
E
h

A
F

a

A
R
R
1
A
A

K
W
X
R
O
P
F

1

e
o
p
b
2
S
h
b
V
J
Ö
r
t
a
c
t
f

h
0

Carbohydrate Polymers 117 (2015) 346–354

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  pa g e: www.elsev ier .com/ locate /carbpol

nhanced  formability  and  mechanical  performance  of  wood
ydrolysate  films  through  reductive  amination  chain  extension

nas  Ibn  Yaich,  Ulrica  Edlund,  Ann-Christine  Albertsson ∗

iber and Polymer Technology, Royal Institute of Technology (KTH), Teknikringen 56, SE-100 44 Stockholm, Sweden

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 23 June 2014
eceived in revised form
6 September 2014
ccepted 18 September 2014
vailable online 5 October 2014

eywords:
ood hydrolysate

a  b  s  t  r  a  c  t

An  O-acetyl-4-O-methylglucuronoxylan-rich  wood  hydrolysate  (WH),  generated  by  the  hydrothermal
treatment  of hardwood,  was  chain  extended  using  di- and  tri-functionalized  amino  chain  extenders
through  reductive  amination.  Chain  extension  was  achieved  via  facile  one-  or two-step  syntheses.  The
carbohydrate  chain  extension  efficiency,  molecular  weights,  and  branching  patterns  were  determined
through  a combination  of SEC,  1HNMR,  FTIR  and  elemental  analysis.  The  mild reaction  conditions  enabled
an  increase  in  the  molecular  weight  while  preserving  the  initial  structures  of  the hemicelluloses.  The  chain
extension  strategy  developed  in this  study  was  demonstrated  to significantly  improve  the  formability  and
mechanical  performance  of WH films,  allowing  for  the  water-casting  production  of  coherent  films  with
ylan
eductive amination
xygen barrier
ackaging
ilm

higher  ratios  of  WH  – 70–85%  (w/w)  –  and  reducing  the  need  for co-components.  Chain-extended  WHs
produced  stronger  and  more  ductile  films  than  corresponding  formulations  prepared  from  unmodified
WH.  Films  made  from  ethylenediamine  chain-extended  WH  mixed  with  30%  (w/w)  carboxymethyl  cel-
lulose showed  a tensile  strength  of  62  MPa  and a strain-to-failure  of 3.3%.  Additionally,  chain-extended
WHs  produced  films  with  an  oxygen  permeability  as low  as 0.2  cm3 �m  m−2 day−1 kPa−1 at  50%  RH.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Wood-derived hemicelluloses have attracted increasing inter-
st as renewable and non-edible raw materials for the production
f sustainable food-packaging barriers due to their desirable
roperties, such as very low gas permeability, water solubility,
iodegradability, non-toxicity and abundance(Hansen & Plackett,
008; Hartman, Albertsson, & Sjöberg, 2006; Hartman, Albertsson,
öderqvist-Lindblad, & Sjöberg, 2006). Furthermore, wood-derived
emicelluloses can potentially be recovered in large quantities as
y-products from many forestry industrial processes (Albertsson,
oepel, Edlund, Dahlman, & Söderqvist-Lindblad, 2010; Li, Saeed,

ahan, Ni, & van Heiningen, 2010; Thornton, Ekman, Holmbom, &
rså, 1994). To implement materials derived from hemicellulose-

ich biomass in the food-packaging sector, several challenges need
o be overcome, not the least of which the high production cost
ssociated with obtaining highly purified hemicelluloses. Other
hallenges are inherent hydrophilicity and brittleness, the latter

ypically rendering hemicelluloses unable to alone form coherent
ree-standing films with satisfactory mechanical properties.

∗ Corresponding author.
E-mail address: aila@kth.se (A.-C. Albertsson).

ttp://dx.doi.org/10.1016/j.carbpol.2014.09.067
144-8617/© 2014 Elsevier Ltd. All rights reserved.
Hemicelluloses are generally extracted from wood or holocel-
lulose by alkali treatments (i.e., kraft pulping or hot or cold alkali
extractions), resulting in the cleavage of O-acetyl and other side
groups; rigorous or prolonged alkali treatment will lead to further
degradation of the main chain by peeling reactions (Timell, 1967).
The resulting unbranched hemicelluloses – regardless of type or
source – are characterized by poor water solubility and high ten-
dencies to form aggregates and irreversibly readsorb onto cellulose
fiber surfaces due to their increased capability of intermolec-
ular hydrogen bonding (Danielsson, Kisara, & Lindström, 2006;
Dervilly-Pinel, 2004; Simkovic et al., 2014). On the other hand,
hemicelluloses with partially preserved acetylated and branched
native structures can be found in aqueous process liquors – wood
hydrolysates (WHs) – generated by hydrothermal treatment or
other neutral-acidic extraction processes (e.g., thermomechanical
pulping, steam explosion, pre-hydrolysis, microwave treatments)
(Palm & Zacchi, 2003). These hemicelluloses show good solubil-
ity in certain polar solvents such as water, which is considered to
be of utmost importance in view of sustainable industrial applica-
tions. Many green production technologies in use today, or in the
development pipeline, including water-based coating and casting

as well as various green chemical modifications, rely on the aqueous
solubility of the base material.

It is also becoming apparent that large-scale isolation of
highly purified hemicelluloses from these forestry process liquors

dx.doi.org/10.1016/j.carbpol.2014.09.067
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.09.067&domain=pdf
mailto:aila@kth.se
dx.doi.org/10.1016/j.carbpol.2014.09.067


rate Po

i
T
d
n
d
p
p
m
2
T
c
w
w
m
2
2

d
m
s
Y
(
o
o
f
h
d
t
p
h
m
c
c
i
a
c
a
t
c
e
l
c
P
e
p
(
m
p
A
B
L
2
A
2

r
l
i
p
n
2
H
g
d
n
2

A. Ibn Yaich et al. / Carbohyd

s neither an economical nor environmentally viable approach.
he laborious sequential purification, involving solvent-extraction,
elignification, enzymatic steps and/or chromatographic tech-
iques, necessary to completely separate the dissolved or
ispersed, and strongly interacting, wood components make the
roduction of highly purified hemicelluloses a low-yield and costly
rocess that demands large amounts of solvents and energy and
ay  also generate considerable amounts of waste (Albertsson et al.,

010; Persson, Nordin, Zacchi, & Jönsson, 2007; Willför, Sundberg,
enkanen, & Holmbom, 2008). Conversely, the utilization of
rude or less purified hemicelluloses or a hemicellulose-rich WH,
hereby a reasonable amount of lignin and other water-soluble
ood components are purposely preserved, provides a technically
ore viable and economically feasible strategy (Albertsson et al.,

010; Dahlman et al., 2009; Edlund, Zhu Ryberg, & Albertsson,
010).

Recently, we demonstrated that free-standing films can be pro-
uced by solvent casting of aqueous formulations made from
ixtures of WHs  and a high-molecular-weight co-components

uch as carboxymethylcellulose (CMC) (Edlund et al., 2010; Ibn
aich, Edlund, & Albertsson, 2012), microfibrillated cellulose (MFC)
Saadatmand, Edlund, Albertsson, Danielsson, & Dahlman, 2012),
r chitosan (Edlund et al., 2010). The presence of a fair amount
f lignin in the WH does not necessarily pose a problem, in
act it has been shown that lignin have strong interaction with
emicelluloses, which results in good compatibility between the
ifferent constituents within WH as well as within film formula-
ions (Zhu Ryberg, Edlund, & Albertsson, 2012). WH-based films
erformed as well or even superior to analogous films based on
ighly purified hemicelluloses. The formulations contained no low-
olecular-weight plasticizers but were favored by a co-component

ontent on the order of 40% (w/w) or above during the formation of
ontinuous and coherent free-standing films with good mechan-
cal properties. This behavior is explained by the relatively short
nd stiff nature of the hemicellulose chains, being the principal
omponent of the WH,  which does not favor the formation of

 sufficient number of chain entanglements that will ensure the
ransmission of the covalent bond strength and the formation of
ontinuous films. Means for overcoming this difficulty can be cat-
gorized into three distinctive yet complementary approaches: (i)
imiting hemicellulose degradation by controlling the extraction
onditions (pH, temperature, time) (Saadatmand et al., 2013; Song,
ranovich, & Holmbom, 2011); (ii) fractionation through differ-
nt industrially viable routes (ultrafiltration, diafiltration, ethanol
recipitation) to accumulate the higher-molecular-weight fraction
Ibn Yaich et al., 2012); or (iii) increasing the hemicellulose molar

ass and/or the molecular mobility via chemical or enzymatic
ost-treatments (Hartman, Albertsson, & Sjöberg, 2006; Hartman,
lbertsson, Söderqvist-Lindblad, et al., 2006; Kochumalayil &
erglund, 2014; Kochumalayil, Zhou, Kasai, & Berglund, 2013;
aine et al., 2013; Mikkonen, Schmidt, Vesterinen, & Tenkanen,
013; Oinonen, Areskogh, & Henriksson, 2013; Persson, Dahlman,
lbertsson, & Edlund, 2012; Zhu Ryberg, Edlund, & Albertsson,
013).

Many hemicellulose chemical modification methods have been
eported in the literature, most of which rely predominantly on the
arge amount of synthetically available hydroxyl groups present
n hemicellulose structures when seeking to introduce thermo-
lastic, gel, hydrophobic, or film-formability characteristics and/or
ew functionalities (Edlund & Albertsson, 2012; Hansen & Plackett,
008; Maleki, Edlund, & Albertsson, 2014; Simkovic et al., 2014).
owever, many inherent properties of hemicelluloses, including

as permeability, swelling, solubility, and biodegradability, are
ependent on a subtle balance between hydroxyl, acetyl and other
atural pendant groups (Fonseca Silva, Habibi, Colodette, & Lucia,
011; Heikkinen et al., 2013; Ibn Yaich et al., 2012). It has, for
lymers 117 (2015) 346–354 347

example, been shown that the high oxygen barrier performance
of hemicelluloses, similarly to that of other polar polymers, arises
from dense chain packing, low free volume and high cohesive
energy density, all of which are largely due to the strong inter-chain
hydrogen bonding between the hydroxyl groups on the carbohy-
drate backbone (Zhu Ryberg, Edlund, & Albertsson, 2011). Thus,
the aforementioned chemical modifications might interfere with
native features, such as oxygen barrier properties. Moreover, acti-
vation of hydroxyl groups in aqueous reactive media is usually
conducted at alkaline or acidic pH levels and/or quite high tem-
peratures, which once again, causes degradation and reduction
of the polysaccharide chain length. Other chemical modification
routes involve an extensive use of non-renewable solvents and
reagents, and depending on the degree of substitution and the size
of the substituents, the introduced petroleum-derived, synthetic
components might represent a predominant percentage of the
overall so-called “hemicellulose derivatives” (Hansen & Plackett,
2011; Hartman, Albertsson, & Sjöberg, 2006; Hartman, Albertsson,
Söderqvist-Lindblad, et al., 2006; Heinze & Daus, 2011; Söderqvist-
Lindblad & Albertsson, 2004; Zhong, Peng, Yang, Cao, & Sun, 2013).
Therefore, the advantage gained, in terms of sustainability, of using
such material in large-scale food-packaging applications is ques-
tionable.

As an alternative to the classic hydroxyl-mediated modifications
of hemicelluloses, we  propose herein a different approach using
the ring-opened aldehyde at the reducing end of each hemicellu-
losic chain as a reactive center for attaching very small amounts
of multifunctional amino coupling agents through reductive ami-
nation chemistry, thereby connecting the hemicellulose chains in
a head-to-head configuration. Reductive amination is a common
tool used in carbohydrate chemistry to anchor different types of
amino-functionalized entities to saccharide structures (Brumer,
Zhou, Baumann, Carlsson, & Teeri, 2004; Dalpathado, Jiang, Kater,
& Desaire, 2005; Daus, Elschner, & Heinze, 2010; Guerry et al.,
2013). The possibility of conducting the reaction in aqueous media
and under mild conditions together with the strategy’s simplic-
ity, robustness and high selectivity makes this type of chemistry
fit the green requirements of hemicellulose-rich WH modification
perfectly.

Our goal is to develop oxygen barrier films with a much
higher content of hardwood hydrolysate (WH) and better film-
forming and mechanical properties than those of films prepared
from unmodified WH,  concurrently reducing the need for
a carboxymethylcellulose (CMC) co-component. This aim was
achieved by increasing the molecular weight of the O-acetyl-4-
O-methylglucuronoxylan hemicelluloses present in the WH via
reductive amination using di- and tri-functional amine coupling
agents while retaining the WH initial structure and functionalities
without cross-linking.

2. Experimental

2.1. Materials

The hardwood hydrolysate (WH) used in this work was pro-
duced from birch wood chips (Södra Cell AB), as described in our
previous paper (Saadatmand et al., 2013). Briefly, 2 kg of wood
chips (94% dry) was  subjected to a sequence of two  hydrothermal
treatments in a laboratory circulation digester. Each treatment was
performed for 60 min  at 155 ◦C, with a 6:1 ratio of total deionized
water to wood. The total process water fraction collected from each

treatment was then subjected to membrane filtration (ultrafiltra-
tion + 2 diafiltration processes) through ceramic membranes with
a 10,000 g/mol cutoff purchased from Orélis. Finally, the obtained
retentate phase, herein denoted wood hydrolysate (WH0), was
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Table 1
The coupling agent/WH feed ratios used to produce single-step chain-extended WH
samples.

Sample name 1,2-Diaminoethane
mg/(g WH)

Sample name Tris(2-aminoethyl)
amine mg/(g WH)

WH0  0 – –
WHN2a 21.4 WHN3a 34.8
WHN2b 7.1 WHN3b 11.6
WHN2c 5.4 WHN3c 8.7
WHN2d 2.7 WHN3d 4.4
cheme 1. (i) O-acetyl-4-O-methylglucuronoxylan (MeGlcp-Xylan) reducing-end h
ionalization and (iii) head-to-head chain extension of MeGlcp-Xylan.

yophilized and stored dry until use. The WH0  carbohydrate and
ignin composition is given in Table ST1 (Supplementary informa-
ion) and was determined as previously described (Saadatmand
t al., 2013) using ion-exchange chromatography analysis, which
as performed after an acid hydrolysis of the WH  and removal of

he Klason lignin.
A 2% carboxymethyl cellulose (CMC) sodium salt solution in H2O

25 ◦C) with a medium viscosity of 400–1000 mPa.s and a degree
f substitution of 0.6–0.9 (CAS number: 9004-32-4) was used as
eceived from Sigma-Aldrich. CMC  was selected as a co-component
n WH-based film formulations following the encouraging results
f our previous studies (Edlund et al., 2010), which indicated
hat films containing a WH  and 40% (w/w) CMC  exhibited
ery low oxygen permeability (OP) values and good mechanical
roperties. Hydrochloric acid (HCl) 50% (Sigma-Aldrich), tris(2-
minoethyl)amine 96% (Sigma-Aldrich), ethylenediamine (≥99.5%)
Fluka), sodium cyanoborohydride (NaBH3CN) 95% (Fluka), ethanol
99.5%, VWR  BDH Prolabo), and dimethyl sulfoxide-d6 (DMSO-d6)
CIL Cambridge Isotope) were used without further purifica-
ion.

.2. Two-step chain extension

Chain extension of O-acetyl-4-O-methylglucuronoxylan chains
resent in WH was conducted via a two-step process (Daus et al.,
010) as illustrated in Scheme 1. First, the functionality was
ttached to O-acetyl-4-O-methylglucuronoxylan (MeGlcp-Xylan)
hains through reductive amination. WH0  (3.0 g) was dissolved
n 20 mL  deionized water, and 1,2-ethylenediamine (0.34 g) was
dded. Thereafter, the pH was adjusted to 6.0 using a 1 M HCl
queous solution, and NaBH3CN (188 mg)  was added. The reac-
ion was allowed to proceed for 24 h at room temperature, and
he produced end-group-modified MeGlcp-Xylan denoted as WHA
as recovered by ethanol precipitation, washed three times with

thanol, and finally dried under reduced pressure at room temper-
ture. In a second step, WHA  (1.0 g) and WH0  (1.0 g) were dissolved
n 20 mL  deionized water, and NaBH3CN (115 mg)  was added. The

eaction mixture was stirred at room temperature for 24 h, and the
roduced head-to-head chain extension of MeGlcp-Xylan denoted
HB  was recovered by ethanol precipitation, washed three times
ith ethanol, and finally dried under reduced pressure at room

emperature.
WHN2e 1.8 WHN3e 2.9
WHN2f 1.3 WHN3f 2.2

2.3. Single-step chain extension

A series of chain-extended WHs  with different molecular
weights was prepared via a one-pot reaction by changing the cou-
pling agent content and/or number of functionalities. Samples were
denoted as shown in Table 1 according to both the functionality and
the amount of coupling agent used, i.e., WHN2x denotes samples
derived from a di-functional chain extender (1,2-diaminoethane),
whereas WHN3x denotes samples derived from a tri-functional
chain extender (tris(2-aminoethyl)amine). The reactions were per-
formed in a similar manner to that of the two-step procedure.
For each experiment, WH0  (0.25 g) was dissolved in 2 mL  deion-
ized water, and either ethylenediamine (1.3–21.4 mg/gWH) or
tris(2-aminoethyl)amine (2.2–34.8 mg/gWH) was added. There-
after, the pH was adjusted to 6 using a 1 M HCl aqueous solution,
and NaBH3CN (15.7 mg)  was added. The reaction was  allowed
to proceed for 48 h at room temperature, and the final product
was recovered by ethanol precipitation, washed three times with
ethanol, and finally dried under reduced pressure at room temper-
ature and analyzed by aqueous SEC.

Two reactions selected from the previous series of single-step
chain extension reactions, namely WHN2f and WHN3d, were scaled
up by a factor of 12 (3.0 g of WH0), providing a sufficient amount
of material for film production and subsequent tensile and oxygen
barrier testing.
2.4. Film preparation

A series of free-standing films made from blends of either unmo-
dified WH,  denoted WH0  herein, or chain-extended WH (WHB,
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HN2f and WHN3d) together with CMC  (15–30% (w/w)) was pre-
ared by casting from an aqueous solution. Typically, the WH and
MC  were dissolved separately in 15 mL  deionized water by mixing
n a shaking board at a shaking rate of 200 min−1 for at least 3 h.
nce the CMC  and WH were completely dissolved, the solutions
ere combined, and the mixture was stirred for another 12 h and

hen poured into a polystyrene Petri dish with an inner diameter
f 8.7 cm (area of 60 cm2); the mixture was left to dry at 50% rela-
ive humidity (RH) and 23 ◦C until a constant weight was reached
approximately 3 days).

.5. Instruments and methods

.5.1. Elemental analysis
The nitrogen content was determined in duplicate for unmo-

ified (WH0), modified (WHA) and chain-extended (WHB)
ydrolysates, according to the standard method Dumas with a Carlo
rba NA 1500 instrument. All analyses were performed by Mikro
emi AB, Uppsala Sweden.

.5.2. NMR
1HNMR spectra were recorded at 400 MHz  on a Bruker DMX-400

uclear magnetic resonance spectrometer with Bruker software.
MSO-d6 was used as the solvent, and spectra were recorded in

ample tubes with an outer diameter of 5 mm.  MestReNova Lite
oftware was used for data processing.

.5.3. FT-IR Fourier transform infrared spectrometry
Fourier transform infrared spectrometry (FT-IR) was  carried out

n a Perkin-Elmer Spectrum 2000 FTIR (Norwalk, CT) with an atten-
ated total reflectance (ATR) crystal accessory (Golden Gate) from
raseby Specac LTD (Kent, England). All spectra were calculated
sing 16 individual scans at a resolution of 2 cm−1 over the range
000–600 cm−1 with corrections made for atmospheric water and
arbon dioxide.

.5.4. SEC
Size exclusion chromatography (SEC) with 10 mM NaOH as the

obile phase was utilized to determine the molecular weights and
olar-mass distribution of different wood hydrolysate samples.

he analyses were performed on a Dionex Ultimate-3000 HPLC
Dionex, Sunnyvale, CA, USA) system equipped with a Waters 410
efractive index (RI) detector (Waters, Milford, MA,  USA), three PSS
uprema columns (300 × 8 mm2, 10 �m particle size) with pore
izes of 30 Å, 1000 Å and 1000 Å connected in series, a guard col-
mn  (50 × 8 mm2, 10 �m particle size), an LPG-3400SD gradient
ump, and a WPS-3000SL autosampler. A conventional calibration
ethod was created using Pullulan standards with a narrow molec-

lar weight distributions ranging from 342 to 708,000 g/mol (PSS,
ermany). The measurements were conducted at 40 ◦C at a flow

ate of 1 mL/min, and the RI signal and UV absorbance at 280 nm
ere monitored. PSS WinGPC Unity software version 7.2 was  used

o process the data. Before injection, samples were dissolved at
oom temperature in a 10 mM NaOH aqueous solution and filtered
0.45 �m,  Millipore).

.5.5. Oxygen permeability (OP)
OP was determined according to ASTM standard D3985-02

ASTM American Society for Testing and Materials) using a Mocon
xtran 2/20 (Modern Controls, Minneapolis, USA) equipped with
 coulometric sensor. Samples were conditioned at 50% or 80% RH
nd 23 ◦C for 3 days. The samples were cut and sealed between
heets of aluminum foil with a circular exposed area of 5 cm2.
he thickness was taken as the mean value of five individual
lymers 117 (2015) 346–354 349

measurements performed with a Mitutoyo micrometer. At least
two specimens were tested for each film type.

2.5.6. Water vapor permeability (WVP)
WVP  was  assessed according to the ASTM standard E 96/E 96

M-05 (ASTM International: West Conshohocken, 2005). Aluminum
cups were used for wet-cup tests. Films were conditioned for at
least 1 week at 50% RH and 23 ◦C prior to analysis, and the thickness
of each sample was measured by a micrometer (Mitutoyo). The con-
ditioned films were cut and sealed between sheets of aluminum foil
with a circular exposed area of 5 cm2 and then mounted and sealed
to the top of the aluminum cup filled with 25 mL  distilled water.
The water-loaded cup covered with the aluminum sealed film was
stored at 50% RH and 23 ◦C and weighed using a scale (accurate
to 0.001 g) two  or three times a day, continuously for 3 days. Two
individual tests were performed for each sample. WVP  was  calcu-
lated according to the following equation, where �P  represents the
difference in water vapor partial pressure across the film.

WVP

= film thickness (mm) × weight loss (g)
exposed area (m2) × time (day) × pressure difference �P (kPa)

2.5.7. Tensile testing
To minimize the generation of micro-cracks during sample

preparation, films were first conditioned at 100% RH in a desiccator
containing deionized water at 23 ◦C for 4 h before being cut into
rectangular specimens according to ASTM standard D638 (ASTM
International, 2008) and conditioned for 1 week at 50% RH. For each
film, a minimum of five specimens were tested to break using an
Instron universal materials testing machine equipped with a 500-N
load cell operated at a rate of 4 mm min−1 and with an initial grip
distance of 20 mm.

3. Results and discussion

The production of oxygen barrier films containing high propor-
tions of hardwood hydrolysate (WH) without compromising their
mechanical, barrier and water-solubility properties was achieved
by increasing the chain length of the hemicelluloses present in the
WH.  Facile one- or two-step chain extension of WH carbohydrate
chains is achieved through reductive amination. Generally, high-
molecular-weight polysaccharides exhibit better film-forming and
mechanical properties as a result of the chains’ enhanced ability to
intertwine and form physical entanglements (Rinaudo, 2008).

Our previous work (Saadatmand et al., 2013) on the pilot-scale
hydrothermal treatment of hardwood showed that the molecu-
lar weight of the recovered WHs  was strongly affected by the
duration of the treatment and by the recovery procedure. WH
with the highest molar mass (weight-average molecular weights
Mw ≈ 6500 g/mol), denoted WH0  herein, was obtained with the
shortest hydrothermal treatment time (60 + 60 min), followed
by one ultrafiltration and two  diafiltration upgrading pretreat-
ments. The upgraded WH0  consisted of a large share of poly-
and oligosaccharides, mainly O-acetyl-4-O-methylglucuronoxylan,
together with 23% (w/w)  lignin (Saadatmand et al., 2013). In the
present work, WH0  hemicelluloses chains were coupled head to
head in a two-step process via reductive amination, using 1,2
ethylenediamine as the coupling agent, as illustrated in Scheme 1.
The chain-extended WH,  denoted WHB, was  then characterized

and compared to the WH0  in terms of solubility, film-forming abil-
ity, and mechanical and oxygen barrier properties. To further make
the suggested chain-extension strategy greener and more industri-
ally friendly, we also conducted both amine functionalization and
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Table  2
Tensile properties, oxygen permeability (OP) at 50% and 80% relative humidity (RH), and water vapor permeability (WVP) of WH0- and WHB-based films containing 15%,
20%  and 30% (w/w) carboxymethyl cellulose (CMC).

Tensile strength
(MPa)

Tensile strain-
to-break (%)

E-modulus
(GPa)

OP50% RH
(cm3 �m m−2 day−1 kPa−1)

OP80% RH
(cm3 �m m−2 day−1 kPa−1)

WVP
(g mm m−2 day−1 kPa−1)

WH0-15CMC –a –a –a –a –a –a

WH0-20CMC –a –a –a –a –a –a

WH0-30CMC 4 ± 1 0.2 ± 0.1 2.7 ± 0.3 –a –a –a

WHB-15CMC 41.3 ± 14.7 2.5 ± 0.6 2.2 ± 0.3 4.4 ± 0.2 14.9 ± 0.2 79.2 ± 2.3
2.6 ±
2.5 ±
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WHB-20CMC 51.2 ± 9.7 2.9 ± 0.7 2.5± 0.2 

WHB-30CMC 59.8 ± 1.8 4.9 ± 0.5 2.3 ± 0.3

a The formulation did not form a coherent film.

oupling reactions in a one-pot, single-step process without isolat-
ng the intermediates. The molecular weight of the resulting WHs

as tuned by varying the type and the amount of the coupling agent
sed.

.1. WH barrier and mechanical performances

Hemicellulose-based films and coatings generally exhibit
xcellent oxygen barrier properties at low relative humidity.
or instance, films based on arabinoxylan together with 40%
w/w) glycerol and sorbitol as a plasticizer exhibit OPs of 7.4
nd 4.7 cm3 �m m−2 day−1 kPa−1, respectively (Mikkonen et al.,
009). Likewise, films made from purified O-acetylated galac-
oglucomannan and 35% (w/w) CMC) exhibit an OP as low as
.28 cm3 �m m−2 day−1 kPa−1 (Hartman, Albertsson, & Sjöberg,
006; Hartman, Albertsson, Söderqvist-Lindblad, et al., 2006).
ecently, OP values of 0.3 and 2.5 cm3 �m m−2 day−1 kPa−1 were
btained for a film made from a partially upgraded softwood
ydrolysate and crude hardwood hydrolysate together with 50%
w/w) and 40% (w/w) CMC, respectively (Edlund et al., 2010;
bn Yaich, Edlund, & Albertsson, 2014). Low molecular weights
nd/or high intra- and intermolecular interactions require large
mounts of additives such as plasticizers or co-components in
emicellulose-based formulations to form films with acceptable
echanical performance.
In the present work, we chose to limit the content of CMC added

o the WH-based films to a maximal value of 30% (w/w). CMC
as selected as a co-component following the encouraging results

btained in previous studies showing that films made from WH and
MC  exhibited very low OP values and good mechanical perfor-
ance (Edlund et al., 2010). The effects of varying the CMC  content

n the film formability of WH0- and WHB-based films was  explored
ollowing the casting and drying of aqueous solutions of WH0  and

HB  with 0%, 5%, 10%, 15%, 20% and 30% (w/w) CMC. For unmo-
ified WH,  i.e., WH0, at least 30% (w/w) CMC  is needed to form
ohesive films, whereas WHB  can form a continuous free-standing
lm with only 15% (w/w) CMC. All films with lower CMC  contents

.e., WH0-CMC [0–20% (w/w)] and WHB-CMC [0–10% (w/w)], frac-
ured into small pieces either during drying or the handling step.

The tensile and barrier properties of the produced WH-based
lms are summarized in Table 2. The films created using WH0  and
0% (w/w) CMC  were clearly the weakest, with a tensile strength
alue reaching only 3.8 MPa. Already before performing the ten-
ile experiments, it was evident that WH0-30CMC yielded brittle
nd fragile films, whereas the chain-extended WHB-based films
ere stronger and more flexible, even with a much lower CMC  con-

ent. The WHB-based films exhibited tensile strengths ranging from
1 to 59 MPa. These values are more than one order of magnitude

reater than those obtained for the WH0-based films. Interestingly,
lms prepared from WHB  with 30% (w/w) CMC  exhibited a tensile
train-to-break as high as 4.9%, much higher than what has been
reviously reported (Saadatmand et al., 2013) for films prepared
 0.1 10.6 ± 0.1 82.6 ± 2.9
 0.0 13.4 ± 0.1 79.7 ± 2.8

from WH0  with 67% (w/w) CMC, for which a tensile strain-to-break
of 4.0% was  obtained.

Unlike in previous studies utilizing internal or external plasti-
cizers (Hartman, Albertsson, & Sjöberg, 2006; Hartman, Albertsson,
Söderqvist-Lindblad, et al., 2006; Laine et al., 2013; Mikkonen
et al., 2009), in which improvement in the ductility of hemicel-
luloses was often obtained at the expense of gas barrier properties,
herein, as presented in Table 2, all WHB-based films exhibited
oxygen permeability (OP) values well below the upper limit of
what is considered to be characteristic of a good oxygen barrier
(38.9 cm3 �m m−2 day−1 kPa−1) at both 50% and 80% RH (Miller
& Krochta, 1997). The high barrier performance of the WHB-
based films reflects the dense molecular packing and the strong
inter-molecular interaction between the film components. Fur-
thermore, water vapor permeability values ranging from 79 to
82 (g mm m−2 day−1 kPa−1) were reasonable considering the large
amount of hydrophilic polysaccharides used. It is noteworthy that
these results are approximately 50% lower than those we previ-
ously reported for crude WH-based films with 40% (w/w) CMC  in
which the crude WH contained much less lignin (6% (w/w)) (Ibn
Yaich et al., 2012). This finding demonstrates that lignin plays a pos-
itive role in reducing the moisture sensitivity of WH-based films.

3.2. Hydrolysate chain extension

Chain-extended WHB  was  prepared by reductive amination
coupling of O-acetyl-4-O-methylglucuronoxylan (MeGlcp-Xylan)
present in WH0  with 1,2 ethylenediamine, as reported in Scheme 1.
This procedure involved two steps. In the first step, amine-modified
MeGlcp-Xylan (WHA) was  prepared by reacting MeGlcp-Xylan with
an excess of 1,2 diaminoethane, forming an intermediary imine
that was subsequently reduced to a more stable secondary amine
with sodium cyanoborohydride (NaBH3CN). The reaction was car-
ried out in water (pH = 6) at room temperature for 24 h. NaBH3CN
is a weak reducing agent that can act selectively toward imine
groups in the presence of a wide variety of other functional groups,
such as carbonyl, carboxyl, and unsaturated structures (Clayden,
Greeves, Warren, & Wothers, 2001). In the second step, the resulting
amine-terminated MeGlcp-Xylan chains (WHA) were then coupled
to a nearly equivalent amount of MeGlcp-Xylan reducing-end alde-
hydes (WH0) via a reductive amination procedure similar to that
applied in the first step. As expected, WHA  and WHB  are readily
soluble in both water and dimethylsulfoxide (DMSO), suggesting
that no crosslinking occurred.

To confirm the success of the chain extension reaction, unmo-
dified WH0, amine-functionalized WHA  and chain-extended WHB
were characterized by aqueous SEC. Fig. 1 illustrates the SEC traces
of the three different samples, and Table 3 summarizes their corre-
sponding average molecular weights and dispersity indices. WHB

showed a weight-average molecular weight Mw of 10,600 g/mol
and a number-average molecular weight Mn of 4100 g/mol, which is
approximately 1.6 and 1.5 times higher than the Mw and Mn of WH0
respectively, clearly indicating that a reductive amination coupling
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Fig. 1. Alkaline aqueous SEC traces of wood hydrolysate (WH0); 1,2-
diaminoethane-functionalized wood hydrolysate (WHA) and chain-extended
wood hydrolysate (WHB).

Table 3
Average molecular weights, dispersity indices (Ð) and nitrogen contents for wood
hydrolysate (WH0), 1,2-diaminoethane-functionalized wood hydrolysate (WHA)
and chain-extended wood hydrolysate (WHB).

Mn (g/mol) Mw (g/mol) Ð N% (w/w)

WH0  2700 6600 2.5 b.l.a

WHA  2900 7000 2.5 1
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Fig. 2. 1HNMR spectra of wood hydrolysate (WH0); 1,2-diaminoethane-
functionalized wood hydrolysate (WHA) and chain-extended wood hydrolysate
(WHB) in DMSO.

methylglucuronic acid side groups. A sharp peak at 1734 cm
WHB  4100 10,600 2.6 0.7

b.l: Below detection limit of the instrument.

ccurred. However, the increase is still lower than the theoreti-
al value of 2 expected when using a di-functional coupling agent.
he difference between the experimental and theoretical molecular
eight can be attributed to several possible factors. These include

he broad dispersity of WH0, the fact that the non-carbohydrate
omponents of WH0  were not chain-extended, and the difficulty
f performing the coupling reaction under strict stoichiometric
alance (i.e., NH2/HCO molar ratio). Furthermore, the molecular
eight of WHA  was slightly higher than that of WH0, which was

xpected considering the fractionation effect of ethanol precipi-
ation during the purification steps. The possibility of a limited
oupling reaction between unmodified MeGlcp-Xylan and amine-
erminated MeGlcp-Xylan cannot be ruled out, in spite of the large
xcess of 1,2 diaminoethane used at this stage. The amount of nitro-
en, determined based on elemental analysis, was  used to calculate
he amount of coupling agent introduced into WHA  and WHB, tak-
ng into account that the coupling contained two amino groups.
he analysis showed nitrogen contents of 1% (w/w)  and 0.7% (w/w)
or WHA  and WHB, respectively, which corresponds roughly to 3%
w/w) of 1,2 ethylenediamine introduced into WHB  and 4.3% (w/w)
ntroduced into WHA.

The WH0, WHA  and WHB  chemical structures were further
ssessed by 1HNMR, as shown in Fig. 2. All samples showed a typical
attern of overlaid peaks in the 5.6–3.2 ppm region, corresponding
o the xylan backbone and 4-O-methylglucuronic acid side-chain
rotons. In addition, the peak arising from the O-acetyl pendant
roups at ∼2 ppm was identified in all WH samples, indicating
hat the hemicelluloses preserved their initial acetylated structures
hrough the entire chain-extension process. The reductive ami-
ation reactions gave rise to new signals in the 2.6–2.9 ppm region,
temming from the CH2 groups of both 1,2 ethylenediamine and
he ring-opened xylose units at the chains’ reducing ends, referred

o as (a) and (b), respectively, in Scheme 1 and Fig. 2. These data fur-
her support the results of SEC and elemental analysis, confirming
he successful chain extension.
Fig. 3. FTIR spectra of wood hydrolysate (WH0); 1,2-diaminoethane-functionalized
wood hydrolysate (WHA) and chain-extended wood hydrolysate (WHB).

The FT-IR spectra of WH0, WHA  and WHB  are shown in Fig. 3,
where the differences between the three spectra are highlighted
in the inserts. The reductive amination of WH0  gave rise to a new
peak, shown in the WHA  spectrum at 1217 cm−1 and ascribed
to the C N stretching of primary amines, together with another
low-intensity peak at 2970 cm−1 attributed to the aliphatic CH2 of
the coupling agent. The other characteristic peaks of the primary
and secondary amines at 3300–3400 cm−1 and 1378 cm−1, respec-
tively, could not be distinguished in the spectra due to the overlap
with the broad O-H bands. The disappearance of the primary
amine C N stretching peak in the WHB  spectrum further suggests
a successful coupling reaction between unmodified MeGlcp-Xylan
and amine-terminated MeGlcp-Xylan. Apart from the introduced
amine-related peaks, the three spectra were identical, suggesting
no major modifications of the WH’s initial acetylated carbohydrate
backbone in the reductive amination reactions. The occurrence
of bands at approximately 1610 cm−1 and 1423 cm−1 assigned
to the COO− group, respectively, indicates the presence of 4-O-

−1
is ascribed to C O stretching corresponding to the acetyl and
carbonyl groups in MeGlcp-Xylan (Marchessault & Liang, 1962).
In addition, two  bands at 1511 cm−1 and 1320 cm−1 characteristic
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Table  4
Average molecular weights and dispersity indices (Ð) of wood hydrolysate (WH0),
1,2-diaminoethane chain-extended wood hydrolysate WHN2a–WHN2f and tris(2-
aminoethyl)amine chain-extended wood hydrolysate WHN3a–WHN3f.

Mn (g/mol) Mw (g/mol) Ð

WH0  2700 6600 2.5
WHN2a 2500 6800 2.7
WHN2b 2900 7800 2.6
WHN2c 3000 8000 2.6
WHN2d 4000 12,200 3.0
WHN2e 4200 12,300 2.9
WHN2f 4300 12,500 2.9
WHN3a 2800 7800 2.7
WHN3b 3400 8700 2.6
WHN3c 3900 9500 2.5
WHN3d 4900 13,300 2.7
WHN3e 4600 13,000 2.8
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WHN3f 4500 12,700 2.8

f lignin associated with hemicellulose were observed (Sun &
omkinson, 1999). Once again, these data, in agreement with the
HNMR results, confirm that the hemicelluloses maintained their
riginal branched and acetylated structure throughout the entire
hain-extension process.

.3. Single-step chain extension

From a scaling-up perspective, we aimed to simplify the chain-
xtension reaction of O-acetyl-4-O-methylglucuronoxylan in the
H by reducing the number of steps from a two- to a one-pot reac-

ion and reducing the number of purification steps as well as the
ssociated chemical waste.

Among all of the reaction parameters, the relative concentra-
ions of the amine and the hemicellulose reducing-end aldehyde
re critical in determining the chain-extension efficiency and thus
he molecular weight of the final product. A chain-extended WH
ith maximum molecular weight will result if the number of amine

ites and the number of aldehyde active sites are properly balanced.
urthermore, the number of functional amine groups per coupling
gent molecule dictates the maximum number of hemicellulose
hains that can be attached together.

In view of the foregoing discussion, a series of chain-extended
Hs  was prepared in a single-step reaction, using di- and tri-

unctionalized amino coupling agents in different amounts. The
fficiency and progress of the chain-extension reactions were
etermined via SEC analysis. The SEC data for the unmodified
nd chain-extended WH samples are summarized in Table 4. The
olecular weights of most chain-extended samples were higher

han those for unmodified WH0, and for many samples, these val-
es even exceeded the molecular weight achieved by the two-step
hain-extension process. The highest increase in the WH  molecular
eight (Mw = 13300 g/mol) was obtained for WHN3-d containing
ot more than 0.44% (w/w) tris(2-aminoethyl) amine. WH  samples

xtended with the di-functionalized coupling agent reached a max-
mum Mw of 12,500 g/mol when using 1.3 mg  of 1,2-diaminoethane
er gram of WH0.

able 5
ensile properties and oxygen permeability (OP) at 50% relative humidity (RH) of WHN2f-6
CMC).

Tensile strength (MPa) Tensile strain-to-break (

WHN2f-15CMC 35.4 ± 3.2 1.2 ± 0.0 

WHN2f-30CMC 62.5 ± 7.6 3.3 ± 0.5 

WHN3d-15CMC 15.9 ± 1.6 1.3 ± 0.1 

WHN3d-30CMC 36.6 ± 8.5 1.9 ± 0.4 

a Did not form a large continuous film.
lymers 117 (2015) 346–354

Based on the average molecular weight data, WHN2f and
WHN3d were selected as the most favorable candidates from
the single-step 2-diaminoethane and tris(2-aminoethyl)amine
chain-extended WHs, respectively, to be scaled up, used for the
film-forming, mechanical and oxygen barrier tests and allow for a
comparison with their two-step counterpart (WHB).

Accordingly, aqueous formulations of WHN2f and WHN3d with
0%, 15% and 30% (w/w)  CMC  were cast and dried. We  observed
that neither of the two WHs  was able to form without the addition
of CMC. WHN2f, like WHB, forms a continuous free-standing film
with only 15% (w/w) CMC. The WHN3d-based film containing 15%
(w/w) CMC  cracked into pieces during the drying step, some of
which were large enough to prepare tensile test specimens. WHN3d
containing 30% (w/w) CMC  on the other hand did form a continuous
and cohesive film.

The tensile properties of the WHN2f- and WHN3d-based films
are summarized in Table 5. Interestingly, the WHN2f-based films
were stronger than their WHN3d counterparts, although both WHs
exhibited nearly the same apparent molecular weight as measured
by SEC. This finding indicates that the architecture of the molecu-
lar chains also plays an important role in determining the physical
properties of the WH material. The WHN2 and WHB, which exhibit
longer and linear chains, can more easily intertwine and entangle
with neighboring chain molecules than WHN3, which exhibits a
star-shaped structure with three shorter arms.

Furthermore, WHN2f-15CMC and WHN2f-30CMC exhibited
tensile strengths of 35 and 62 MPa, respectively. These values are
within the same range as the tensile strengths for the WHB-15CMC
and WHB-30CMC films (Table 2). The similarities in tensile strength
are reasonable given the similarities in molecular structure and
the small difference in molecular weight between the film com-
ponents. The WHN2f-15CMC films were still more brittle, showing
a slightly higher OP than the films containing 30% CMC. Examina-
tion of the WHN2f-15CMC and WHN2f-30CMC films surfaces by
scanning electron microscopy (SEM) did not reveal any notable
morphological difference between these two  films as shown in Figs.
S1 and S2 (Supplementary information). The lowest OP value at
50% RH was  observed for WHN2f-30CMC, having an OP as low as
0.2 cm3 �m m−2 day−1 kPa−1.

In summary, a robust and environmentally friendly method was
adopted for the preparation of chain-extended WH.  The reaction
was conducted in water at pH 6 at room temperature and was
robust to the presence of lignin and other WH components. The
chain extension of the WH did give rise to significant improvements
in terms of film formability or ductility for the WH-based films.
Consequently, films with higher WH contents could be produced.
Furthermore, the chain-extension process did not cause any major
degradation or alteration of the hemicellulose structure. Thereby,
the inherent water solubility, low viscosity and oxygen barrier
properties of the WH were preserved. The possibility of conduct-
ing the chain-extension reaction in a single-step process with very
low amounts of coupling agent (<1% (w/w)) was  demonstrated,
making this approach even more interesting from both indus-

trial and environmental perspectives. Furthermore, we conducted
reductive amination with NaBH3CN as a reducing agent to provide
an initial proof of concept. Other mild reducing agents such as

- and WHN3d-4 based films containing 15% and 30% (w/w) carboxymethyl cellulose

%) E-modulus (GPa) OP 50% RH (cm3 �m m−2 day−1 kPa−1)

3.7 ± 0.4 5.9 ± 0.1
2.7 ± 0.2 0.2 ± 0.1
1.9 ± 0.2 –a

2.4 ± 0.3 1.7 ± 0.7
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(CH3)2NHBH3), NaBH(OAc)3 could also be employed (Dalpathado
t al., 2005).

The single-step chain extension reaction could potentially be
pplied to WH process liquors prior to recovery and upgrading
retreatment (ultrafiltration, diafiltration or ethanol precipitation),
hich might also lead to an increase in the yield of the high-
olecular-weight fraction that can be recovered from these liquors

ecause the separations in all these techniques are carried out
ainly based on differences in the solutes’ molecular size.

. Conclusions

A O-acetyl-4-O-methylglucuronoxylan-rich wood hydrolysate
WH) derived from hardwood was successfully chain extended
ia a water-based reductive amination reaction, using amino-
unctionalized coupling agents. The film formability and tensile
roperties of the films based on chain-extended WH are far supe-
ior to those of their counterparts based on unmodified WH and
ontaining equal amounts of co-component (CMC), particularly
n terms of tensile strength and strain-to-break. Consequently,
ree-standing continuous films with a WH  content as high as
5% (w/w) were produced. The produced films exhibit excellent
xygen barrier performance, with permeability values as low as
.2 cm3 �m m−2 day−1 kPa−1 and 10.6 cm3 �m m−2 day−1 kPa−1 at
0% and 80% relative humidity, respectively. The chain-extension
rocess was also performed in a single step and facile one-pot reac-
ion, thus rendering this approach greener and more applicable for
ndustry. Utilization of a minor amount of coupling agent as low as
.13% (w/w) was sufficient to double the molecular weight of the
H.
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