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*S Supporting Information

ABSTRACT: Novel adhesives based on natural biopolymers
with high performance are still desired for the wood industry,
in order to replace conventional fossil-based adhesives on the
market. In this study, aqueous solutions of dialdehyde
cellulose (DAC) with various degrees of oxidation (DOs)
and distinct concentrations were evaluated as robust adhesives
for wood bonding, which has not yet been systematically
studied. The adhesion performance of DAC adhesives was
investigated using tensile shear strength measurements
according to European standard EN302-1. Results showed
the DO and the concentration of DACs had a predominant
impact on the adhesion performance. The optimal formulation of DAC adhesives was found to be the aqueous solutions of
DAC with a DO of 1.75 and a concentration of 40 wt %. The corresponding best bonding performance was represented by the
bonding strength of about 9.53 MPa for beech wood specimens and 5.75 MPa for spruce wood specimens. Furthermore, wood
specimens in shear strength tests mainly revealed a substrate failure mode rather than adhesive or cohesive failure. This indicates
that the DAC adhesives possessed a stronger bonding strength than the wood itself. Therefore, our study demonstrates that
DAC is a potential bio-based adhesive for wood bonding, especially under indoor conditions.
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■ INTRODUCTION

Wood adhesives are widely used for constructions, floorings,
and furniture.1−4 Essentially, conventional adhesives for wood
products on the market are based on fossil-derived polymers,
such as melamine-formaldehyde (MF),5−8 phenol form-
aldehyde (PF),9−12 urea formaldehyde (UF),13−15 polymeric
diphenylmethane diisocyanate (pMDI) resin,16−18 and poly-
(vinyl acetate).19 Although these synthetic resins possess the
advantages of high bonding performance and high water
resistance, there are also some drawbacks: (i) Most of them are
made of volatile organic compounds (e.g., formaldehyde) or
other toxic compounds (e.g., methylene diphenyl diisocyanate
and epichlorohydrin), which would cause environmental
problems.1,16−18,20 (ii) The production of these resins relies
on nonrenewable fossil resources, accompanied by the negative
environmental impact.1,21,22 Therefore, there has been a
rapidly growing interest in the development of adhesives
from a natural renewable source with good bonding perform-
ance.23

Over the past few decades, numerous natural biopolymers,
such as starch,24,25 lignin,3,26−28 tannin,29−31 proteins,32−34

gums,35−37 and chitin/chitosan,38−42 have been used as
promising candidates in the synthesis of bio-based wood
adhesives.43,44 However, the development of bio-based
adhesives also suffers from some challenges, which greatly
limits their practical applications in wood bonding. It is

necessary to distinguish that bio-based wood adhesives in this
study refer to purely natural biopolymers or their mixture,
without incorporating any synthetic resins. For instance, lignin-
based adhesives in most studies still require the incorporation
of phenol-formaldehyde or polymeric methylene diphenyldii-
socyanate (PMDI) to satisfy the requirements with acceptable
mechanical properties.44 Navarrete et al. reported a novel bio-
based adhesive derived from a low molecular mass lignin and
tannin without incorporating any synthetic resin,45,46 but the
beech plywood bonded with tannin/lignin adhesives exhibited
a relatively low dry tensile strength of about 1.4 MPa according
to the interior panel standard (EN 312). Some efforts have also
been explored to completely replace fossil fuel-based adhesives
by starch- or protein-based bioadhesives, but the bonding
strength and water resistance of the ultimate products are still
low. Wang et al. developed a novel bioadhesive via grafting
copolymerization of the synthetic polymers onto the starch
backbone.47 The optimal shear strength with a starch/
monomer ratio of 1:1.2 (w/w) was 4.3 and 2.17 MPa in the
dry and wet state, respectively. Wu et al. reported a wood
adhesive from grafting glycidyl methacrylate on canola protein
via free radical polymerization.48 The enhanced thermal
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stability and water resistance of the protein-based adhesive
were attributed to the formation of hydrogen bonding and
covalent bonds during the conjugating process. The conjugate
with a grafting degree of 82.0% showed a dry shear strength of
8.25 ± 0.12 MPa and a wet strength of 3.68 ± 0.29 MPa
according to ASTM standard D1151-00. Further chemical
modification of these biopolymers or the incorporation of
some additives was needed to enhance their bonding strength
and water resistance. In addition, the extraction and
fractionation procedures required to isolate bio-based poly-
mers have a great impact on the final properties of bio-based
adhesives, as well as the cost. Therefore, the development of
new bio-based environmentally friendly wood adhesives with
high cost-efficiency and high adhesion performance still needs
further exploration.
Dialdehyde cellulose (DAC) is one of the cellulose

derivatives that is synthesized by selective oxidation on C2
and C3 positions of the anhydroglucose units (AGUs).49,50

The conversion of hydroxyl groups to aldehyde groups not
only reduces the crystallinity of initial materials but also gives
rise to highly oxidized forms of DAC, which could be easily
dissolved in hot water.51 Furthermore, the aldehyde moieties in
DAC are predominantly masked as intra- and intermolecular
hemiacetal and hemialdal moieties, cross-linking the rather
short DAC polymer chains.51,52 These characters would endow
DAC with excellent mechanical properties and make it a
potential wood adhesive. As far as we know, DAC as an
environmentally friendly bio-based wood adhesive has yet
never been systematically studied.
Herein, the aim of this study is to evaluate adhesive

properties of diverse DACs with the objective to develop new
bio-based adhesives. Various reaction conditions were
performed to obtain aqueous DAC adhesive formulations
with various DOs. The effects of DOs and DAC concentrations
in their aqueous solutions on dry bonding strength were
investigated via tensile shear strength tests and microscopic
analysis.

■ EXPERIMENTAL SECTION
Materials. Laboratory grade microcrystalline cellulose (MCC,

∼50 μm), ethylene glycol (anhydrous, 99.8%), and hydroxylamine
hydrochloride (NH2OH·HCl, 98.5%) were purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany). Sodium periodate
(NaIO4, 99.8%), sodium chloride (NaCl, 99.8%), sodium hydroxide
(NaOH, 99.8%), and hydrochloric acid aqueous (HCl, 37% w/w)
were purchased from VWR International GmbH. Deionized (DI)
water with a conductivity of 0.05 ± 0.03 μs cm−1 was used for all
experiments. All chemicals were used as obtained without further
purification.
Preparation of DAC Adhesives. Typically, MCC (1 g), NaIO4

(1.65 g), and NaCl (3.85 g) were first mixed in 50 mL of DI water to
form a suspension. Then the reaction bottle was completely covered
with several layers of aluminum foil to avoid the light-induced
decomposition of NaIO4. Thereafter, the periodate oxidation was
performed at the desired temperature (e.g., 25, 45, and 55 °C) under
magnetically stirring for the desired time (e.g., 4 and 72 h). After
oxidation, 5 mL of ethylene glycol was added into the mixture to
quench the reaction. The obtained products were then purified using
dialysis membranes with a molecular-weight cutoff of 3500 Da
(Thermo Fisher Scientific GmbH, Germany). After that, the resultant
DACs were collected after being dissolved in DI water at 80 °C in an
oil bath. To prepare various DACs with distinct degrees of oxidation
(DOs), diverse reaction conditions were performed, and correspond-
ing parameters are presented in Table 1. Diverse aqueous DAC
solutions with various DOs and concentrations (e.g., 30%, 40%, 50%,

60%, and 70%) were used as DAC adhesives. The concentration in
this study is generally the mass percentage of solid DAC with respect
to the whole solution, if not mentioned otherwise. The obtained DAC
adhesives were denoted as DAC-x, where x represents the DO value
of DAC determined by titration.

Determination of Degree of Oxidation (DO). To measure the
DO values of the obtained DACs, both titration and element analysis
methods were performed according to previously reports.50 For
titration, the pH value of the DAC solution (10 mL) was first adjusted
to 3.5 using HCl solution (1 M) at room temperature. Then, 10 mL
of hydroxylamine hydrochloride solution (5 wt %) was added into the
solution. After that, a NaOH standard solution (0.05 M) was added
drop by drop into the mixture solution under stirring, until the pH
value recovered to 3.5. Finally, the DOs of synthesized DACs were
calculated by using the following equation

=
*

+ *
C V

m C V
DO

162
2

NaOH NaOH

NaOH NaOH (1)

where m is the dry weight of DAC, CNaOH and VNaOH represent the
concentration and the consumption volume of the aqueous NaOH
solution, and 162 is the molecular weight of the anhydroglucose units
(AGUs) of cellulose, respectively.

By using the elemental analysis, the aldehyde contents were also
calculated from the nitrogen content of products according to the
ammoniation of hydroxylamine hydrochloride and aldehyde groups.
Thus, the DO of DAC can be determined by the given eq 2

= × × N
C

DO
72
28

2
(2)

where N/C is the mass ratio of the nitrogen and carbon contents of
synthesized DAC. The detailed parameters are presented in Table S1.

Preparation of Wood Specimens. The wood specimens used in
the study were beech (Fagus sylvatica, hardwood) and Norway spruce
(Picea abies, softwood), which have been widely used for the purpose
of adhesives characterization.53 The average densities for beech wood
and spruce wood were measured to be 0.66 ± 0.02 and 0.38 ± 0.02 g
cm−3, respectively. For the shear testing, both beech and spruce
specimens were manufactured and constructed in accordance with the
type of EN 302-1 shear lap joint (European Committee for
Standardization 2013). The dimensions (L × W × H) for each
shear specimen were 124 × 20 × 20 mm3, and the glued area of each
adhesive was about 20 × 20 mm2 (Scheme 1). Thereafter, DACs with
diverse DOs and concentrations were applied to glue the specimens.
In all cases, the glued direction was aligned with the longitudinal axis
of each specimen. The excess adhesive was cleaned off from the edges
and surfaces of the specimens using a cleaned dry brush.
Subsequently, the obtained specimens were pressed with a uniform
pressure of 0.72 MPa and then dried at 80 °C for 24 h. In this study,
all specimens for shear strength measurements were referred to as
DAC-x-y, where x is the DO value of DAC and y is the concentration
of DAC in the formulation.

Table 1. Summary of Degrees of Oxidation and Reaction
Conditions for Obtained DAC

reaction conditions

DAC DOa reagents temp (°C) time (h)

DAC-1.88 1.88 ± 0.002 MCC (1 g), NaIO4
(1.65 g), and
NaCl (3.87 g)

25 72

DAC-1.75 1.75 ± 0.002 MCC (1 g) and
NaIO4 (1.65 g)

25 72

DAC-1.25 1.25 ± 0.003 MCC (1 g) and
NaIO4 (1.65 g)

55 4

DAC-0.78 0.78 ± 0.008 MCC (1 g) and
NaIO4 (1.65 g)

45 4

aThe degree of oxidation (DO) was determined by a titration
method. Each sample was measured with three replicates.
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The solid content per unit area (μg mm−2) of DAC adhesives
applied on wood specimens was calculated using the following
equation

= −m m ASC ( )/2 1 (3)

where SC is the solid content, m1 is the dry weight of the wood
specimen without DAC adhesive, m2 is the dry weight of the wood
specimen applied with DAC adhesive, and A is the shear area of each
specimen.
Shearing Strength Measurements. Before shearing strength

tests, all specimens were reconditioned at 20 °C with a relative
humidity of 65% until constant weights. The shear strength of
specimens applied of the lap joint specimens glued with DAC
adhesives was measured using a Zwick-10 KN tensile testing machine
(ZwickRoell GmbH & Co. KG, Ulm, Germany). The specimens at an
average moisture content of 11.5 ± 0.3% were tested at a load speed
of 1 mm min−1. Ten replicates were used for each adhesive and
treatment. The force applied at the failure point was recorded for each
specimen and used to calculate the shear strength (W) as follows

=W F A/ (4)

whereW is the shear strength (MPa), F is the force at the failure point
(N), and A is the shear area (mm2), respectively.

Microscopic Characterization. The surface microstructure of
the specimens was investigated using a digital microscope (VHX-
S500E, Keyence, Neu-Isenburg, Germany). Both 2D and 3D images
were recorded to study the adhesive penetration beneath the adhered
surface at 30× magnification.

■ RESULTS AND DISCUSSION

Preparation and Characterization of DAC. The period-
ate oxidation of cellulose has been considered as one of the
most facile and effective methods to prepare DAC due to its
mild conditions in aqueous solution.49 This methodology bases
on the cleavage of the C-C linkage between the C2 and C3 of
the AGU of cellulose, followed by the transformation from
hydroxyl groups to aldehyde groups (Figure 1a). To prepare
DAC with various DOs, diverse reaction conditions were
adjusted including reaction temperature and times (Table 1).
For instance, DAC-1.75 was prepared at 25 °C for 72 h and the
corresponding DO value was determined to be 1.75 ± 0.02 by
titration. With the presence of additional NaCl during the
reaction, a higher DO value of 1.88 ± 0.02 was reached for
DAC-1.88. When the reaction temperature was raised to 45 °C
along with the reaction time reduced to 4 h, a DO value of 0.78
± 0.02 was achieved for DAC-0.78. In comparison, a higher
reaction temperature (55 °C) resulted in a higher DO value of
1.25 ± 0.02. The increase of the DO value along with reaction
temperature was in accordance with previously reports.49,54

The DOs of produced DAC samples were determined using
both hydroxylamine hydrochloride titration and elemental
analysis methods (Table S1), which led to comparable DO
values.
The chemical structure of neat MCC and obtained DACs

was characterized by FTIR analysis (Figure 1b,c) of freeze-
dried DAC samples. The broadened signals located at 3600−
3000 cm−1 originated from the O-H stretching vibration
(νO‑H).

55,56 Compared with the FTIR spectrum of MCC, three

Scheme 1. Schematic Illustration for (a) the Preparation of
Wood Specimens Glued with DAC Adhesives and (b) the
Failure Modes That Occurred in Tests

Figure 1. Characterization of obtained DACs. (a) Schematic illustrations for the preparation of DAC via periodate oxidation, (b) FTIR spectra
(4000−500 cm−1) of neat MCC and obtained DACs, and (c) the detailed view in the range of 2000−1500 cm−1.
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characteristic peaks appeared at 1730, 1635, and 880 cm−1

within the FTIR spectra of DACs. The signal at 1635 cm−1

(Figure 1c) assigned to δO‑H vibrations was caused by adsorbed

water.57 The signals at 1730 and 880 cm−1 originated from the

stretching vibrations of carbonyl groups (νCO) and the

vibration of hemiacetal bands (νC‑O) between the dialdehyde

groups and their adjacent hydroxyl groups, respectively. These

results confirmed the successful introduction of aldehyde
groups into cellulose chains.

Tensile Shear Strength Measurements. Effect of DO
on the Adhesion Performance. DACs with various DOs and
concentrations were further used as wood adhesives, and their
dry bonding performance was evaluated using tensile shear
strength measurements according to European standard
EN302-1. First, we probed the effect of the DO of DAC on

Figure 2. (a) Shear strength of wood specimens glued using DAC with various DOs, and (b) the corresponding solid contents for each DAC
adhesive. Ten replicates were used for each sample.

Figure 3. Representative fracture surface morphology of (A) beech wood and (B) spruce wood specimens glued with DAC adhesives with various
DO values. A1,3,5,7,9 and B1,3,5,7,9 show corresponding 2D images of the fractured surfaces with the main failure modes that occurred during the
shear strength testing. A2,4,6,8,10 and B2,4,6,8,10 show corresponding 3D color images using a VHX-S500E microscope. White arrows refer to the
failed structure that occurred on the wood surface after shear strength testing.
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their dry bonding strengths. After considerable preliminary
experimentation, the DAC concentration in the adhesive for
this series was set at 40%. In all cases, the shear strength
increases with increasing DO until 1.75, while it decreased with
further rising DO to 1.88. For instance, along with the
increasing DO from 0.78 to 1.75, the bond strength of beech
wood specimens increased from 3.18 ± 0.15 MPa to 9.53 ±
0.07 MPa (Figure 2a). However, the bond strength decreased
to 4.74 ± 0.03 MPa, when DO further increased to 1.88.

Similarly, the bond strength of spruce wood specimens also
exhibited a similar tendency with increasing DO values (see
Table S2 for details). For both beech wood and spruce wood
specimens, the solid contents of applied DAC adhesives with
various DOs were about 40 μg mm−2 (Figure 2b). This shows
that, at the given concentration, variation in the amount of
adhesive is not the reason for the differences in the shear
strength. Thus, the DO of DACs plays a vital role in the
shearing strength of wood specimens. The reason for this

Figure 4. (a) Shear strength of specimens glued with DAC-1.75 adhesives at various concentrations, and (b) the corresponding solid contents of
DAC-1.75 adhesives applied on specimens. Ten replicates were used for each sample.

Figure 5. Representative fracture surface morphology of (A) beech wood and (B) spruce wood specimens glued with DAC-1.75 adhesive at various
concentrations. A1,3,5,7,9 and B1,3,5,7,9 show corresponding 2D images. A2,4,6,8,10 and B2,4,6,8,10 demonstrate 3D color images. White arrows
refer to the failed structure that occurred on the wood surface after shear strength testing.
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tendency of adhesion performance can be ascribed as follows.
First, the aldehyde groups present in DAC chains may have
reacted with the hydroxyl groups on the surface of the wood
specimens, and then formed a cross-linking adhesive structure
upon heating.37 The increase of the DO values indicates the
increasing of aldehyde concentration in DAC, which gives rise
to an increased number of covalent bonds. However, the DAC
chains become shorter and more fragile with increasing DO
values,49,54 leading to a weaker bonding performance for higher
DO.
The effect of the DO of DAC adhesives on the fracture

surface microstructure of wood specimens was investigated
using a VHX-S500E microscope, as shown in Figure 3. From
2D images of beech wood specimens, the breaking down of the
wood surface was observed only at the fracture surface of
specimens glued with DAC-1.75 adhesive, as presented by
white arrows. 3D images with the false color show the height
difference on wood specimen surfaces, which can be used to
detect differences of the main breaking types between the
differentially treated samples. For instance, the main breaking
types are changed from cohesive failure to substrate failure
with increasing DO values of DACs (Figure 3A1−A10). The
substrate failure of DAC-1.75 also indicated that the shear
strength of beech wood is lower than that of the adhesive,
which has also been observed for other bio-based adhe-
sives.58−60

In comparison, spruce wood specimens glued with DAC
adhesives exhibited diverse main breaking types varying from
cohesive failure to substrate failure (Figure 3B1−B10). The
difference of failure modes between beech and spruce wood
specimens can be attributed to the lower density of spruce
wood (0.38 ± 0.02 g cm−3) compared to beech wood (0.66 ±
0.02 g cm−3) and thus leads to lower shear strength.61 The
intrinsic shear strength of spruce wood is lower than that of the
DAC adhesives at a concentration of 40%, while beech wood
shows a higher strength itself except for the specimens bonded
with DAC-1.75 adhesive. Overall, the DAC-1.75 adhesive
exhibited the highest adhesion performance (9.53 ± 0.07
MPa) and thus was used for further evaluation.
Effect of DAC Concentration on the Adhesion Perform-

ance. In addition to the DO value of DAC, the amounts of
DAC applied for gluing also strongly influence the adhesion
performance. Considering the simplicity, economy, and
practicality of the operation, the amount of DAC was adjusted
by changing the concentration of DAC in the adhesives.
Adhesives containing 30%, 40%, 50%, 60%, and 70% of DAC-
1.75 were applied to glue wood specimens for shear strength
testing. With rising concentrations, the corresponding solid
content of DAC-1.75 adhesive increased from 30.4 to 69.4 μg
mm−2 (Figure 4b). For both beech wood and spruce wood
specimens, their bond strength exhibited a similar tendency
along with increasing amounts of DAC, as shown in Figure 4a
(see Table S3 for details). For example, the bond strength of
beech wood specimens significantly increased from 3.38 ± 0.13
to 9.53 ± 0.15 MPa with rising DAC concentrations from 30%
to 40%. However, a slight decrease in the bond strength was
observed with further increasing concentrations from 50% to
70%. The bond strength of DAC-1.75-50%, DAC-1.75-60%,
and DAC-1.75-70% specimens decreased to 7.84 ± 0.28, 9.34
± 0.41, and 9.06 ± 0.14 MPa, respectively. The reason for this
tendency could be attributed to the solubility of DAC in water.
It was reported that DAC with the DO more than 75% can be
easily dissolved in hot water (e.g., at 80 °C), while DAC with

DO lower than 75% cannot completely dissolve in water, even
with prolonged treatment time at 100 °C.54 DAC-1.75 with the
DO of 1.75 was found to be easily dissolved in hot water at a
concentration of 40% or lower, but it started to precipitate at
concentrations of higher than 50%. When used as wood
adhesives, this precipitated DAC in the adhesion layer might
induce defects, which result in the slight decrease in the bond
strength.
The effect of adhesive concentration on adhesion perform-

ance was also visible in Figure 5. At a concentration of 30% for
the DAC-1.75 adhesive, there is no clear structure wood
fracture observed on the fracture surface of DAC-1.75
specimens. All wood specimens mainly exhibited a cohesive
failure mode. At higher concentrations of 40%, 50%, 60%, and
70%, there is almost no impact on the glue line but a rupture of
wood, displaying a type of substrate failure. This result
indicates that the adhesive with 40% DAC-1.75 under dry
conditions was strong enough to serve as wood adhesives, as
the dry bond strength was higher than the intrinsic strength of
the wood.
All the above results demonstrated that the DAC adhesive

containing 40% of DAC-1.75 exhibited the best adhesion
performance with the solid content of ∼40.6 μg mm−2. The
dry shear strength (EN302-1) is 9.53 ± 0.15 MPa for beech
wood and 5.75 ± 0.05 MPa for spruce wood, respectively. This
bonding performance of DAC adhesives is comparable to that
of other bioadhesives measured with the European standard,
which shows the potential of DACs as wood adhesives. It is
worth noting that different measuring methods, wood types,
and many other bonding conditions could affect the adhesive
strength value.43 For instance, the dry strength of the same
washed cottonseed meal reached 10.7 MPa with EN204/
205,62 but only about 4.0 MPa according to ASTM standard
D906-98.63 Thus, a direct comparison of the adhesive strength
for wood adhesives should be avoided unless they are
measured with exactly the same procedures.
As DAC is a water-soluble compound, it suffers from a big

challenge as for most natural biopolymers, namely, poor water
resistance. As shown in Figure S1, wood specimens glued with
DO-1.75 adhesive with a concentration of 30% were very easy
to break after soaking in water for 24 h at room temperature.
Although the bond was stronger at higher concentrations of
more than 40%, the wet resistance of DAC adhesives still needs
significant improvements. Further research will be on the
improvement of the adhesive performance under wet
conditions in order to enlarge the area of application of the
DAC adhesive for wooden items used under outdoor
conditions.

■ CONCLUSION
In this study, we presented the potential of dialdehyde
cellulose (DAC) as a new bio-based wood adhesive. DACs
with various DOs were prepared by periodate oxidation under
various reaction conditions. When used as a wood adhesive,
DOs and the concentrations of DAC in their aqueous solutions
were proved to play pivotal roles on the adhesion performance
under dry condition. The shear strength of the DAC adhesive
increased with increasing DO of DAC up to 1.75, while further
higher DO caused decreasing strength. In a similar manner,
rising concentrations of the aqueous solutions of DAC led to
higher bonding strength. The optimal adhesive formulation
contained DAC with the DO of 1.75 at a concentration of
40%. The highest dry bonding strength was measured to be
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about 9.53 MPa for beech wood specimens and 5.75 MPa for
spruce wood specimens according to European standard
EN302-1. Although the improvement of water resistance of
DAC adhesives still needs further studies, our findings
demonstrate the great potential of DAC as a new promising
bioadhesive for wood bonding, especially under indoor
conditions.
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(26) Kunaver, M.; Medved, S.; Čuk, N.; Jasiukaityte,̇ E.; Poljansěk,
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