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ABSTRACT: In this study, we demonstrate that bacterial
cellulose (BC) networks can be cross-linked via glyoxaliza-
tion. The fracture surfaces of samples show that, in the
dry state, less delamination occurs for glyoxalized BC
networks compared to unmodified BC networks, suggest-
ing that covalent bond coupling between BC layers occurs
during the glyoxalization process. Young's moduli of dry
unmodified BC networks do not change significantly after
glyoxalization. The stress and strain at failure are, however,
reduced after glyoxalization. However, the wet mechanical
properties of the BC networks are improved by glyoxaliza-
tion. Raman spectroscopy is used to demonstrate that the
stress-transfer efficiency of deformed dry and wet glyox-
alized BC networks is significantly increased compared to
unmodified material. This enhanced stress-transfer within
the networks is shown to be a consequence of the covalent
coupling induced during glyoxalization and offers a facile
route for enhancing the mechanical properties of BC networks for a variety of applications.
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’ INTRODUCTION

Cellulose is the most abundant and utilized polymer on earth.
It is found in higher plants and, algae and is produced, under
culturing conditions by bacteria, and by sea animals called
tunicates.1,2 Bacterial cellulose (BC) is an extra-cellular product of
bacteria identified for the first time by Brown.3 Several families of
bacteria are cellulose producers, namely, Acetobacter, Entrobacter,
Rhizobium, Agrobacterium and Sarcina4. The acetic acid bacteria
Acetobacter xylinum (reclassified asGluconacetobacter xylinum) has
been found to be one of the most productive5 and consequently is
the most studied species. This form of BC is produced in a very
pure form, since alkali treatment is performed to remove remain-
ing proteins from bacterial cell debris. Nevertheless, contrary to
cellulose from plants, BC is free of wax, hemicelluloses, and lignin.6

Cellulose has been found to have desirable mechanical proper-
ties and is consequently a good candidate as a reinforcement fiber
in composite materials.7-11 In plants, it naturally plays a struc-
tural role because of its high stiffness. The crystal modulus of
cellulose has been found to be∼138 GPa using X-ray diffraction12,13.

More recently Young's modulus of single tunicate whiskers and
BC nanofibers have been estimated using Raman spectroscopy;
values of 1432 and 114 GPa14 were found, respectively. A direct
measurement, using an AFM cantilever method, yielded a value
of 78 ( 17 GPa for BC nanofibrils.15

BC fibrous networks produced using different culturing times
have been used to reinforce poly(L-lactic acid) (PLLA).16

Observations of the fracture surfaces of samples deformed in
tension indicated that delamination occurred mainly between
layers within the BC networks, rather than at the interface
between the BC and PLLA. Consequently, before trying to
improve compatibility between hydrophilic BC networks and
hydrophobic PLLA through chemical modification for instance,
one needs first to consolidate these networks. It was also found
that the more layered the structure of these networks, the lower
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the stress-transfer efficiency. Layers of BC networks have
been recently reported to be weakly linked.17 Consequently
in order to improve the stress-transfer efficiency of BC net-
works, we are aiming to cross-link the material using glyoxal.
Here, we report the influence of this facile treatment on the
mechanical and stress-transfer properties in both the dry and
wet states.

It is possible to functionalize cellulose because of the presence
of a large number of accessible hydroxyl groups along its back-
bone structure. These hydroxyl groups can be functionalized via
esterification, polycondensation, etherification, or acetalyzation,18,19

to name a few reactions. By using an appropriate chemical
substance having at least two reactive groups that can react with
hydroxyl groups, covalent bonds can be formed between cellu-
lose polymer chains, and therefore potentially between weakly
linked BC layers. Several chemical substances have been reported
as cross-linking agents for cellulose; namely glyoxal and its
homologues, but also formaldehyde, epichlorohydrine, epoxides
(1,2,3,4-diepoxibutane), dichloroethane, or diisocyanate19. Most
of these chemicals are not environmentally friendly and can be
toxic. Glyoxal, however, is an almost fully biodegradable and low
toxicity chemical (compared to formaldehyde) and can be obtained
from renewable resources20 by the oxidation of lipids and as a
byproduct of biological processes.21 Consequently, this molecule
is a good candidate for an environmentally friendly cross-linking
agent for cellulose. The main application of glyoxal thus-far has
been in the textile industry to impart durable wet mechanical
properties of cotton fabrics.22 No application of glyoxal has,
to the authors' knowledge, been proposed for cross-linking
BC networks. When cellulose is exposed to water, its intra-
andintermolecular hydrogen bonding is disrupted, leading to a
dramatic decrease of the stress-transfer and therefore mechan-
ical properties. By cross-linking cellulose polymer chains via
covalent bonds through glyoxalization, the effect of this dis-
ruption of hydrogen bonding on physical properties can be
reduced.We show the potential of glyoxal to enhance the stress-
transfer efficiency of BC networks, and thereby their mechan-
ical properties. This modification is shown to persist in the
wet state, and so could be used for a variety of applications;
for example in composites manufacturing and biomedical
applications.

’EXPERIMENTAL METHODS

Materials and Chemicals. Gluconacetobacter xylinum (no. 13693;
National Institute of Technology and Evaluation, Tokyo, Japan) and
Hestrin-Schramm (HS)23 medium were used to produce BC networks.
The cells for the inoculum were cultured in test tubes statically at 27 �C
for 14 days. The thick gel produced during culturing was then squeez-
ed aseptically to remove the embedded cells. The cell suspension
(25 mL) was then transferred as an inoculum for the main culture
(500 mL of medium), which was incubated statically at 27 �C for
14 days. BC networks (35mm in diameter) were purified by boiling with
2%NaOH for 2 h and then by washing with distilled water, followed by hot
pressing at 2MPa at 120 �C for 4min to completely remove the bulk water.

Glyoxal (∼40 wt % in deionized water), aluminum sulfate hexade-
cahydrate (Al2 (SO4)3 16 H2O, purity g98%), lithium chloride (LiCl;
g99.5%) andN,N-dimethylacetamide (DMAc;g98%) were purchased
from Sigma-Aldrich (Gillingham, U.K.).
Glyoxal Treatment of BC Networks. A 40 mL solution con-

taining 5 wt % glyoxal was prepared by diluting a commercial glyoxal
solution (40 wt %) with deionized water. Aluminum sulfate hexadeca-
hydrate was added with a concentration of 1 g L-1 to catalyze the reaction.

The solution was agitated under mechanical stirring until complete
dissolution of the catalyst. Each time the glyoxalization procedure was
performed, 10 narrow strips of BC (∼30 mm� 1 mm� 0.06 mm each)
were used, corresponding to approximately 20 mg of BC in total. BC
strips were immersed in the glyoxal solution for 5 h. Twenty milligram of
BC immersed in a 40mL solution containing 5 wt % glyoxal corresponds
to a cellulose:glyoxal molar ratio of approximately 1:280. Glyoxal was
therefore largely present in excess. During the impregnation time,
the glyoxal molecules adsorbed on the surface and impregnated
the structure of BC networks. These impregnated strips were then
removed from the solution and placed in a convection oven at 150 �C
for 15 min for glyoxalization to complete. Modified BC networks
were then washed in deionized water at ∼70 �C for 60 min . For each
of these steps, deionized water was renewed. The networks were dried
overnight at 110 �C.
Dissolution Test. Strips of unmodified and glyoxalized BC sam-

ples (∼ 2.5 mm �1 mm �0.06 mm) were immersed in LiCl/DMAc
(8 wt % LiCl) solution for 48 h in an environmentally controlled room at
a temperature of 23 ( 1 �C and relative humidity of 50 ( 0.5%. This
solvent is reported to fully dissolve cellulose at room temperature.24 The
glyoxalized samples were weighed before and after immersion in LiCl/
DMAc solution using a Mettler Toledo AB265-S/FACT version classic
analytical balance. Care was taken to remove the excess of LiCl/DMAc
before weighing the samples. The percentage of swelling (%S) was
determined after 48 h using the equation

%S ¼ Ws -Wd

Wd
100 ð1Þ

whereWs andWd are the swollen and dry weights of the glyoxalized BC
networks, respectively. Five samples were tested in total.
X-ray Diffraction. The degree of crystallinity and crystal morphol-

ogy of unmodified and glyoxalized BC networks were determined using
an X-ray powder diffractometer (Philips X0Pert 1) having a 1.79 Å cobalt
X-ray source. Measurements were taken in the range 2θ = 10� to 40�
using a step size of 0.04�. Five samples were analyzed for both un-
modified and glyoxalized BC networks. The percentage crystallinity
(%χc) of BC was calculated using, Segal's method25 and is defined as

%χc ¼ I200 - Iamorphous

I200
100 ð2Þ

where I200 is the intensity of the 200 reflection plane and Iamorphous is the
intensity of the amorphous phase at 18�, if a copper X-ray source is used.
For a cobalt source the intensity at 21� is recorded. Consequently the
200 reflection plane is positioned at 27�. For the lateral crystal size (L(200))
determination, Scherrer's equation was used, namely

Lð200Þ ¼ Kλ
βcos θ

ð3Þ

where β is the full width at half-maximum of the 200 reflection, θ is the
Bragg angle, and a value of K = 0.91 was used.
Thermogravimetric Analysis. The thermal degradation beha-

vior of unmodified and glyoxalized BC was investigated using thermo-
gravimetric analysis (TGA Netzsch TG 209 F1). The samples (ap-
proximately 5 mg) were heated from 25 to 600 �C at a heating rate of
5 �Cmin-1 under a flow of 30 mLmin-1 nitrogen purge gas. Experiments
were repeated three times to ensure repeatability. The onset and degrada-
tion temperatures were obtained from the first derivative of the loss
weight as a function of temperature. The temperature control in the
furnace was (1 �C and the samples were conditioned under ambient
temperature and humidity prior to testing.
Water/Air Contact Angle Measurements. Advancing θa and

receding θr contact angles were measured on unmodified and glyox-
alized BC networks using a sessile drop method (DSA 10 Mk 2, Kr€uss
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GmbH, Hamburg, D) at 20 �C. Droplets of approximately 20 μL of ultra
pure water were placed on the surface of unmodified and glyoxalized BC
networks using a motorized syringe and the drop volume was increased
at a rate of 6.32 μL min-1. Images of these sessile drops were processed
using DSA software version 1.80.1.12. A single contact angle measure-
ment took approximately 4min to try to limit unavoidable capillarity and
absorption effects on such hydrophilic materials. Measurements were
repeated on 5 different positions on the samples.
Zeta-Potential Measurements. The zeta (ζ)-potentials of un-

modified and glyoxalized BC were measured using an electrokinetic
analyzer (EKA, Anton Paar, Graz, Austria) based on a streaming potential
method. To exclude any overlaying effects due to the swelling of un-
modified and glyoxalized BC networks or the extraction of water-soluble
components, the pH-dependent ζ-potentials were measured after a time
dependent measurement was taken. During the time-dependent mea-
surements, the samples were equilibrated in 1 mM KCl electrolyte
solution by means of a single long time ζ-potential measurement at 20 �C.
The swelling behavior of the (modified) bacterial cellulose was deter-
mined from the kinetic parameters ζ0 (initial ζ-potential at first contact
with water) and ζ¥ (final ζ-potential, asymptotic approach). The relative
change in ζ-potential was found using the equation

Δζ ¼ ζ0 - ζ¥
ζ0

ð4Þ

It has been shown that this quotient is proportional to the water
uptake at 100% relative humidity (the sorption capacity) of natural
fibers.26 A pH-dependent ζ-potential measurement was then con-
ducted by changing the pH of the electrolyte solution via the titra-
tion of 0.1 N HCl or KOH, using a titration unit (RTU, Anton Paar,
Graz, Austria).
Relative Water Absorption Capacity. Unmodified and glyox-

alized BC networks (∼ 5 mm�1 mm�0.06 mm) were conditioned for
7 days at 23( 1 �C and a relative humidity of 50( 0.5% and immersed
in deionised water for 48 h. The samples were weighed after 2, 5, 11, 24,
and 48 h using a top pan balance. Care was taken to remove excess water

using absorbent paper before weighing the samples. Relative water
absorption capacity (%RWAC) was determined using the equation

%RWAC ¼ wt -wt0

wt0
100 ð5Þ

where wt0 and wt are the weights of the samples before and after water
immersion, respectively. Five samples were tested for each material.
Mechanical Properties. Unmodified and glyoxalized BC strips

(∼20 mm � 1 mm � 0.06 mm) were secured to 20 mm gauge length
testing cards using a two-part cold curing epoxy resin (Araldite). Tensile
tests were conducted using a tensile testing machine (Instron 2511-111,
HighWycombe, U.K.). The full-scale load and the crosshead speed used
were 50 N and 0.5 mm min-1, respectively. The machine compliance
was determined and found to be 4.42 � 10-3 mm N-1. Dry and wet
mechanical tests were conducted at 23( 1 �C and a relative humidity of
50 ( 0.5%. The samples were preconditioned under the same environ-
mental conditions for 24 h prior to testing. A total of 10 samples were
tested for eachmaterial. Sample widths and thicknesses were determined
using an optical microscope and a micrometer, respectively.

For wet mechanical properties determination, unmodified and
glyoxalized BC networks were immersed in deionised water for 48 h
at 23 ( 1 �C. The samples were then removed from the water and
secured on paper testing cards using cyanoacrylate glue (Sigma Aldrich,
Gillingham, UK).

The fracture surfaces of dry and wet unmodified and glyoxalized BC
networks deformed in tension were observed using a scanning electron
microscope (Phillips XL-30 FEG-SEM). The acceleration voltage used
was 5 kV. Prior to SEM imaging, the samples were fixed onto metal stubs
using carbon tabs and gold coated at 40 mA for 2 min.
Raman Spectroscopy. In order to follow the molecular deforma-

tion of unmodified and glyoxalized BC networks a Raman spectrometer
(Renishaw system-1000, Wotton-under-Edge, U.K.) coupled with an
optical microscope and a near-infrared laser (785 nm) was used. The
laser was focused to a 1-2 μm spot using a � 50 magnification long
working distance lens. Dry unmodified and glyoxalised BC strips were

Scheme 1. Cross-Linking Reaction between Cellulose and Glyoxal with the Formation of Hemiacetal and Acetal Linkages
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mounted on paper testing cards using a two-part cold-curing epoxy resin
(Araldite, Huntsman, U.K.). The samples were deformed in tension
using a customized deformation rig (Deben Microtest, Deben, Bury
St Edmonds, UK). The compliance of the deformation rig was deter-
mined to be 3.14� 10-4 mmN-1. The gauge length of the samples and
the full scale of the load cell used were 20 mm and 2 kN, respectively.
During the deformation, the strain was increased incrementally by
0.025% and then 0.1% at an elongation rate of 0.033 mm min-1. A
Raman spectrumwas recorded at each increment using an exposure time
of 30 s and 4 accumulations. The peak positions of the Raman band
initially located at approximately 1095 cm-1 were fitted using a mixed
Gaussian/Lorentzian function and an algorithm suggested byMarquardt.27

Experiments were repeated 2 times for unmodified and glyoxalized BC
networks. Unmodified BC networks were also submitted to the exact same
conditions as for glyoxal treatment, except that no glyoxal was used.
These samples are referred to as “thermally treated”. The molecular
deformation of these materials was followed as well. Two samples were
tested for reproducbility.

Molecular deformation of samples in the wet state was also investi-
gated. Unmodified and glyoxalized BC networks were immersed in
deionized water for 48 h. The samples were then removed from the water
and secured on paper testing cards using cyanoacrylate glue. During sample
preparation and molecular deformation, the BC networks were regularly
wetted. Two samples were tested for each material.

’RESULTS AND DISCUSSION

Scheme 1 reports the chemical reaction occurring between
glyoxal and cellulose. The former can react with the hydroxyl
groups of cellulose either by an acetalyzation reaction or by
glyoxalization.28They can formeither or both acetal and hemeacetal
linkages during the curing process.29 Aluminum salts were found
to be helpful to catalyze the cross-linking of cellulose.30,22,31 Meyer
et al. described themechanism of catalysts to cross-link cotton with
formaldehyde.32 This mechanism is based on a proton-catalyzed
acetal formation.31 To check whether the cellulose was cross-linked,
we immersed unmodified and glyoxalized samples in LiCl/DMAc
for 48 h. Unmodified BC samples were found to fully dissolve
after 24 h, whereas glyoxalized BC samples did not dissolve, but
remained in a swollen state. After 48 h, the percentage of swelling
was found to be 30 ( 4%. Even after 2 months, glyoxalized BC

networks were still not dissolved. Consequently, it is very likely
that cross-linking occurred between the BC fibrils and layers. A
dissolution method has already been used to assess the extent of
cross-linking in chemically modified cotton, with cuprammonium
hydroxide as a solvent.33

Figure 1 reports average X-ray diffraction patterns for dry
unmodified and glyoxalized BC networks. It can be seen that the
crystal structure is unchanged after glyoxalization because (101),
(101), and (200) diffraction planes are still observed. Table 1
reports percentage crystallinity values and crystal dimensions for
dry unmodified and glyoxalized BC networks. No significant
difference between dry unmodified and glyoxalized BC networks
is observed. This result suggests that cross-linking is likely to
occur only at the surface of BC fibrils and in amorphous regions,
meaning that heterogeneous modification of BC has occurred.
Hydroxyl groups located inside crystal regions are believed to be
inaccessible to chemical modification.34

Figure 2 reports the thermal degradation behavior for un-
modified and glyoxalized BC networks. An initial weight loss, due
to drying water, was observed in the temperature range of 0 to
200 �C. No significant differences between unmodified and glyox-
alizedBCnetworkswere observed in this region. This indicates that
there is no difference in moisture content between these samples
(see insert to Figure 2). This means that if a change of mechanical
or stress-transfer properties is observed in the dry state, it should

Table 1. Percentage Crystallinity ( χc) and Lateral Crystal
Sizes (L) for DriedUnmodified andGlyoxalized BCNetworks

material χc (%) L (200) (Å)

unmodified BC 94.3( 1.2 63.0( 2.1

glyoxalized BC 93.9( 0.2 63.6( 0.5

Figure 1. Average X-ray diffraction patterns for dry unmodified and
glyoxalized BC networks with (200), (101), and (101) diffraction planes
labelled. Error bars at 21� and at the maximum of the 200 orientation
plane represent standard deviations for 5 samples.

Figure 2. Typical thermal degradation profiles for unmodified and
glyoxalized BC networks. Error bars are standard deviations from the
mean. The insert represents the thermal behavior from 25 to 200 �C.

Table 2. Onset and Peak Degradation Temperatures for
Unmodified and Glyoxalized BC Networks

material

onset degradation

temperature (�C)
peak degradation

temperature (�C)

unmodified BC 319( 1 335( 4

glyoxalized BC 299( 1 330( 3
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be due to only the presence of cross-linking, and not from a
plasticization effect due to the presence of moisture. A second
weight loss is visible from 200 to 375 �C, which is attributed to
the degradation of cellulose. Table 2 reports the onset and peak
degradation temperatures for unmodified and glyoxalized BC
networks. In agreement with previous reports,35,36 there is only a
slight decrease in the onset degradation temperatures after glyox-
alization, meaning that this process does not dramatically de-
crease the thermal stability of BC.

Glyoxal has been previously found to be useful to hydropho-
bize chitosan.37 This suggests that it ought to be possible to also
render BC networks hydrophobic. To test this hypothesis,
water/air contact angle measurements on BC films were con-
ducted. However, one should note that the measured contact
angles are not thermodynamic contact angles as the values are
influenced by the wetting behavior of the cellulose fibrils and the
imbibition into the paperlike sheet. The advancing contact angles
were found to be 17.4( 1.7� and 29.6( 1.8� for unmodified and
glyoxalized BC networks, respectively. Because of the extreme
hydrophilicity of BC, it was impossible to measure the receding
contact angle for unmodified BC. However, the receding contact
angle for glyoxalized BC networks was 9.9 ( 0.6�. These results
suggest a mild increase in the hydrophobicity of the BC net-
works, but not to the same extent as seen for chitosan.37

Figure 3 shows the ζ-potentials, measured using the streaming
potential method, of unmodified and glyoxalized BC networks as
a function of pH. The negative ζ-potential plateau (ζplateau) and
isoelectric point (iep) in the acidic pH range indicate that the
surface of unmodified and glyoxalized BC networks contain
acidic surface functional groups. The shift in the iep of glyoxilized
BC to lower pH confirms that the glyoxalization reaction
introduces more free acidic functional groups to the surface.
We also calculatedΔζ from ζ= f(t) for unmodified and glyoxalized
BC networks (see Figure 3b). Values of 0.255 and 0.184 were
found for unmodified BC and glyoxalized BC, respectively. The
higher value ofΔζ indicates that unmodified BC networks have a
higher relative water absorption capacity as compared to glyox-
alized BC networks. This is not surprising because of the hydro-
philic nature of unmodified BC.

Figure 4 reports relative water absorption as a function of time
for unmodified BC and glyoxalized BC. We use the word “relative”
because these results are relative to the moisture content at 23 �C
and 50% relative humidity. After 2 h, unmodified and glyoxalized
BC networks were saturated with water; no significant changes
were observed after 5, 12, 24, and 48 h. A significant difference
between the relative water absorption capacities of unmodified
and glyoxalized BC networks is however noted. This result is
consistent with the trend observed from the time depended
ζ-potentials (the smallerΔζ, the lower the relative water absorp-
tion capacity) and with the contact angle and ζ-potential measure-
ments because a more hydrophobic surface will absorb less water
than amore hydrophilic one. Hence the presence of cross-linking
must also reduce the swelling of BC networks with water. This
reduced relative water absorption capacity has also been observed
for biodegradable plastics made from soy bean products cross-
linked with glyoxal.37 This difference in relative water absorption
capacity will have to be taken into account when interpreting the
stress-transfer and mechanical properties in the wet state. This
result is also interesting because moisture/swelling resistance is
often an issue for cellulose-based biocomposites. The use of gly-
oxalized BC networks could therefore help to produce biocompo-
sites with enhanced moisture/swelling resistance.

Images a and b in Figure 5 show scanning electron microscopy
images of the fracture surfaces of dry unmodified and glyoxalized
BC networks deformed in tension. Clear delamination of BC layers

Figure 3. (a) Streaming zeta-potentials of unmodified and glyoxilized
BC as a function of pH.; (b) streaming zeta-potentials of unmodified and
glyoxilized BC as a function of time.

Figure 4. Relative water absorption as a function of time for unmodified
and glyoxalized BC.
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is observed for the unmodified networks. BC fibrils can also be seen
bridging these delaminated layers which must play a role in the
fracture process. Such a delamination process does not occur for
dry glyoxalized BC networks, which must be due to the presence
of chemical cross-linking between layers. Figure 5c reports
scanning electron microscope images for unmodified BC sam-
ples fractured while wet (the samples are dry within the vacuum
chamber of the SEM). The cross-sections of the samples appear
to be considerably reduced compared to the dry samples
and delamination of the layers has occurred. Figure 5d presents a
SEM image for the same material in the longitudinal direction

(tensile direction) showing some kind of plastification effect
(see arrows). Figure 5e shows a SEM image for the tensile
fracture surface of a wet glyoxalized BC network. These samples
were found tomaintain their dimensions, not reducing in thickness.
Delamination of BC layers is however observed for this sample
(dark central region) but not to the same extent as observed for dry
unmodified BC networks.

Figure 6 reports typical stress-strain curves for dry and wet
unmodified and glyoxalized BC networks as well as for “thermally
treated” dry unmodified BC networks Themechanical properties
of dry unmodified and glyoxalized BC networks are also reported

Figure 5. Scanning electronmicroscope images of fracture surfaces for dry (a) unmodified and (b) glyoxalized BC networks and for wet (c) unmodified
and (e) glyoxalized BC networks. Image d presents a longitudinal observation in the tensile direction for wet unmodified BC networks.
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in Table 3. We also report the mechanical properties for
“thermally treated” dry unmodified BC networks. In the dry
state, one can clearly see that glyoxalization of the samples reduces
stress and strain at failure and the work of fracture, indicating an
embrittlement of the material. Indeed this embrittlement is
matched by the clean fracture surfaces observed for glyoxalized
BC networks (see Figure 5b). This embrittlement may occur due
the presence of cross-linking between BC layers, which will
reduce layer-to-layer mobility and consequently delamination.
Cross-linking must also occur in the plane of the specimen,
which could reduce orientation effects previously reported for BC
networks.38No difference betweenYoung'smodulus of unmodified
and glyoxalized BC networks was observed. Parts of the glyox-
alization procedure itself (without the presence of glyoxal) may
be responsible for this result. Consequently, we investigated the
impact of this treatment on the mechanical properties of dry BC
networks, which might reduce the level of hydrogen bonding. To
answer that question, we submitted BC networks to the same
conditions as for the glyoxalisation treatment, except that no glyoxal
was used, and we determined the tensile mechanical properties of
the resulting specimens. The data are reported in Table 3, and
are referred as “thermally treated”. Comparing the mechanical
properties for dry unmodified BC networks and the “thermally
treated” samples, a decrease of 23% in Young's modulus is
observed. Stress, strain at failure, and work of fracture do not
significantly change. This clearly indicates that a part of the
glyoxalization process, possibly the thermal treatment, induces
a reduction in Young's modulus of the samples, which may be
related to a reduction of hydrogen bonding. For further investiga-
tion, Raman spectroscopy has been used to study the influence of

the glyoxalization process on the molecular deformation, but this
will be described later in this article. Another reason for Young's
modulus of glyoxalized BC networks not being significantly higher
than unmodified BC networks is that some glyoxal molecules may
have partially reacted with cellulose, as suggested by zeta-potential
measurements. This means that the amount of available hydroxyl
groups may decrease, and since the latter are involved in hydrogen
bonding, this might further explain why Young's modulus was not
significantly increased after glyoxalization.

When the BC networks are in the wet state, a large decrease in
Young's modulus and stress at failure occurs. An increase in the
strain to failure for wet unmodified BC networks compared to
dry unmodified BC networks was also observed. Young's moduli,
stress at failure, and strain to failure change by 438, 1570, and
261%, respectively, when samples are in the wet state. These
significant changes could be explained by the disruption of inter-
molecular hydrogen bonding by competitive binding of water
molecules, allowing slippage between BC fibrils. A disruption of
intramolecular hydrogen bonding of BC nanofibrils can also be
expected along with a reduction of van der Waals interactions
between BC layers. Themodulus of wet glyoxalized BC networks
is reduced by 77%, compared to the dry state. The stress at failure
does not change significantly, but the strain to failure is increased
by 137%. The presence of cross-links that prevent cellulose polymer
chains from slipping from one another is therefore thought to
maintain the strength of the networks. This is also supported by
work of fracture values shown in Table 3. Wet glyoxalized BC
networks have a lower value of work of fracture (1.3( 0.8MJm-3)
compared to wet BC networks (5.2( 0.6 MJ m-3) meaning that
cross-links may limit layer-to-layer and nanofiber-to-nanofiber
mobility even if intermolecular hydrogen bonding is disrupted.

Figure 7a reports typical Raman spectra for unmodified and
glyoxalized BC networks. We did not observe any difference
between the Raman spectra, which suggests that the cellulose
backbone has not been affected by chemical modification. This
also confirms that heterogeneous modification has occurred as
previously suggested by X-ray diffraction. However the whole
spectrum from unmodified BC has a higher intensity compared
to glyoxalized BC. This may be due to the presence of the excess
of glyoxal introduced during the glyoxalization treatment. The
Raman band initially located at 1095 cm-1, highlighted in
Figure 7a, has been extensively used for stress-transfer quantifi-
cation in cellulose materials.39-44 This band is thought to be
representative of C-O ring stretching modes45 and/or the
C-O-C glycosidic bond stretching.43,46 Figure 7b and 7c
report typical shifts in the position of the Raman band initially
located at 1095 cm-1 for dry unmodified and glyoxalized BC
networks, respectively. It was noted that the shift in this band is
higher in magnitude for dry networks compared to wet samples,
in agreement with previous work on wet cellulose nanowhisker-
based composite materials.41 As previously mentioned earlier, we

Figure 6. Typical stress-strain curves for dry and wet unmodified and
glyoxalized BC networks.

Table 3. Mechanical Properties for Dry and Wet Unmodified and Glyoxalized BC Networksa

material E (GPa) σf (MPa) εf (%) G (MJ m-3)

dry unmodified BC 10.1 ( 1.5 165.1 ( 33.9 2.6 ( 0.6 2.5 ( 0.9

dry unmodified BC (thermally treated) 7.8 ( 1.1 180.1 ( 24.2 3.6 ( 0.4 3.7 ( 0.8

dry glyoxalized BC 10.7 ( 1.4 71.1 ( 36.1 0.6 ( 0.3 0.3 ( 0.2

wet unmodified BC 1.9 ( 0.2 9.9 ( 1.5 9.3 ( 1.9 5.2 ( 0.6

wet glyoxalized BC 6.1 ( 1.4 76.8 ( 21.2 1.5 ( 0.7 1.3 ( 0.8
a E, Young's, modulus; σf , stress at failure; εf , strain at failure; and G, work-of-fracture.
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also investigated the influence of parts of the glyoxalization treat-
ment, excluding the presence of glyoxal itself, on the molecular
deformation of BC networks. Figure 8a reports the shift in the
position of the Raman band initially located at 1095 cm-1 as a
function of tensile deformation for dry unmodified “thermally
treated” and unmodifiedBCnetworks.The term “thermally treated”
refers to BC networks submitted to the same treatment as for
glyoxalized BC networks without the presence of glyoxal. One
can clearly see that “thermally treated” BC networks have a lower

stress-transfer efficiency (-0.6 ( 0.1 cm-1 %-1) compared to
unmodified BC networks (-0.9 ( 0.1 cm-1 %-1). This shows
that the conditions of glyoxal treatment affect the stress-transfer
properties of the networks. A possible reduction of the level of

Figure 7. (a) Typical Raman spectra for dry unmodified and glyoxalized
BC networks; Typical shifts in the position of the Raman band initially
located at 1095 cm-1 toward a lower wavenumber for a dry (b) unmodified
BC network and (c) a glyoxalized BC network. Percentage values corre-
spond to the level of tensile deformation.

Figure 8. Detailed typical shifts in the position of the Raman band located
at 1095 cm-1 for (a) dry unmodified “thermally treated” and unmodified
BC networks, (b) dry unmodified and glyoxalized BC networks, and
(c) wet unmodified and glyoxalized BCnetworks. Gradients are the slopes
of the linear regressions applied to the data. The black andwhite symbols
represent two independent measurements from two different samples.
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inter and intramolecular hydrogen bonding may result in a lower
level of molecular deformation. This result is in accordance with
Young's modulus data reported in Table 3. Figure 8b reports the
detailed typical shifts in the position of the Raman band initially
located at 1095 cm-1 as a function of strain for dry unmodified
and glyoxalized BC networks. The stress-transfer efficiency of the
networks can be obtained from the gradient of a linear fit to these
data. Higher stress-transfer efficiency is observed for glyoxalized
BC networks compared to unmodified samples, which is an
indication of the cross-linking that has taken place. The gradient
of these linear fits for dry unmodified and glyoxalized BC networks
were -0.9 ( 0.1 cm-1 %-1 and -1.7 ( 0.1 cm-1 %-1,
respectively. As previously noted, less delamination occurred for
glyoxalized BC networks, which is thought to contribute to
the higher stress-transfer efficiency. As a consequence of this,
less energy is likely to be dissipated throughout the structure.
This is confirmed by the higher work of fracture for dry
unmodified BC networks compared to glyoxalized BC net-
works (Table 3).

Figure 8c reports the stress-transfer properties of the wet BC
networks, as revealed by the shift in the position of the Raman
band located at 1095 cm-1. It is clear that the presence of water
within unmodified BC networks almost completely suppresses
their stress-transfer efficiency. This effect has also been observed
for cellulose whisker-based nanocomposites exposed to water.41

This suggests that water has fully penetrated the BC networks
and, therefore, acts as a plasticizer, disrupting hydrogen bonding
between fibrils, and consequently reducing local molecular defor-
mation and therefore stress-transfer within the network. The
stress-transfer efficiency of wet glyoxalized BC networks is however
preserved by cross-linking; the linear fit to these data was found
to be 1.4 ( 0.1 cm-1 %-1, which is only slightly lower than for
dry glyoxalized BC networks (1.7 ( 0.1 cm-1 %-1). This
explains why the mechanical properties of glyoxalized BC net-
works, particularly strength, were hardly affected by the presence
of water (see Table 3). Differences in the stress-transfer efficien-
cies of dry and wet glyoxalized BC networks must be due to the
removal of hydrogen bonding after immersion in water. Water
absorption experiments showed that glyoxalized BC networks
absorb much less water than unmodified BC networks, and so
this might also explain why stress-transfer is preserved for wet
glyoxalized BC networks.

’CONCLUSIONS

This study has shown that it is possible to cross-link BC
networks via glyoxalization. The glyoxalization processwas found to
not significantly change the degree of crystallinity and crystal
morphology of the BC, meaning that heterogeneous modifica-
tion of cellulose occurred. Thermogravimetric analysis showed
that the onset and peak degradation temperatures were signifi-
cantly reduced after glyoxalization. Contact angle and ζ-potential
measurements showed that glyoxal rendered the BC networks
hydrophobic. In the dry state, Young's modulus was found not to
be significantly changed after glyoxalization. Stress and strain at
failure, and work of fracture, however, were found to reduce upon
modification. The reduced work of fracture values were sup-
ported by tensile fracture surface observations using scanning
electron microscopy, suggesting that delamination of the layered
structure of glyoxalized BC networks also reduced, because of the
presence of cross-linking. In thewet state, themechanical properties
of unmodified BC networks were reduced due to the disruption

of hydrogen bonding. Themechanical properties, particularly the
strength, of wet glyoxalized BC networks did not however reduce,
compared to the dry state, again due to the presence of cross-
linking. This was also supported by scanning electron microscopy
imaging. Consequently, glyoxal cross-linking offers dimensional
and mechanical stability to the BC networks when exposed to
moisture. Relative water absorption capacity experiments clearly
showed that glyoxalized BC networks do not absorb as much
water as unmodified BC networks. ζ-potential measurements
also confirmed this result. These findings could have implica-
tions for the design of biocomposites generated from BC
with increased moisture resistance. Finally, Raman spectroscopy
revealed the stress-transfer mechanisms of unmodified and
glyoxalized BC networks both in the dry and wet states. Micro-
mechanical characterization showed that glyoxalization of BC net-
works results in a higher stress-transfer efficiency. This was found
to be also true in the wet state. This greater stress-transfer efficiency
of glyoxalized BC networks is thought to be due to the presence
of cross-linking, but also to difference in the relative water absorp-
tions of the networks. The use of glyoxal therefore provides a
facile approach to modify the stress-transfer properties of BC
networks, which could be used for a range of applications.
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