemicelluloses.37,51 

In this thesis, we have investigated novel modification of hemicelluloses with 
styrene monomer. Scheme 3 represents the modified surface we strived for with 
plasma treatment followed by styrene addition and vapor-phase grafting with styrene. 

 
 
 
 
 
 
 
 

Scheme 3. Theoretical styrene monomer attachment to AcGGM surface by plasma 
treatment or vapor-phase grafting. 
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3.4.3 Cross-linking 

Cross-linking is mostly used to make hydrogels, with e.g. methacrylates,52,53 out of 
hemicelluloses and regulate their swelling. This, however, is not within the scope of 
this thesis. 
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4 Experimental 

4.1 Materials 

O-acetyl-galactoglucomannan (AcGGM) hemicellulose isolate was obtained from 
thermomechanical pulping (TMP) process water. The isolation method was based on 
ultrafiltration (UF) using hydrophilic membranes. It has been shown that hydrophilic 
membranes are preferable7 and here membranes with a cut-off of 1,000 g mol-1 have 
been used. Hence, small molecules (i.e., salts, monomers, and oligomers <1,000 g 
mol-1) were removed in the process. The AcGGM was concentrated from about 1 wt-
% to 15-20 wt-%. The material used for the benzylation experiments was moreover 
diafiltrated after ultrafiltration in order to further purify the preconcentrate from low 
molecular weight substances. This was not expected to affect the composition of the 
hemicellulose.  

Finally, the concentrates were deeply frozen using liquid nitrogen and lyophilized 
at -57 °C and <0.05 mbar into fluffy powder cakes. The purity of the materials was 
about 90 % and among the impurities lignin was the most abundant one. Further 
information regarding the hemicellulose isolate as well as other similar materials14 
have been published earlier.  

 

The other materials used were alginic acid sodium salt from brown algae (Fluka, 
Germany, Mw = 100,000-200,000 g/mol), carrageenan, commercial type I (Sigma, 
Germany), carboxymethylcellulose sodium salt, CMC (Fluka, Germany, Mw = 
100,000-150,000 g/mol), glycerol (Fluka, Germany, ≥98.0%, Mw = 92.1 g/mol), 
locust bean gum (Sigma, Germany), D-sorbitol (Acros Organics, Belgium, p.a., Mw = 
182.2 g/mol), xylitol (Acros Organics, Belgium, 99+%, Mw = 152.1 g/mol) for the 
AcGGM blend films. Magnesium nitrate hexahydrate >97 % (Riedel-de-Haën, 
Germany) was used as conditioning salt. Benzophenone, BPO, 99+ % (Acros 
Organics, Belgium) was employed as photoinitiator in vapor-phase grafting. Styrene 
≥99 % (Fluka, Germany) was used as grafting agent. Benzyl chloride 99 % (Aldrich, 
Germany), sodium hydroxide pellets 97-98 % (Eka Nobel, Sweden), 



Experimental 

_____________________________________________________________
- 16 - 

tetrabutylammonium iodide, TBAI, >99 % (Sigma, Germany), and diethyl ether 
(Prolabo, Belgium) were used for benzylation reactions. Deuterium oxide 99.9 % 
atom (Aldrich, Milwaukee, USA) and deuterated dimethylsulfoxide, DMSO–d6, 
(Chemtronica, UK) were used for NMR analyses. Ethyl acetate ≥99 % (Lab-Scan, 
Sweden) was used after plasma treatment.  

The films which were cast and evaluated in this thesis are listed in Table 1 and 2 
below. 

 
Table 1. Manufactured base blend films. 

Base film Film name Specification 

AcGGM:Alginate 65:35 G35A 65 wt-% GGM and 35 wt-% 
alginate 

AcGGM:Alginate 40:60 G60A 40 wt-% GGM and 60 wt-% 
alginate 

AcGGM:Alginate 30:70 G70A 30 wt-% GGM and 70 wt-% 
alginate 

AcGGM:Carrageenan 70:30 G30CA 70 wt-% GGM and 30 wt-% 
Carrageenan 

AcGGM:CMC 65:35 G35C 65 wt-% GGM and 35 wt-% CMC 

AcGGM:Glycerol 75:25 G25G 75 wt-% GGM and 25 wt-% 
Glycerol 

AcGGM:Locust bean gum 
70:30 

G30L 70 wt-% GGM and 30 wt-% 
Locust bean gum 

AcGGM:Sorbitol 65:35 G35S 65 wt-% GGM and 35 wt-% 
Sorbitol 

AcGGM:Xylitol 65:35 G35X 65 wt-% GGM and 35 wt-% 
Xylitol 

AcGGM:Alginate:Glycerol 
65:17.5:17.5 

GAG 65 wt-% GGM, 17.5 wt-% 
alginate and 17.5 wt-% glycerol 
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Table 2. A compilation of films related to modification. 

Base film Film name Specification 

AcGGM G Pure, unmodified hemicellulose 

AcGGM:Alg 70:30 G30A 70 wt-% GGM and 30 wt-% alginate 

 G30A-P Plasma treatment and styrene grafting 
of G30A 

 G30A-VP Vapor-phase grafting with styrene of 
G30A 

 G30A-L Lamination of G30A with BnG1 

AcGGM:CMC 70:30 G30C 70 wt-% GGM and 30 wt-% CMC 

 G30C-P Plasma treatment and styrene grafting 
of G30C 

 G30C-VP Vapor-phase grafting with styrene of 
G30C 

Benzylated GGM* BnG1 20 ml 40 wt-% NaOH, 10g BnCl 

(BnGGM) BnG2 10 ml 40 wt-% NaOH, 6.66g BnCl 

 BnG3 10 ml 40 wt-% NaOH, 15g BnCl 

 BnG30A Benzylation of AcGGM:Alg 70:30 
mixture 

  10 ml 40 wt-% NaOH, 6.66g BnCl 

 BnG5 20 ml 13 wt-% NaOH, 7.5g BnCl 

 BnG6 20 ml 7 wt-% NaOH, 7.5g BnCl 

*The specified amounts were added to 1.5 g AcGGM dissolved in 50 ml water. 100 mg 
TBAI (PCT) was used in all syntheses performed. 
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4.2 Benzylation 

Benzylation of AcGGM was carried out in water phase in a similar fashion as 
reported for other comparable polysaccharides.47-49,54 Firstly, 1.5 g of AcGGM was 
dissolved in a two-necked roundflask in 50 ml deionized water. Then 100 mg 
tetrabutylammonium iodide (TBAI), acting as a phase-transfer agent, was added. 
Sodium hydroxide was used in various concentrations in order to observe how much 
base was required for activation of the hydroxyl groups. The solution temperature 
was kept at 40 °C for two hours and was then raised to 100 °C. A deacetylation of the 
AcGGM was also caused by the base treatment. After the activation step, benzyl 
chloride was slowly added (see Table 2) via an attached dropping funnel under 
vigorous magnetic stirring. The hydrophobically modified GGM was formed as a 
yellowish precipitate and the reaction was finally quenched by neutralizing (pH ~7) 
with hydrochloric acid. The benzylated product was filtrated and was subsequently 
washed several times with water and diethyl ether. Finally, the benzylated product 
was dried in vacuum at room temperature for five days. A benzylation of a blend of 
70 wt-% AcGGM and 30 wt-% alginate was also performed. 

 

4.3 Casting of films 

4.3.1 Blend films 

Films were cast in aqueous solutions with compositions indicated in Table 1. The 
plasticizers used were glycerol, sorbitol, and xylitol and the renewable polymers were 
alginate, carrageenan, carboxymethyl cellulose (CMC), and locust bean gum (LBG). 
A physical blend film containing 17.5 wt-% of each alginate and glycerol was also 
cast. Furthermore, a fragile film of pure AcGGM isolate was also cast and tested with 
differential scanning calorimetry, ATR-FTIR, and contact angle measurement. 
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Firstly, all materials were weighed into an Erlenmeyer flask and then mixed and 
heated in an oil bath at 95 °C for 20 minutes under magnetic stirring. The AcGGM 
isolate dissolved rapidly in cold water but heating ensured a complete mixing of the 
components. The solutions were poured into Teflon-coated glass Petri dishes with 
diameters of 5 and 10 cm. The films were then left to dry under normal room 
conditions (~ 23 °C, RH < 50%) for two days and finally conditioned in a desiccator 
over magnesium nitrate hexahydrate for a minimum of 48 hours prior to analysis. The 
desiccator conditions were 51.4 (± 3.1) % RH and 21.2 (± 1.1) °C. 

4.3.2 Benzylated films 

Benzylated films were cast by dissolving 0.2 g benzylated AcGGM in 2.5 ml DMF 
and left to dry in room conditions, as described above.  

 

4.4 Surface modification 

4.4.1 Vapor grafting 

Grafting of film substrates was performed in a glass reactor consisting of two 
interconnected chambers.55,56 The substrates were placed in one of the chambers and 
the monomer together with the grounded photoinitiator benzophenone (molar ratio of 
monomer to initiator = 10:1) were charged in the other chamber. The horizontal 
connection tube between the chambers was stuffed with glass wool to only let vapor 
pass through and to prevent staining of the substrates. The reactor was covered with a 
quartz plate transparent to UV light and fitted, via a vent to a vacuum line with a 
rotary vane pump (Alcatel 2005) and a turbo pump (Alcatel 600 T) in series. The 
reactor was evacuated and slowly filled with argon or nitrogen gas three times and 
finally evacuated, sealed and disconnected from the pump. It was then immersed into 
a water bath thermostated at 40 °C. The reactor was illuminated with UV light from 
an Osram Ultra-Vitalux 300 W lamp. The UV lamp was positioned at such a distance 
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from the reactor so that the air and water in between would eliminate the risk of heat 
radiation from the lamp affecting the temperature in the reactor. The temperature 
inside the reactor during UV illumination has been checked with a thermometer to 
ensure a stable temperature. 

4.4.2 Plasma treatment 

Plasma treatment leads to reactions between the surface and reactive species in the 
plasma. This introduces new functional groups at the surface, and internal surface 
reactions may lead to cross-links.57 The gas is typically oxygen, argon, nitrogen, air 
or some other gas that is not able to deposit a layer from the reacted gas on the 
surface. In this case argon ≥99.996% was used. Plasma treatments were then carried 
out in a 2.5 GHz V15-G microwave plasma system from Plasma-Finish Gmbh 
(Germany) in argon (80 ml/min) at 300 W for 60 s at a pressure of 3 Pa. After the 
plasma treatment, the samples were left to stand in air in order for peroxy radicals to 
form. These activated radicals were then reacted by exposing the sample to styrene 
for 15 minutes at room temperature. The samples were then dried, washed in ethyl 
acetate for two hours and then dried again in room conditions.58 

4.4.3 Lamination 

A lamination of film G30A was done with the benzylated AcGGM material BnG1. 
The G30A film was soaked three times in a saturated solution of BnG1 in DMF. The 
film was air dried between each round of lamination. 
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4.5 Characterization 

4.5.1 Nuclear magnetic resonance spectrometry, NMR 

Nuclear magnetic resonance (1H-NMR) was done using a 400 MHz Bruker 
Avance offering a water suppression method which was applied. The samples were 
thoroughly dissolved in DMSO-d6 before analysis (δ=2.50).  

4.5.2 Matrix-assisted laser desorption/ionization time of flight, MALDI-

TOF 

MALDI-TOF analyses were performed with a Bruker Ultraflex MALDI-TOF 
mass spectrometer with a SCOUT-MTP Ion Source (Bruker Daltonics, Bremen) 
equipped with a N2-laser (337nm), a gridless ion source, and reflector design. The 
positive-ion spectra depicted represent the sums of 500 laser shots. The method used 
an acceleration voltage of 25kV and a reflector voltage of 26,3kV and the detector 
mass range was set to 600-2500 kDa in order to exclude high intensity peaks from the 
lower mass range. A droplet of 0.3 to 0.5 μl of a mixture of 20 μl DHB (10 mg/ml 
DMSO) and 5 μl sample (1 – 2.5 mg/ml DMSO) was dropped onto a steel coordinate 
plate. MALDI data analysis was done with FlexAnalysis software (Bruker Daltonics).   

4.5.3 Fourier transform infrared spectrometry, FTIR 

Fourier transform infrared spectroscopy (FTIR) was employed with a Perkin Elmer 
Spectrum 2000 FTIR equipped with an Attenuated Total Reflectance (ATR) crystal 
accessory (Golden Gate) providing an analysis of the surface down to a depth of 
approximately 1 µm. All spectra were calculated means from 16 scans at 2 cm-1 
resolution with correction for atmospheric water and carbon dioxide. 
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4.5.4 Differential scanning calorimetry, DSC 

Differential scanning calorimetry (DSC) measurements were made with a Mettler 
Toledo DSC 820 using a method where the sample was heated in nitrogen 
atmosphere from 30 °C to 280 °C, then cooled to 30 °C again after which it was 
heated again to 280 °C, all at a rate of 10 °C per minute in an aluminum crucible (40 
μl) possessing a hole in the lid. The nitrogen flow was set to 50 ml/min.  

4.5.5 Dynamic vapor sorption, DVS 

Moisture sorption isotherms at the dry state, 50 % RH (relative humidity), and at 
80 % RH were obtained with DVS dynamic vapor sorption equipment from Surface 
Measurement Systems Ltd. (www.smsuk.co.uk). This device generates a moist 
atmosphere by mixing dry and saturated air streams. A microbalance registered the 
weight changes of the 10 mg film samples throughout the sorption process. The 
measurements were done to assess the time needed for AcGGM films to reach 
equilibrium at given humidities. 

4.5.6 Dynamic mechanical analysis, DMA 

Dynamic mechanical analysis (DMA) as a function of relative humidity was 
carried out on a Perkin Elmer DMA 7 equipped with a custom-made cooling 
aggregate controlled by a separate computer (an instrument owned and developed by 
STFI-Packforsk AB). Films were kept in a desiccator for a minimum of 48 hours 
under conditions similar to those used prior to oxygen permeability measurements 
(section 4.5.8). Maintaining the same conditioning histories for the two measurement 
methods would best facilitate comparison. Samples with a width of 3-5 mm and a 
height of 8-12 mm were cut for the dynamic mechanical testing. The dimensions of 
each sample were carefully measured and the values were inserted into the instrument 
software as the mean of 10 measurement points per sample. For the measurement of 
storage modulus, the amplitude was varied between 2 and 6 μm with a frequency of 1 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_cdi=5225&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.smsuk.co.uk
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Hz. The static forces required varied between 55 and 250 mN. The relative humidity 
was controlled in the measurement chamber. A separate instrument (Optica chilled 
mirror precision hygrometer, General Eastern Instruments) connected to the cooling 
aggregate recorded the humidity in real time. One scan of three samples from each 
film was performed. The film sample was conditioned at 20% RH for two hours, after 
which a ramp up to 80% RH was applied during the DMA measurement at a rate of 
1% RH per minute. The parameters were chosen in order to suit both the softer and 
the tougher materials. 

 

DMA as a function of temperature was also performed on a TA Instruments DMA 
Q800 to calculate the glass transition temperature of selected benzylated films. 

4.5.7 Static contact angle measurement 

Film samples were conditioned prior to these measurements as well (section 4.5.8). 
The static contact angles of the film surfaces were measured using a KSV 
Instruments CAM200 Optical Contact Angle and Surface Tension Meter. The 
volume of the water droplets released onto the film surfaces was 6 μl and still 
pictures were taken after 5 seconds. The contact angle data are averages of totally 
four individual measurements from two different locations on the film surface. 
Measurements were stopped after ten minutes due to the evaporation of the water 
droplet. 

4.5.8 Oxygen permeability 

The oxygen transmission of the films was measured using a Mocon Ox-Tran® 
2/20 apparatus (Modern Controls Inc., Minneapolis, USA) with a coulometric sensor 
in accordance with ASTM method D 3985-95. The area of measurement of the 
samples was 5 cG30C and the analyses were made at 50% RH and 80% RH (where 
possible), which was instrumentally controlled. The room in which the instrument 
was kept had a humidity of 50.0 (± 6.2) % RH and a temperature of 22.6 (± 1.1) °C 
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with a oxygen flow of 20 ml/min. The permeability was calculated on the basis of the 
transmission and the measured thickness of the films and is presented as an average 
of two measurements with units cm3 μm / G30C d kPa, where 1 d = 24 h. The 
thicknesses of the films were measured with a micrometer (Mitutoyo) at five different 
locations on the films and inserted as mean values into the computer software. The 
films were pre-conditioned for a minimum of 48 hours under conditions similar to 
those used during subsequent measurement (see Casting of films above). The films 
were further conditioned for three hours at 50% RH in the instrument itself before 
measurement began. 

4.5.9 Scanning electron microscopy, SEM 

Surface topographies were examined by SEM using a JEOL JSM 5400 scanning 
microscope. Samples were mounted on metal stubs and sputter coated with gold-
palladium (raio 60% : 40 %) (Denton Vacuum Desc II). 
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5 Results and Discussion 

5.1 Benzylation of AcGGM 

In order to achieve a hydrophobic modification of a galactoglucomannan isolate 
(AcGGM) a benzylation was performed. The reaction was performed in water phase 
using a phase transfer catalyst due to the poor compatibility between the benzyl 
chloride and the hydrophilic polysaccharide. For activation of the hydroxyl groups, 
strong alkaline conditions are employed which also leads to a deacetylation, 
confirmed by NMR, see Scheme 2.  

Nuclear magnetic resonance analyses show the main peaks in benzylated GGM at 
7.35 ppm (H of phenyl, a in Scheme 2), 4.53 ppm (O-CH2-Ph, b in Scheme 2) and 
3.35 ppm (O-CH2-Sugar, c in Scheme 2), represented by peaks a, b, and c 
respectively in Figure 1. The lower spectrum in Figure 1 represents native AcGGM 
and is lacking the signal at 7.35 and 4.53 ppm but has instead a signal at 2.0 ppm that 
represents the hydrogens in the acetyl groups (peak d in Figure 1). This clearly 
indicates that substitution has taken place. Water interacts with the signal at 3.35 ppm 
and therefore makes the determination of an exact degree of substitution (DS) solely 
by NMR hard.  
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Figure 1. 1H NMR of unmodified (lower spectrum) and benzylated  
(BnG3, upper spectrum) AcGGM. 
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By using MALDI-TOF-MS, whole series of substituated GGM fragments with 
satisfactory intensities were observed up to a size of eight units (DP8). In Figure 2, 
one can see an approximately normally distributed series of the peaks representing 5 
sugar units with benzylation. Substitution of molecular weight fragments over DP10 
could not be observed, probably because of discrimination factors due to the high 
polydispersity of the benzylated AcGGM sample.59 Some segregation of the sample 
droplet appeared due to the low volatility of DMSO (Figure 3). However, from the 
MALDI-TOF-MS spectrum a DS of approximately 1.3 over the range from DP3 to 
DP8 could be determined given that the molecular weight of a benzyl group is 90.12 
g/mol.  

 

 
 

Figure 2. Segment of a MALDI-TOF spectrum showing the DP5 mass 
series of sample BnG3 mixed with a DHB matrix in DMSO. 

 

 
Figure 3. A crystal of BnG3 and DHB for MALDI. 
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The benzylation reactions of GGM were carried out through a straight 
forward method in water (Table 2). Fairly low yields of the BnGGM products were 
calculated (Table 3) for the reactions. Optimization of the purification and filtration 
steps could be useful. Another reason for the low yields could be the solution in 
which the reactions took place. Partially modified AcGGM might have stayed in the 
water phase and might not have precipitated fully. 

 
Table 3. Yield of benzylation syntheses. 

Sample Weight product (g) Yield (mole %) 

BnG1 1.10 27 

BnG2 0.73 17 

BnG3 0.94 23 

BnG5 0.70 17 

BnG6 0.09 2 

The yield of BnG30A was not calculated due to lack of exact molecular weight of alginate. 
 

For the analysis of the different surface modifications performed ATR-FTIR is 
well suited since the penetration depth is limited to a few micrometers. The 
benzylated materials were further characterized with ATR-FTIR and in Figure 4 the 
aromatic region of the spectra is shown. 
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Figure 4. ATR-FTIR of benzylated samples (powder) between 1425 cm-1 and 1525 cm-1. 

 
The vibrations of the aromatic ring can be seen most prominently by the double 

absorption band at ~1450 cm-1 and ~1500 cm-1 (Table 4). 
 

Table 4. Relative areas of the aromatic ring absorption bands in the range 600-2400 cm- 1 for 
BnGGM. 

Sample Area 
(1500 cm-1) 

Area 
(1450 cm-1) 

BnG1 1.17 1.91 

BnG2 1.15 1.87 

BnG3 0.86 1.22 

BnG30A 1.02 1.92 

BnG5 0.90 1.26 

BnG6 - - 
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As can be noticed, the relative peak areas at 1450 and 1500 cm-1 were not 
measurable for sample BnG6, indicating that the amount of base used in this specific 
synthesis was not sufficient to activate the hydroxyl groups of AcGGM. For the other 
samples, where higher concentrations of base were used, distinct aromatic peaks were 
observed, and the AcGGM has thus reacted with the benzyl chloride. The total area 
under the two peaks for each benzylation sample was found to increase with the 
amount of benzyl chloride added. In Table 4, the relative peak areas at 1500 cm-1 and 
1450 cm-1 are presented. From the table it can be noted that BnG3 showed a lower 
benzylation degree than BnG2 although the charge of BnCl was higher. The large 
excess of benzyl chloride rendered the reaction mixture acidic and not basic in the 
end as in the other benzylations. The excess benzyl chloride had thus reacted with 
water after hydroxyl groups on the AcGGM had been consumed. The high 
temperature in combination with the acidic end pH most probably resulted in partial 
cleavage towards the end of the reaction of the formed ether bonds yielding benzyl 
alcohol and a free hydroxyl group again. This opens interesting possibilities to 
control the degree of substitution at low levels since it can be expected that the 
distribution of benzyl groups will be very even. 

 

5.2 Film formation 

5.2.1 Blend films 

All blend films were dry within 72 hours when conditioned at approximately 23 °C 
and RH <50%. It was observed that the one-component AcGGM films dried more 
quickly than the two-component films. This suggests that non-bound water molecules 
were more trapped within the networks of the two-component films and therefore 
evaporated more slowly. 

The mechanism by which glycerol and other small molecules such as sorbitol and 
xylitol increase the mechanical plasticity of cast films is still not fully understood.60 
We assume that the plasticizers of low molecular weight intercalate between the 
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hemicellulose chains and thus make the film easier to handle due to a loss of cross-
linking hydrogen bonding. When a polysaccharide, or a derivative thereof, is added, 
the question of compatibility arises. By scanning electron microscopy (this discussion 
comes later), we observed that no phase separation had occurred as was predicted by 
the hydrophilicity of the components.  This could also be seen as a good homogeneity 
of the casting solution. When the two-component film of AcGGM and alginate with 
glycerol was cast, it was assumed that the alginate would increase mechanical 
resilience while the plasticizer would improve the handling of the film. Such a blend 
could thus in a simple manner be expected to lead to a flexible, strong, and 
impermeable film. 

5.2.2 Benzylated films 

Solubility (Table 5) was tested for the benzylated powders and it was found that 
the benzylated materials were totally soluble in DMF, DMSO, and pyridine and 
partially soluble in 1,4-dioxane. Films of the benzylated GGM were successfully cast 
from DMF. The transparent films showed flexibility and strength and were thus easy 
to handle.  
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Table 5. Solubility of BnGGM powder. 

Solvent Dielectric constant Cold Warm 

Cyclohexane 2 - - 

1,4-Dioxane 2 xo xo 

Limonene 2 - - 

Diethyl ether 4 - - 

Chloroform 5 - - 

Ethyl acetate 6 - - 

THF 8 - - 

Dichloromethane 9 - - 

Pyridine 13 x x 

Acetone 21 - - 

Methanol 33 - - 

DMF 38 x x 

DMSO 47 x x 

Water 80 - - 

x: soluble, xo: partially soluble, and -: insoluble 
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5.3 Surface modifications and BnGGM-laminates of AcGGM 
films 

The benzylated films were more permeable to oxygen at lower humidities but 
were, on the other hand, less affected by the moisture at higher humidities (shown 
later in Table 10). We reasoned that the oxygen permeability could be lowered by a 
combination of unmodified and benzylated material at the same time as good water 
tolerance would be retained. Three different approaches were used: plasma treatment 
followed by styrene addition, vapor-phase grafting of styrene, and lamination with 
benzylated AcGGM. 

In Figure 5 and Table 6, one can see that the benzyl-laminated material exhibits the 
largest relative absorption peak area in the aromatic region among the modifications 
of G30A. The plasma treated and styrene grafted G30A-P and the styrene vapor-
phase grafted G30A-VP both demonstrated slightly lower absorption than the benzyl-
laminated G30A-L, but substantially higher absorption than the unmodified film 
G30A, indicating that grafting has occurred. The area under the aromatic peak region 
for G30A-VP was bigger than that for G30A-P, i.e., more styrene molecules were 
able to attach to the UV irradiated film. The films of G30C behaved in similar 
fashion. 

Lamination clearly resulted in a thicker layer of styrene molecules on the AcGGM 
surface than the two grafting methods.  
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Figure 5. Segment of FTIR of the films G30A (no post-treatment), G30A-P (plasma treated 
and grafted with styrene), G30A-VP (vapor-phase grafted with styrene), and G30A-L 

(laminated with BnG1). 
 
 

Table 6. Relative areas of the aromatic ring absorption bands in the range 600-2400 cm-1for 
plasma and UV  treated films. 

Sample Area 
(1500 cm-1) 

Area 
(1450 cm-1) 

G - - 

G30A - - 

G30A-P 0.30 0.79 

G30A-VP 0.32 0.99 

G30A-L 1.22 1.61 

G30C 0.21 0.56 

G30C-P 0.30 0.98 

G30C-VP 0.21 1.10 
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5.4 Thermal properties 

5.4.1 Unmodified material 

Differential scanning calorimetry (DSC) was applied to detect first and second 
order transitional behavior in the AcGGM isolate. A difficulty in the determination of 
the Tg is the overlapping peak resulting from the large amount of hydroxyl groups 
causing hydrogen bonds in the polysaccharide. A thermogram of the AcGGM isolate 
– in both powder and film form – is shown in Figure 6.  No thermal events occurred 
after 200 °C except for exothermic peaks with an onset at about 230 °C representing 
the beginning of thermal degradation.61  

The endothermic peak occurring in the region from 30 to 200 °C is attributed to 
water loss and represents the energy required to vaporize water present in the 
samples. The water seems to be trapped more in the film than in the powder as a 
consequence of various molecular and diffusional forces. A second run, immediately 
after the first, showed that water was still evaporating. In the DSC curve of the 
powder, an additional endothermic event resembling a glass transition was visible at 
55 – 65 °C (Tg). When inspected closely, the curves for the film sample showed a 
slight discontinuity in this temperature range. We suggest that this discontinuity is 
due to a glass transition of the sample.  
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Figure 6. Differential scanning calorimetry of the AcGGM powder compared to the 1st and 

2nd scans of an AcGGM film without additives. 
 

For this reason, we studied the effect of plasticizer on this Tg. Results for a film 
with added glycerol and for an unplasticized film are shown in Figure 7. It is evident 
that the broad endothermic peak of the glycerol-containing film had a much smaller 
area than the peak of the unplasticized AcGGM film. This suggests that the water 
was much less trapped in the plasticized film and was almost as free as in the powder 
sample (cf. Figure 6). The discontinuities indicate that the Tg seemed to be about 5 
°C lower (than around 60 °C) in the film containing glycerol as additive.   
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Figure 7. Differential scanning calorimetry of a lyophilized AcGGM film sample without 
additive (w/o additive) and of an AcGGM film with 25 wt% glycerol (w additive) scanned 

once. 

5.4.2 Benzylated material 

Differential scanning calorimetry (DSC) resulted in the elucidation of a Tg for 
some of the benzylated materials (Figure 8). As mentioned earlier, the discontinuity 
for AcGGM in the temperature range of 55 – 65 °C represents a glass transition. The 
benzylated material BnG3 lacks an overlapping peak due to hydroxyl groups since 
the hydrogen bonding capability is strongly reduced. A discontinuity in the baseline 
at around 105 °C shows the Tg which in other words is higher than for the unmodified 
material. This value is also in accordance with what has earlier been reported for 
konjac glucomannan.49 Samples BnG5 and BnG6 had a lower DS than the other 
materials and thus their Tg is in the range of the unmodified AcGGM. Distinct glass 
transition temperatures were, for unknown reasons, not found for the materials BnG1 
and BnG2 with DSC. Since the DSC results showed a second scan Tg for BnG3 this 
indicates thermoplastic behavior and that it might be possible to extrude the 
benzylated GGM. DMA, which is a more sensitive measuring method than DSC, was 
further applied to those benzylated materials for which we could not estimate a Tg 
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with DSC. The glass transition temperatures were calculated from the onset of the 
drop in storage modulus of the films of the aforementioned benzylated materials 
(Table 7).  
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Figure 8. Glass transition of benzylated and native AcGGM (2nd scans of same sample). 
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Table 7. Glass transition and degradation temperatures for BnGGM. 

Sample Tg (°C) Onset temperature 

of degradation (°C) 

G ~60 (2nd scan) ~220 

BnG1 ~140* ~250 

BnG2 ~160* ~250 

BnG3 ~105 (2nd scan) ~260 

BnG30A ~130 (1st scan) ~230 

BnG5 ~60 (1st scan) <200 

BnG6 ~60 (1st scan) <200 

*calculated from the onset of the drop in storage modulus of the related films during DMA. 
 

5.5 Film properties 

5.5.1 Water vapor tolerance during mechanical testing 

  Dynamic vapor sorption (DVS, Figure 9) was measured in order to find the 
time needed for our AcGGM films to reach equilibrium at certain humidities. This 
time served as an indication of which conditioning times should be used during 
further DMA and oxygen permeability measurements.   
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Figure 9. DVS of unmodified AcGGM. 

 
From Figure 9 it can be seen that the time needed for the AcGGM film sample to 

reach equilibrium at both 50 and 80 % RH was approximately 50 minutes. This value 
was used as a minimum for all AcGGM materials, regardless of the nature of the 
additive.  

 

The influence of water vapor on the mechanical properties of the film can be 
effectively studied by moisture-scan dynamic mechanical analysis (DMA). This 
technique is also interesting from the perspective that it is expected to relate to the 
barrier properties. The low molecular weight additives (glycerol, sorbitol, and xylitol) 
were applied as plasticizers to hemicellulose. As expected in a polysaccharide film 
containing a plasticizer,26,62 a drop in storage modulus of these plasticized film 
samples was observed between approximately 35% and 50% RH on the DMA graph, 
as shown in Figure 10.  

The glycerol-containing film clearly dampened most rapidly, while the decrease in 
storage modulus of the sorbitol- and xylitol-containing films was more or less 
comparable. A possible explanation is that glycerol is a liquid at room temperature 
whereas the alditols are solids. 
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The two-component films containing alginate, carboxymethyl cellulose, 
carrageenan, or locust bean gum and AcGGM formed hybrid films which were 
mechanically the most resistant towards humidity and thus formed the most stable 
films.  

When CMC was used, almost no softening was observed up to 80% RH, whereas 
there was a small drop in storage modulus for the film containing alginate at about 
70% RH. This may be due to the pendant carboxylic acid groups present in alginate. 
The films containing carrageenan and locust bean gum behaved in much the same 
way as the films containing alginate. The films made with low molecular weight 
additives were mechanically much weaker than the two-component films and 
softened markedly when the moisture content was increased in the measurement 
chamber.   

The two-component film of AcGGM and alginate containing glycerol as 
plasticizer had properties similar to those of the films made separately with either 
plasticizer or high molecular weight renewable polymer. All components were 
compatible due to their hydrophilicity, and homogeneous films could be produced, a 
conclusion which is supported by the smoothness of the DMA curve. The curve of 
the two-component film containing glycerol is situated between the curves of the 
films containing plasticizers and the films containing polymers (Figure 10). This film 
softened at a relative humidity only slightly higher (at approximately 55% RH) than 
that at which the sorbitol-containing film softened, but well below the RH at which 
the AcGGM-alginate film softened slightly. This means that the incorporation of a 
plasticizer into the binary polysaccharide mixture results in a compromise between 
strength and flexibility. 
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Figure 10. Storage modulus as a function of varying moisture content (mean values of three 
samples per film). 

 
The influence of blend composition was also briefly studied with alginate as 

an example (Figure 11). Films with 30, 60, and 70 wt-% alginate content to AcGGM 
were measured. It can be concluded that already 30 wt-% alginate in the blend 
suffices to give AcGGM good mechanical properties. 
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Figure 11. The effect of blend composition on the storage modulus of AcGGM and alginate 

blend films. 
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Moisture scan-DMA was also carried out on a fragile unmodified AcGGM film 
sample as reference and a benzylated film sample, BnG30A. Figure 12 clearly shows 
that the unmodified sample dampens at lower humidity than the benzylated sample. 
This is simply explained by the attachment of hydrophobic side groups. With these 
measurements as a basis, we could predict that the oxygen permeability of the 
benzylated films would be relatively stable over increasing humidity. The time period 
between 60 and 80 % RH is only 20 min and it is expected that the difference 
observed in storage modulus in Figure 12 would be larger if the rate was slower than 
1 % per minute.   
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Figure 12. DMA measurements for AcGGM and BnG30A. 

5.5.2 Hydrophobicity measurements 

It is expected that the hydrophobic modifications should affect the contact angle 
and/or the adsorption of a water droplet. Contact angles depend on two main 
characteristics: polarity and surface roughness. When measuring static contact angles 
with water, non-polar surfaces result in higher angles due to forces of repulsion. As 
can be seen from Table 8, the contact angles obtained for the film samples were 
found to be quite similar to each other. The surprisingly high contact angle of the 

_____________________________________________________________
- 42 - 



Results and Discussion 

 
_____________________________________________________________

- 43 - 
 

unmodified AcGGM film could be explained by the distribution of e.g. lignin 
remnants from the process water onto the film surface.  

The adsorption behavior of the materials varied much. The benzylated samples did 
not adsorb the water droplet for the duration of the measurement (10 min) even 
though they did not exhibit the highest contact angles. In Figure 13, a contact angle 
measurement of an unmodified and a benzylated film sample (BnG2) is shown. After 
50 seconds the unmodified film sample had partially adsorbed the water droplet while 
the contact angle of the droplet on the benzylated film did not change at all as 
mentioned above. 

 
Table 8. Static contact angles after five seconds and the adsorption time of the water droplet. 

Sample Contact angle (°) Adsorption time 

G 63 ± 3 50-60 s 

G30A 78 ± 3 80-100 s 

G30A-P 75 ± 1 170-190 s 

G30A-VP 71 ± 2 150-170 s 

G30A-L 63 ± 2 >10 min 

G30C 54 ± 3 20-25 s 

G30C-P 72 ± 4 115-125 s 

G30C-VP 72 ± 3 85-95 s 

BnG1 57 ± 4 >10 min 

BnG2 68 ± 3 >10 min 

BnG3 70 ± 2 >10 min 

BnG30A 45 ± 7 >10 min 

BnG5 68 ± 7 >10 min 
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Figure 13. Water droplets (6 μl) on unmodified AcGGM (left) and BnG2 (right) after 50s. 

5.5.3 Water solubility 

On the basis of Figure 13 and Table 8, one could make assumptions regarding the 
solubility of the films in water.  In Table 9, the water solubility was tested by 
immersing the film samples in water and measuring the weight loss. The weight loss 
of BnG1, BnG3 and BnG30A was in the range of 16-28 wt-% but seemed constant 
over time. It is likely that some less substituated material dissolved and caused the 
weight decrease. 

 
Table 9. Water solubility of chosen benzylation samples. 

 Weight left (%) 

Film 7 days 19 days 26 days 

BnG1 74 74 72 

BnG3 88 86 84 

BnG30A 83 79 77 

 
 

The water solubility of the film samples G30A, G30A-P, and G30A-VP was also 
tested, but all of them dissolved almost immediately after addition of water, just like 
unmodified and unblended AcGGM. The fact that the benzylated samples did not 
dissolve showed a distinct difference between film surface and bulk modification. 
The laminated film sample was less soluble than the unmodified films, as expected, 
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but still more soluble than the bulk modified films (dissolution occurred mainly from 
the cut film edges). As a rule of thumb, the unmodified, VP grafted, and plasma-
treated films dissolved in minutes, the laminated in hours, and the bulk modified 
films probably in months, or even years. 

5.5.4 Oxygen permeability 

Mixing alginate or CMC together with AcGGM to form a physical blend that 
could be dried into a two-component film gave the most resistant unmodified films 
towards oxygen permeation at 50 % RH. As seen in Figure 14, the permeability 
coefficients calculated were 0.6 and 1.3 (cm3 μm) / (m2 d kPa) for the unmodified 
films containing alginate and CMC respectively. In the case of the plasticizers, 
sorbitol addition gave a lower permeability, 2.0 (cm3 μm) / (m2 d kPa), than glycerol 
4.6 (cm3 μm) / (m2 d kPa) or xylitol 4.4 (cm3 μm) / (m2 d kPa) addition. This sorbitol-
containing film softened at a higher RH during DMA measurements than the other 
plasticized films, and this suggests that sorbitol packs together more tightly with the 
AcGGM than xylitol or glycerol did. 
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Figure 14. Oxygen permeability coefficients of unmodified AcGGM films containing given 

additives. 
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Glycerol softens the AcGGM film already at about 35% RH (Figure 10), and this 
film is thus the least tolerant to moisture, which may explain why permeability 
measurements at 50% RH were not possible for this film. Pinholes were probably 
formed in the film. The oxygen permeability coefficient of the glycerol-plasticized 
blend film was higher than that of the AcGGM-alginate film: 4.6 compared to 0.6 
(cm3 μm) / (m2 d kPa). The network of alginate or CMC together with AcGGM is less 
permeable to oxygen than the network containing glycerol, sorbitol or xylitol. 
Naturally one wants a barrier material to have a pemeability which is as low as 
possible. In the AcGGM-alginate and AcGGM-CMC films, strong energetic 
interactions between the polymer chains are expected due to the numerous polar 
pendant groups. This results in a more rigid polymer chain network combined with a 
low free volume between chains that may improve the barrier properties under humid 
conditions.  

The oxygen permeability of the AcGGM films is similar to or lower than the 
values reported for films from glucuronoxylan34 and other polysaccharides, such as 
starch63 and chitosan64, and mixtures of various polysaccharides17. For example, a 
film consisting of 32.5 wt% soluble starch, 32.5 wt% methylcellulose, 30 wt% 
sorbitol, and 5 wt% water had a reported permeability coefficient of 5.7 × 10-11 cm2 

Pa-1 s-1 at 5 % water content, which corresponds to 1,200 (cm3 μm) / (m2 d kPa).17 
Furthermore, the barrier properties of unmodified AcGGM films are in the same 
range as those of conventional mineral-oil-based barrier materials, such as 
polyethylene vinyl alcohol (dry conditions20, humid conditions65) and polyvinylidene 
chloride20. Proteins like whey66 and blends of proteins with polysaccharides67 
generally show higher permeabilities.   

 

In Table 10, the oxygen permeability coefficients of unmodified AcGGM blend 
films, benzylated GGM films, and the laminate film can be found. Due to less 
hydroxyl functions on the benzylated GGM, permeability at 50 % RH dropped 
compared to the unmodified material. However, the values are comparable to more 
traditional packaging materials used today like polyethylene (PE) and ethylene vinyl 
acetate (EVA). LDPE has an oxygen permeability coefficient of 102-188 and EVA 
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177-263 (cm3 µm) / (m2 24h kPa) for 25 μm thick films at 50 % RH.68 We obtained 
permeability measurements at 83 % RH for films of benzylated materials which 
could not even be achieved for the unmodified blend films due to their elevated 
moisture sensitivity. The moisture sensitivity of the completely unmodified material 
is also demonstrated in Figure 12 where the dynamic mechanical response as a 
function of humidity is displayed. 

 

Table 10. Oxygen permeability coefficients. 

 Oxygen permeability coefficient 
[(cm3μm)/(m224h kPa)] 

Film 50 % RH 83 % RH 

G30A 0.55 ± 0.06 N/O 

G30C 1.28 ± 0.15 N/O 

G30C-VP 1.75 ± 0.54 N/O 

G30A-L N/A 8 ± 2* 

BnG1 559 ± 4 546 ± 2 

BnG3 130 ± 2 170 ± 1 

BnG5 N/A 153 ± 4 
*at 73 % RH, N/A: not analyzed, N/O: not obtained 

 

BnG3 and BnG5 exhibit better values than BnG1 at elevated humidity. BnG1, on 
the other hand, showed more stable results over varying humidity content. This is 
logical since the degree of substitution was less for BnG3 and BnG5 than for BnG1 
according to FTIR analyses. The low fluctuation in oxygen permeability between 50 
% RH and 83 % RH for the benzylated samples is supported by the DMA 
measurements where the benzylated material showed more mechanical stability over 
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varying relative humidity than an unmodified sample (Figure 12). By the combined 
approach using lamination of an AcGGM-alginate blend film with benzylated GGM 
excellent barrier properties were recorded (8 cm3 µm m-2 24h-1 kPa-1 at 83 % RH). 
This is only reasonable since we encapsulated the good gas barrier in the form of 
unmodified AcGGM with a moisture-insensitive material, BnGGM. Furthermore, 
one could also predict the oxygen permeability of the laminate through a series of 
equations. Methods for predicting oxygen and water vapor permeabilities in 
laminates has been done for laminates based on e.g. low-density polyethylene where 
the predictions agreed with the experimental results within the error margins of the 
experiments.69   

5.5.5 Surface topography 

SEM measurements were done in order to try to draw a parallel between oxygen 
permeability and the topography of the films (Figure 15). The benzylated films were 
the most uneven over all and one could use this as a reason for the increased oxygen 
permeability compared to the unmodified blend films. The plasma treated and vapor-
phase grafted films, b and c respectively, were as smooth as their unmodified G30A 
equivalents.  
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Figure 15. SEM micrographs of a) unmodified AcGGM (x1000), b) G30A-P (x500), c) G30A-

VP (x500), d) BnG3 (x100), and e) BnG4 (x100). 
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Conclusions 

6 Conclusions 

Barrier films were produced from O-acetyl-galactoglucomannan (AcGGM). This 
study shows that unmodified AcGGM isolated from TMP process water is an 
excellent candidate for a new renewable barrier material with good barrier properties 
for food packaging at 50% RH.  

Modification of hemicellulose through benzylation markedly increases water 
resistance of the hemicellulose films and to a certain extent also the oxygen 
permeability at both 50% and 83% RH. Lamination of an unmodified AcGGM film 
with dissolved benzylated AcGGM proved to give the lowest permeability values at 
elevated humidity (73 % RH). This clearly substantiates the potential AcGGM has 
within packaging. 
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Future work 

7 Future work 

Future work with this raw material should include a method of modification where 
one would preserve the original oxygen permeability of the unmodified AcGGM 
when increasing the water resistance through modification. 

Other methods of activation for further modifications could be sought out as well. 

It would also be interesting to study the ageing process of the AcGGM-based films 
and see if one could prolong the shelf life of the material in any way.  
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