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ABSTRACT: This work reports, for the first time, the excellent performance of an aqueous alkaline solution of cellulose as an
adhesive for wet and dry cellulosic substrates. Uniaxial tensile tests of filter paper and sulfite writing paper strips bonded with this
adhesive (5% cellulose and 7% NaOH aqueous solution) show that failure never occurs in the joints but always in the pristine
substrate areas, except in butt joint samples prepared with sulfite paper. Tensile test also shows that paper impregnated with
cellulose solution is stronger than the original substrate. X-ray microtomography and scanning electron microscopy reveal that
dissolved cellulose fills the gaps between paper fibers, providing a morphological evidence for the mechanical interlocking
adhesion mechanism, while scanning probe techniques provide a sharp view of different domains in the joints. Additionally,
bonded paper is easily reconverted to pulp, which facilitates paper reprocessability, solving a well-known industrial problem
related to deposition of adhesive aggregates (stickies) on the production equipment.
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1. INTRODUCTION
Cellulose is the most abundant natural biopolymer on earth,
with an annual global production of 1 × 1011 to 1 × 1012 tons,1

widely used in textiles as cotton, flax, and regenerated cellulose
fiber, or in paper and board. It is also a versatile reagent for
chemical conversion, yielding important thermoplastics and
polyelectrolytes. In many applications, dissolving cellulose is a
crucial fabrication step. However, cellulose does not dissolve in
water or in any common solvents, and early industrial processes
used complex solvents whose utilization is currently restricted
because of environmental and economic issues.1,2

Many researchers targeted the development of new “greener”
and nondegrading cellulose solvents during the last few
decades, including ionic liquids.3 The only solvent used on
large scale today is N-methylmorpholine N-oxide (NNMO)
hydrate,4 which produces regenerated cellulose fibers with high
crystallinity. Another promising green solvent was developed by
Kamide et al. in 1987,5 when steam-exploded chemical pulp
from wood was dissolved in aqueous NaOH solution at low

temperature (−5 °C), without the addition of any other
reagent. Later, Attala et al.6 showed that many cellulose samples
with different molecular weights, degrees of crystallinity and
obtained from different sources can also be dissolved using this
procedure. A detailed DSC work by the Navard group revealed
that the limit for cellulose dissolution in NaOH/water is at least
four NaOH molecules per one anhydroglucose unit or else, the
weight ratio of cellulose to NaOH is close to unity.7

These findings triggered intensive study aiming the
production of polymer materials from alkaline cellulose
solutions, often using urea as a cosolubilizing agent. Zhang et
al. prepared films,8 membranes,9 fibers,10,11 and nanocompo-
sites,12 while regenerated nanocellulose particles from NaOH
solution were obtained by Bansal et al.,13 opening a broad range
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of technological applications, including nanocomposites,
biofuels and drug delivery systems.
Solutions from, for example, polystyrene, acrylics, and

polyene rubbers, are effective adhesives for the respective
polymer solids but this approach is often ineffective using
semicrystalline or cross-linked polymers due to limited
entanglement of adhesive and substrate chains.14 Surprisingly,
the adhesive properties of cellulose alkaline solutions have not
yet been determined and many researchers agree with
Baumann and Conner stating that cellulose cannot be used in
the formulation of adhesives, due its insolubility in common
solvents. However, there are adhesives made using cellulose
ether and ester solutions for several applications, when
inexpensive means to bond porous solids are required.
Cellulosic thermoplastics have also been used as hot-melt
adhesives.14

Bonding paper and other cellulosic materials is usually a
simple task, since these are high surface-energy porous solids,
easily wetted by almost any adhesive solution or dispersion.
However, bonding paper with other polymers creates a
problem for paper recycling, since the adhesive residues
aggregate forming masses of extraneous materials (stickies) in
the repulping process, contaminating the recycled product and
eventually causing equipment malfunctioning.15 Some available
alternatives are hot-melt adhesives16 and water-dispersible
polymers, such as acrylic monomers with modified poly-
ethylene terephthalate,17 which are petrochemical products.
An additional requirement for some applications is the ability

of the adhesive to bond wet paper. Pelton et al. developed
several adhesives based on proteins18,19 and on PVAm20−22 for
wet regenerated cellulose, forming covalent bonds to achieve
adhesion. In these works, 2,2,6,6-tetramethyl-1-piperidinyoxy
(TEMPO) mediated oxidation of cellulose surface is used to
enhance the wet tensile strength.
In this paper, we employed a simple cellulose alkaline

solution, containing only NaOH, cellulose, and water, as
adhesive and reinforcing agent for dry and wet paper. Our
results reveal the good mechanical performance of wet and dry
adhesive joints prepared with two different cellulosic adherends
(filter paper and sulfite paper). The paper joints form pulp by
mechanical redispersion, undistinguishable from the as-received
paper sheets, thus allowing paper reprocessability.

2. EXPERIMENTAL SECTION
Materials. Cotton linter cellulose (high purity grade) and NaOH

(≥98% purity) used to prepare cellulose solutions were from Sigma-
Aldrich. NaCl (≥99.5% purity) from Merck was used to prepare
aqueous NaCl solution for wet adhesion measurements. Qualitative
filter paper (80 g/m2) from Unifil and sulfite paper (75 g/m2) from
Suzano were used as adherends. PVAc white glue from BIC was used
for the sake of comparison.
Cellulose Adhesive Solution. Cellulose powder (5% w/w) was

added to NaOH (7% w/w) aqueous solution at 0 °C and stirred for 10
min at 6000 rpm using an Ultra Turrax apparatus (IKA). The mixture
was then cooled down to −20 °C for 1 h, defrosted at room
temperature, shaken, and used as adhesive solution.
Assembly of Adhesive Joints. (a) Single lap joints: 40 mg of

cellulose solution was spread over 2.5 cm2 of dry or wet (60% w/w
water) filter paper strips (100 mm × 25 mm × 0.12 mm) and sulfite
paper strips (100 mm × 25 mm × 0.09 mm). Specimen and adhesive
joint dimensions were adopted from ref 23. Each strip was joined to a
similar one under ca. 700 mN compression force, applied during 5 s.
(b) Butt joint: torn edges of two paper strips were immersed 2 mm
into the cellulose adhesive solution and their wetted edges were joined.
Lap and butt joints were let to dry at 24 °C for 180 min. (c)

Impregnated strip: filter paper strips (175 mm × 25 mm × 0.12 mm)
were completely immersed in the cellulose solution during 60 s and
then suspended by tweezers for 20 s. The solution excess was removed
by compression force of ca. 700 mN, applied during 5 s, between two
filter paper strips (200 mm × 30 mm × 0.12 mm). Finally, the
impregnated strip dried at room temperature during 24 h and the
paper thickness rises from 0.12 to 0.19 mm after coating. Figure 1
shows the geometry of samples prepared using paper strips.

Repulping Test. Five glued samples prepared using filter paper
and cellulose solution (5% cellulose and 7% NaOH) were wet-milled
in a blender (Walita) during 10 min, then the mixture was allowed to
settle for 30 min. The same procedure was used on paper strips glued
with a commercial PVAc emulsion, used as a control.

Mechanical Characterization. An Emic DL2000 equipment was
used to perform the uniaxial tensile tests. Prior to the characterization,
10 samples of each substrate-adhesive system were conditioned at 23
± 2 °C and 50 ± 5% humidity for 40 h. For wet adhesion evaluation,
single lap joint samples were immersed in NaCl 1 mM solution for 30
min at pH 6.24 Excess water was removed by compression (ca. 700
mN) between two filter paper strips (200 mm × 30 mm × 0.12 mm)
during 5 s, and then the uniaxial tensile test was immediately carried
out. The specimen working length used for adhesive joints and
impregnated samples was 140 mm and the constant speed adopted
was 1.25 mm/min,23 until failure. Data treatment considered Gaussian
distribution for all samples.

Scanning Electron Microscopy (SEM). Scanning electron
micrographs of the samples were obtained on a SEM-FEG FEI
Quanta 650 microscope operating at 5 kV accelerating voltage and
spot size 5.5. Samples were fixed with copper tape on a stub and
sputtered with gold (16 nm) using a Bal-Tec SCD 005 Coater.

Microtomography. Filter paper, adhesive joint, and impregnated
strips were scanned using a Skyscan −1272 (Bruker) instrument
operating at 20 kV, 145 μA, 0.2° step rotation, 4 frames per position
and 2.5 μm nominal resolution (2452 × 1640). NRecon software (v.
1.6.9.8, SkyScan) was used to reconstruct cross-section images from
microtomography projections to 3D images, using Feldkamp
algorithm. For reconstruction, ring artifact and beam hardening
correction parameters were fixed at zero and smoothing correction
level one was applied to reduce the noise. The same X-rays attenuation
contrast limits were selected for all samples, allowing comparisons.
CTVOx software (v. 2.2.3.0, SkyScan) was used for 3D visualization
and image acquisition. Specific surface roughness values were
calculated for a random volume of interest (VOI) in each sample
measuring 0.04 mm × 0.8 mm and divided in 300 slices, using CTan
software (v. 1.14.4.1, SkyScan).

Atomic Force Microscopy (AFM). Topography, phase contrast,
electric potential, and capacitance gradient (dC/dz) images of the
adhesive-substrate systems were obtained in a NX-10 Atomic Force
Microscope (Park System) in intermittent contact mode. A NCHR
probe (NanoWorld) with a spring constant of 42 N m−1and 320 kHz
resonance frequency was used for phase contrast measurements and an
EFM probe (NanoWorld) with spring constant of 2.8 N m−1 and
resonance frequency within 75 kHz was used for electrical measure-
ments. Prior to AFM imaging, the cellulose samples were fixed on
metal samples stubs using a double-sided adhesive tape.

Figure 1. Graphic representation of the paper strip, glued, and
impregnated specimens prepared; adhesive-coated areas are repre-
sented in yellow.
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Electric potential and capacitance coupling measurements followed
procedures described in the literature,25,26 applying a second AC signal
at 17 kHz to the metal-coated cantilever. The electric potential of the
sample is measured by applying a DC potential to the cantilever and
bringing down its response to zero, in this AC frequency. Furthermore,
we monitor the second harmonic of the AC signal, which is shown to
be proportional to the capacitance gradient (dC/dz) or capacitance
coupling of the tip to the sample.27 Following the literature,27 we
know that the signal in the second harmonic is proportional to (Ceff/
Cair)

2 dCair/dz, with Ceff as the total capacity of the sample and tip, Cair
the capacity of the tip-air gap and z the sample distance. The effective
capacitance of the system is the reciprocal of the sum of the reciprocal
component capacitances: 1/Ceff = 1/Cair+ Σ1/Csample, where Σ1/Csample
is the sum of the sample contributions from the filter paper and the
adhesive film.

3. RESULTS AND DISCUSSION

To investigate the mechanical quality of the adhesive joints, we
carried out uniaxial tensile tests on three different types of filter
paper (FP) joints (a single lap joint, a wet bonded single lap
joint and a butt joint) as well as on FP impregnated with the
adhesive and on control strips of the pristine filter paper. Plots
of the strain as a function of stress applied to the samples are
presented as solid lines in Figure 2a and also in Table S1. In
Figure 2a, we show one individual curve for each sample type
(joined paper, impregnated paper and control). The behavior
of the glued paper strips is very close to the pristine paper strip:
they undergo an initial small elastic deformation followed by a
larger plastic deformation, until it breaks under ca. 12 MPa,
closely the same for all samples. On the other hand, filter paper
strips impregnated with the cellulose solution are more
resistant to tension than the control: the maximum tensile
stress rises to 18 MPa and the maximum elongation is almost
15%, 3 times higher than the untreated paper sheets.
Similar experiments were made using sulfite paper (SP) and

the results are also in Figure 2a. In general, all SP samples reach
a higher stress at the same strain than the FP samples, due to
their higher elastic modulus. SP samples bonded by single lap

joints show a maximum stress close to 60 MPa (blue and red
dashed lines in Figure 2a, comparable to the control (black,
dashed line) and ca. 5 times the value of the FP.
Together, these results show that the adhesive joints are

stronger than the respective paper adherends, except in the case
of butt joints made with sulfite paper strips.
We also tested wet FP and SP single lap joints and the

corresponding strain−stress curves are shown in Figure 2b. The
maximum stress reached for FP and SP single lap joints was 1.7
and 1.4 MPa, respectively. Again, failure never took place at the
adhesive joint.
Pictures of dry and wet tested samples are shown Figure 2c,

d, showing rupture outside of the bonded area.
Our uniaxial tensile tests demonstrate that alkaline cellulose

solutions are effective adhesives for wet and dry paper and the
bonded areas resist mechanical tension, better than the
substrates themselves, with one only exception: dry butt joints
assembled with sulfite paper.
To understand the excellent mechanical properties of our

cellulose-based adhesive, a detailed investigation of the
microstructure of the joints followed. Figure 3 shows SEM
images of filter paper substrate and of bonded areas. Comparing
the images of the joints with the as-received FP, we see the
adhesive filling the pores between the fibers (Figures 3b−f);
this is not only observed in the top view images (Figure 3b, d−
f) but also in the cross-section micrograph in Figure 3c. The
adhesive solution permeates the wet substrates even better than
the dry ones, as observed in Figure 3d were the filling material
is more evenly distributed across the paper surface. Finally, the
SEM image of the butt joint in Figure 3e shows two joined
pieces of paper embedded in a continuous cellulose matrix.
Unlike the joints seen in Figure 3b, d, the interface between the
two stripes is only faintly visible, indicating the good adjunction
of the two pieces. The good penetration and distribution of the
adhesive also contributes to the observed increase of
impregnated FP stretching ability verified during uniaxial
tensile test. As the adhesive not only coats but also penetrates

Figure 2. Stress−strain diagrams: (a) dry filter (FP) and sulfite paper (SP) strips bonded with cellulose adhesive; (b) wet-tested FP and wet-tested
SP strips bonded with cellulose adhesive. Pictures from tested samples: (c) dry-tested FP lap joint samples and (d) wet-tested SP lap joint samples.
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the paper pores, the result is a kind of new composite material
with a higher plasticity than filter paper, analogous to other
fiber/polymer compounds.
Figure 4 shows micrographs of the same area from a lap joint

but using secondary and backscattered electrons, where
contrast in the latter is determined by the average atom

number in each pixel. In both images, the strip with adhesive is
to the left, whereas extant paper adjacent to the joint is to the
right, for the sake of comparison. The left side of the
backscattered electrons image is uniformly dull, as expected due
to the low crystallinity of the adhesive cellulose and it shows
that it penetrates the paper voids. The few bright spots in the

Figure 3. Secondary electron images of: (a) as-received filter paper surface; (b) filter paper strips bonded with cellulose adhesive, single lap joint
surface; (c) cross-section view of b; (d) single lap joint prepared with wet strips; (e) butt joint; (f) impregnated single strip.

Figure 4. Single lap joint prepared with wet filter paper strips and cellulose adhesive, imaged using (a) secondary electrons and (b) backscattered
electrons.
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middle of adhesive cellulose are expected, because of the
presence of residual sodium carbonate crystals.
The main difficulty in using this adhesive is the use of alkali

that restricts it to industrial or laboratory environments, under
safe operation standards. However, the resulting dry bonded
parts are safely handled, because their water extracts show pH
lower than 9 down to neutrality, which is assigned to the rapid
absorption of CO2 from the atmosphere, transforming sodium

hydroxide to carbonate. This is confirmed by the X-ray
diffractogram of dry adhesive (Figure 1S).
The residual sodium carbonate does not by itself contribute

to the adhesive properties. This is demonstrated by observing
the preservation of the joints and of their mechanical properties
measured following their immersion in NaCl aqueous solutions,
where sodium carbonate is soluble.
X-ray microtomography provided additional information on

the microstructure of the paper adhesive joints. Reconstructed

Figure 5. Reconstructed images from X-ray microtomography: top and cross section views of (a, d) as-received filter paper strip, (b, e) single lap
joint prepared with wet strips and (c, f) impregnated filter paper.

Figure 6. Micrographs from cellulose adhesive dried on filter paper: (a) topography, (b) phase-contrast, (c) dC/dz, and (d) electric potential maps.
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X-ray images are shown for the as-received FP, for a single lap
joint prepared with wet strips and for impregnated strip. The
images report the attenuation of the X-rays when passing
through the virtual sample slices cut from 3D reconstruction,
using a false-color code that is also given beneath the images.
Attenuation increases with the thickness of material in each
voxel and with the electron density that increases with the
average atom number in the voxel contents. Comparing our
joints to the as-received FP, we see an increase in the X-ray
attenuation, visually evidenced by the increase in the blue-
colored image areas, together with the decrease of maroon and
yellow areas. This confirms the SEM results: the adhesive
solution fills the pores or voids between paper fibers, which
produce only very low X-ray attenuation.
The decreased void volume is understood considering the

shrinking effect of capillary adhesion during evaporation of
water from the drying joints, together with pore filling by
adhesive solids, in the dry joints. When the adhesive dries in a
single lap joint, the residual solids can be estimated by using the
amorphous cellulose density28 (we adopted 1.385 g/cm3, but
other values are found in the literature29,30) and sodium
carbonate density (2.540 g/cm3).31 Because we used 40 mg of
adhesive to make each joint, the volume of residual solids is
approximately 0.025 cm3, divided between 0.014 cm3 of
amorphous cellulose and 0.011 cm3 of sodium carbonate.
Considering the two paper strips, the total paper volume in the
adhesive joint is 0.06 cm3 (2 × 1.00 cm × 2.50 cm × 0.012 cm).
The as-received paper porosity calculated using microtomog-
raphy data is 58%, so the total pore volume in the bonded area
prior to joint formation is 0.035 cm3. This estimate shows that
the small amount of adhesive used is sufficient to fill ca. 70% of
the filter paper pores. Figure 5c shows that most pores of the
impregnated paper are coated, lowering paper porosity to 35%.
Pore filling by the adhesive produces a matrix interspersed

with the paper fibers, creating the pattern often used in
reinforced fiber materials. Moreover, the cellulose from
adhesive should interact with the paper fibers by the various
mechanisms that have been disclosed in the study of fiber-to-
fiber bonding and will be discussed ahead.32

Previous studies on pressure-sensitive adhesives used AFM to
reveal adhesive and adherend domains by phase-contrast.33 We
resorted to this technique to examine adjacent areas of filter
paper, containing adhesive or not. The concurrent acquisition

of AFM topography and phase-contrast did not provide useful
information, as shown by comparing adjacent regions of plain
filter paper and of paper partly coated with adhesive (Figure 6).
In both cases, phase change due to edges dominates contrast.
Figure 6 contains also electric potential and dC/dz maps, of the
same area of partly coated filter paper, showing clearly
contrasting domains.
Images acquired from a smaller area are given in Figure 7,

where the adhesive covers most of the upper right quadrant.
The AFM topography varies as expected for filter paper, up to
600 nm and no clear difference between the paper fibers and
the area containing the adhesive film is observable. The dC/dz
image allows identification of the adhesive domains due to the
high contrast between the darker (containing adhesive) and
brighter domains stemming from the change in the local sample
capacitance.
The electric potential varies within −150 and 100 mV. We

observe that the surface of the adhesive is positive and it is also
easily identified. The darker rim of the brighter edge shows that
negative charges accumulate outside the border of the positive
adhesive film, forming a double-layer structure.
The positive electric potential areas correlate with the areas

of low dC/dz signal, but contrast is sharper in the dC/dz map.
We can use the dC/dz information to estimate the difference in
the capacitance and therefore the difference in dielectric
constant of the different sample areas. Using the marked
positions in Figure 7b, the measured output signal proportional
to dC/dz was 3.25 mV on filter paper and 2.15 mV on
adhesive-coated filter paper, respectively. Assuming that the tip-
air capacitance does not change over the sample, we can
calculate the ratio between the two signals using the previously
pointed out summation of the reciprocal capacitances and the
extracted dC/dz values that are proportional to the local
capacitance, obtaining the ratio

=C C2ad fp

where Cfp and Cad correspond to filter paper and adhesive,
respectively. Because of the additive coupling, our estimate
depends on Cair, which introduces an unknown variable into the
calculations preventing the obtation of absolute values for the
capacitances. Nevertheless, we clearly see that Cad is twice the
value of the combined effective capacitance over the filter paper
region. As the dielectric constant of air is roughly equal to 1, we

Figure 7. Images from cellulose adhesive dried on filter paper: (a) topography; (b) dC/dz: 1, bare fiber surface; 2, adhesive-coated fiber; and (c)
electric potential.
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can estimate the effective dielectric constant of the system over
the filter paper as ϵeff = ϵfd (z + H)/(z + ϵfd*H), where z is the
tip−sample distance and H is the thickness of the filter paper
with a dielectric constant ϵfd. As the thickness of the adhesive is
much smaller than of the filter paper (its border is not observed
in the topography image), we conclude that its dielectric
constant is much higher than that of paper fibers, thus
explaining the higher capacitance.
The higher dielectric constant of the adhesive compared to

the underlying filter paper is assigned to higher water and ion
content and gives rise to the observed charge accumulation on
the domains with higher dielectric constant, imparting positive
charge to them.34

Understanding the effective adhesion of paper sheets by
cellulose solutions requires consideration of the intervening
forces at the molecular level. Following the literature, cellulose
chain−chain association is driven by Coulomb forces,34,35 van
der Waals interactions, hydrogen bonds, and following
Lindman, hydrophobic interactions also play an important
role.36−38

Otherwise, cellulose adhesion using cellulose solutions may
be understood as just another successful case of bonding
polymer materials with a solution of the same polymer, which
in general promotes good adhesion14 because of chain

entanglements and surface plastic deformation. Cellulosic
fiber bonding phenomena (fiber-to-fiber bond) have been
recently investigated by Hirn and collaborators.32,39 Generally,
the adhesion between fibers occurs during drying, since the
capillary force brings the surfaces into contact. Contact area
would be limited by the fibers roughness, but the contact area
between two fibers increases when they are wet and thus softer.
Because the wet cellulosic surfaces have a hydrogel structure,
the surface molecules have enough mobility to rearrange and to
interdiffuse facilitating plastic deformation of the fibers
surface.39

The cellulose solution makes an additional contribution to
the fiber-to-fiber bond interactions, since it wets and softens the
fibers with a medium that fills surface depressions with mobile
cellulose chains, as illustrated in Figure 8.
Different from aqueous cellulose solution, liquefied wood

(LW) used to bond wood substrates displays high adherend
failure at low shear strength and poor water resistance.40,41 For
wet adhesion, the oxidation of cellulose surface is the current
approach and this methodology can also resist mechanical
efforts, obtaining average delamination force of ca. 17 N/m for
polyvinylamine (PVAm) grafted onto carboxylated poly(N-
isopropylacrylamide) microgels24 and 25 N/m for PVAm with
grafted TEMPO.20 In this work, we also used peel tests to

Figure 8. Graphic representation of a paper filter impregnated by the cellulose adhesive. The drawing to the left represents the upper layer from an
actual SEM micrograph.

Figure 9. Pictures of aqueous dispersions of filter paper strips bonded with (a) PVA latex adhesive, (b) cellulose adhesive, and (c) sample without
adhesive. Dispersions settled for 30 min.
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evaluate our adhesive joints but these always led to
delamination of the paper sheets, themselves.
Finally, experiments were run to verify the behavior of paper

bonded or impregnated with cellulose adhesive, when it is
mechanically redispersed to produce cellulose pulp. A typical
experimental result is shown in Figure 9. Redispersed paper
glued with PVA adhesive forms a rather stable dispersion but
water-dispersed plain paper dispersion settles within 30 min,
the same as redispersed paper bonded with cellulose adhesive.
Besides, the latter repulped dispersion did not show any
extraneous materials, either floating or settling, as expected
considering that it contains only cellulose and a small amount
of sodium carbonate.

5. CONCLUSIONS
Cellulose alkaline aqueous solution is an adhesive for wet and
dry cellulosic substrates. Single lap and butt joints made with
paper sheets are mechanically more resistant than the cellulosic
substrates themselves.
Cellulose-bonded paper joints are resistant to aqueous

solutions and they form pulp by mechanical redispersion,
undistinguishable from the as-received paper sheets. Thus, this
adhesive is suitable for wet and dry paper, especially
considering requirements for paper recycling.
Microscopy and microtomography results show a good

penetration and filling of paper voids by the cellulose solution
that dries forming an amorphous cellulose matrix. This makes a
contribution additional to other known factors for adhesion of
cellulosic materials, including electrostatic, van der Waals,
hydrogen bonds, and hydrophobic interactions, together with
chain interdiffusion.
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