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Abstract: All-cellulose composites ( ACCs) are composites
that use non-derivatized cellulose as both the matrix and the
reinforcement phase. ACC consists entirely of cellulose, and
since the reinforcement phase and the matrix have exactly
the same chemical properties, they can overcome the
problem of poor fiber-matrix adhesion in biocomposites. In
this study, ACC was prepared by partially dissolving wood
pulp in a cryogenic aqueous phosphoric acid solution, and
the effects of dissolution temperature, dissolution time and
pressing load on the properties of ACC were investigated.
The results showed that a dissolution time of 45 min
achieved the optimal reinforcement-matrix ratio. The use of
an aqueous ethanol solution at an ethanol mass fraction of
50% as a coagulation bath and a pressing load of 3 000 kg
during the drying process achieved the best mechanical
properties of ACC, with a tensile strength of 49.3 MPa
(approximately 210% higher than that of the untreated
wood pulp ) and an elastic modulus of 1.6 GPa
(approximately 122% higher than that of the untreated
wood pulp). The composite’ s compactness affected ACC’ s
mechanical properties. The air permeability analysis showed
that the barrier performance of ACC was also significantly
better than that of the untreated wood pulp. With a
pressing load of 3 500 kg, the surface water contact angle
(WCA) increased to 110. 3° (approximately 94% higher than
that of the untreated wood pulp) , and the air permeability was
significantly reduced to 1.1 mm/s, showing its good application
prospects in the field of green packaging materials.
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0 Introduction

The production of petroleum-derived materials and
glass fibers leads to the emission of significant greenhouse
gases into the atmosphere. Cellulose is the most prevalent
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biopolymer on the earth. It is an inexhaustible raw
material that may satisfy the growing demand for
biocompatible and ecologically benign products among all
biomass resources' . Cellulose fibers are potential
reinforcing materials due to their numerous benefits.
These benefits include ready availability, light weight,
renewability, biocompatibility, biodegradability, low
cost, chemical stability, low abrasiveness and excellent
mechanical properties **'. Nishino et al.""’ developed the
idea of all-cellulose composites ( ACCs) which were
motivated by the advancement of self-reinforced
composites. ACCs use the same polymers for the matrix
and reinforcement, which helps solve the problems of
poor compatibility and recyclability common in traditional
composites. ~ACCs produce a  high-performance
biocomposite due to a strong cellulosic reinforcement
phase and good interfacial interactions"’.

Two main approaches have been shown for
manufacturing ACCs. The first approach involves
partially dissolving cellulose fibers to create a matrix
phase by immersing them in a solvent that binds the
undissolved cellulose fiber cores together. This approach
produces reinforcing components because the matrix and
reinforcement are made from the same cellulose material.
The matrix covers an undissolved reinforcement phase
after regeneration. The second approach involves fully
dissolving cellulose fibers by using a suitable solvent and
conventional impregnation method ( CIM ) to reinforce
the fibrous cellulose material. For the matrix and
reinforcement phase, different kinds of cellulose can be
used. Both approaches are feasible, but in terms of
prospective industrial upscaling, the partial dissolution
(PD) approach appears more likely to occur. This is
because the triggered shrinkage is lower for ACCs
manufactured using the PD approach than that using the
CIM™'.

The advantage of ACCs is that they are sustainable
materials and good for the earth. Since the mixture
comprises only cellulose, ACCs can be composted
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without harming the environment or recycled by
recovering energy after their useful life. Different
cellulose solvents and anti-solvents have been used to
process ACCs. N-methylmorpholine n-oxide (NMMO) ,
LiCl/N, N-dimethylacetamide ( DMAc ), ionic liquids
(ILs) and aqueous NaOH/urea solutions are the most
common solvents'”’. Phosphoric acid can dissolve
cellulose derived from various sources, with a degree of
polymerization (DP) ranging from 200 ( microcrystalline
cellulose (MCC)) to 2 200 ( cotton fiber) to produce
solutions containing cellulose mass concentrations of up
to 18%. The dissolving of cellulose in aqueous
phosphoric acid, which is efficient, non-derivative and
non-destructive, was achieved for the first time by pre-
cooling the solution to sub-zero temperatures'>'. Anti-
solvents ( coagulation mediums ) like water, ethanol,
acetone, methanol or acetonitrile are often added to
precipitate the cellulose'”"”. Zhu et al.'"" investigated
the effects of various anti-solvents on the properties of
cellulose regenerated from 1-ethyl-3-methylimidazolium
acetate solution, and found that anti-solvents had a
critical function in regulating the regenerated cellulose’ s
structure and properties.

Phosphoric acid effectively dissolves cellulose from
various sources """, Phosphoric acid is non-toxic, non-
volatile, manageable and reasonably priced. It is a viable
option for use as a cellulose solvent. Despite these
potential advantages, there is a research gap in using the
cryogenic phosphoric acid dissolution method in ACCs.
Hence, this study used the cryogenic phosphoric acid PD
approach to make wood pulp ACCs. The impact of
varying dissolution and regeneration conditions on the
composite formation and fiber-matrix interaction was
investigated via Fourier transform infrared ( FTIR )
spectroscopy, X-ray diffraction ( XRD) and scanning
electron microscopy ( SEM) analysis. The properties of
the resulting ACCs, including mechanical property,

thermal stability, surface hydrophobicity and air
Aqueous
H,PO,
)
Wood pulp Dissolving wood

pulp in aqueous

H,PO, at 25,0

and -18 °C for 15, 30, 45 and
60 min, respectively

ACCs Hot pressing at 90 °C for 8 h

permeability, were also studied.

1 Materials and Methods

1.1 Materials

Wood pulp was purchased from Xinxiang Natural
Chemical Co., Ltd., China. Phosphoric acid ( H,PO,,
mass fraction of 85%,) was supplied by Shanghai Titan
Technology Co., Ltd., China. Ethanol ( EtOH, mass
fraction of 99% ) was purchased from Sinopharm
Chemical Reagent Co., Ltd., China. Unless otherwise
stated, the materials utilized in this study were not further
purified.
1.2 Preparation of ACCs from wood pulp

The preparation of ACCs is shown in Fig. 1. To
prepare the ACCs, aqueous H,PO, with a mass fraction
of 85% was prepared at three different temperatures: 25,
0 and — 18 C. Before use, the wood pulp was
conditioned for at least 24 h at 23 C and a relative
humidity of 50%. To achieve a cellulose mass fraction of
6% , 10. 5 g of wood pulp was immersed in 164.5 g of
aqueous H,PO, pre-conditioned to the designated
temperature and stored for different dissolution time (15,
30, 45 and 60 min) and maintained at the designated
temperature during the dissolution process. The partially
dissolved wood pulp was transferred to a Teflon mold
(I5cem X 15 ecm X 1 em), covered in polyimide ( PI)
films, and then cold-pressed (200 kg, 3 min). The
composites were immersed in the proper coagulation
bath. The coagulation baths were composed of 100%
deionized water, 50/50 water-ethanol and 100% ethanol ,
respectively. The composites were washed repeatedly
until their surfaces showed a neutral pH value. The ACCs
were obtained by hot pressing at 2 000, 2 500, 3 000
and 3500 kg for 8 h at 90 C, followed by conditioning
at 23 C and a relative humidity of 50% before
characterization.
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Fig. 1 Preparation of ACCs by PD of wood pulp in aqueous H;PO,
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1.3 Characterizations

1.3.1 Structural analysis
An FTIR spectrophotometer ( Spectrum Two,
PERKIN-ELMER, USA ) was used to measure the
structure of ACCs. The measurements were conducted to
acquire all spectra within a range of 400—4000 cm™' at a
resolution of 2 cm™.
1.3.2 Elemental distribution
Elemental distribution mapping of the ACCs by
energy dispersive X-ray spectroscopy ( EDS ) was
conducted by using a scanning electron microscope
(SU8010, Hitachi, Japan). The accelerating voltage was
set at 15 kV.
1.3.3 Micromorphological analysis
The surface and cross-section of the ACCs were
examined with a scanning electron microscope ( TM3030,
Hitachi, Japan). The cross-sectional morphology was
seen after breaking the sample in liquid nitrogen. The
cross-section and surface of the sample were covered with
a thin layer of gold before inspection. The accelerating
voltage was set at 15 kV.
1.3.4 Crystallinity analysis
An X-ray diffractometer ( DX-2700BH, Haoyuan,
China) was used to gather the XRD patterns of the
composites. Each sample was levelled and placed in the
sample holder to provide consistent exposure to a
monochromatic Cu-Ka radiation (A =1.5419 x 107’ m,
40 kV, 40 mA) at room temperature.
The crystallinity of ACCs immersed in aqueous
H,PO, is
A(',
"_(A“+Aa) x 100% , (1)
where A_ is the area of the amorphous peak; A, is the area
of the crystalline peak; X_is the crystallinity.
The crystallite size of the XRD data was calculated
by using Scherrer’ s equation;
D= kA, ’
Bcos 0
where D is the crystallite size; A, is a constant, and A, =

X

(2)

1.5418 x 107 m; B represents the corrected integral
width; k is the Scherrer’ s constant, which is 0.94; 0 is
the Bragg angle.
1.3.5 Thermogravimetric (TG) analysis

TG analysis of the ACCs was carried out by using a
TG 209 F3 analyzer ( NETZSCH, Germany). It was
conducted over a temperature range of 30-900 C in a
nitrogen atmosphere at a heating rate of 10 C/min. The
derivative TG (DTG) data was used to calculate the mass
loss rate.
1.3. 6 Mechanical properties

The mechanical properties of ACCs were measured
according to the GB/T 1040. 3—2006 standard. A 500 N
load cell-equipped UH6502 universal testing machine (UH
Measurement & Control, China) was used to record the

mechanical parameters of the manufactured ACCs at room
temperature and an extension rate of 5 mm/min. Each
sample’ s dimensions were 5 mm in width and 100 mm in
length, with a 20 mm gap between each pair of clips.
Every sample was measured at 50% relative humidity and
25 C. The ACCs’ elongation at break, tensile strength
and elastic modulus were measured. Five measurements
were taken, and the average result was noted.

1.3.7 Water contact angle (WCA)

The WCA of ACCs was measured by using a T200
contact angle meter ( Theta, Finland ). For testing,
double-sided adhesive tapes were used to secure the ACCs
on a glass slide. The WCA was measured with the help
of 10 nL of deionized water drops.

1.3.8 Air permeability

The air permeabilities of ACC films were determined
by using a YG461E air permeability tester ( Wenzhou
Fangyuan Instrument Co., China). The GB/T 5453—
1997 standard was followed in the preparation of the
samples. Every sample was measured at a 65% relative
humidity and 25 C. Three measurements were taken,
and the average result was noted.

2 Results and Discussion

2.1 Effect of dissolution conditions

The effect of dissolution temperature and dissolution
time on the properties of ACCs were investigated.
2.1.1 Effect of dissolution temperature

Figure 2 (a) shows the FTIR spectra of ACCs
prepared at different dissolution temperatures. The
ACCs prepared at dissolution temperatures of 25, 0 and
—18 T are denoted as ACC-25, ACC-0 and ACC-N18,
respectively. The composites are mainly comparable to
the untreated ACC, suggesting that the basic structure
has been retained. The stretching vibration of O—H,
and the characteristic cellulose peaks in a range of
2 990-3 660 cm™" are present in the original cellulose.
The O—H stretching vibration (3 335 cm™ ) shifts to a
higher wavenumber (3 383 -3391 cm™) in the FTIR
spectrum of ACCs. The decrease in the overall strength
of hydrogen bonds between hydroxyl groups is the cause
of this shift. In ACCs prepared at different dissolution
temperatures, the absorption band at 1430 cm™',
associated with the —CH, shear motion, is weakened and
moves to a lower wavenumber (1 423 —1427 cm™),
indicating the change from cellulose [ to cellulose
Il "'***". Additionally, the disappearance of the band
at 1 105 cm™ also indicates that cellulose I is
converted into cellulose II "*'**'. Generally, the
dissolution process is non-derivative, and the chemical
constitution of the dissolved cellulose remains
unchanged. Therefore, the obtained composites are
truly “all-cellulose” , as confirmed by the absence of a
phosphorous peak in the EDS plot shown in
Fig. 2(b).
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Fig.2 Spectroscopic analysis of ACCs: (a) FTIR spectra of ACCs prepared at different dissolution temperatures; (b) EDS analysis of a

representative ACC

Figure 3 (a) shows the XRD patterns of ACCs
prepared at different dissolution temperatures. The
dissolution time was 60 min. Non-crystalline scattering in
ACCs increases with the decrease of dissolution
temperature, suggesting wood pulp is being dissolved,
forming more non-crystalline regions in the matrix phase.
The crystalline structure of cellulose I is represented by
peaks at 15.9° and 22.6°. However, large peaks at 26 of
15.9° and 22. 6° persist in all the XRD patterns of ACCs,
indicating the presence of undissolved cellulose. As shown
in Fig. 3, at a constant dissolution time of 60 min, the
intensity of crystalline peaks decreases steadily with
decreasing dissolution temperature. As the dissolution

temperature is decreased from 25 to —18 C, the degree of
crystallinity decreases from 76% to 72%, suggesting
enhanced dissolution rates at lower temperatures. The
crystallite size of ACCs is, in general, lower than that of
the untreated ACC and also shows a positive correlation
with dissolution temperature, where it is 2.5 nm for the
ACC prepared at 25 C and 2.2 nm for the ACC prepared
at =18 C. Lower dissolution temperature results in more
matrix phases in each composite layer and progressively
decreases the undissolved fibers. Further studies were
conducted at a dissolution temperature of —18 C, which
was fast for cellulose dissolution and the formation of a
sufficient matrix.
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Fig.3 Crystallinity analysis of ACCs prepared at different dissolution temperatures; (a) XRD patterns; (b) degrees of crystallinity ;

(c) crystallite sizes

2.1.2 Effect of dissolution time

Figure 4 shows the SEM images of ACCs at
dissolution time between 0 and 60 min. The original sheet
of wood pulp has a porous and open structure. For the
untreated wood pulp, the fibers are pulled out. Since the
matrix is insufficient to bind all nearby fibers, some
pulled-out fiber layers can also be seen from ACCs
prepared at a dissolution time of 15 min. Some voids
between the fibers are still visible. After a dissolution
time of 15 min, the matrix is formed from the outer
sections of the fibers, binding neighbouring fibers together.

After dissolution for 30 min, the failure mode shifts from
fiber layer pullout to fiber breakage, demonstrating improved
mechanical properties due to the fibers’ improved interaction
with the cellulose matrix®'. When the dissolution time is
extended to 45 min, the matrix volume increases as the
amount of voids and undissolved fibers in the composites is
notably reduced, indicating enhanced interaction of the two
phases in ACCs. As a result, beyond 45 min of dissolution
time, the fibrous structure transforms into a denser and
more tightly bound structure. When the dissolution time
is extended to 60 min, the fiber size is reduced, and
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thicker matrix layers between the undissolved fiber cores
are created'™’. Cellulose fibers in dense cellulose mats

with a low porosity and a high interfiber contact exhibit
[25-26]

visible breaking .

Fig. 4 Micromorphological analysis of ACCs prepared at —18 C and different dissolution time: (a) SEM images of surface;

(b) SEM images of cross section

Figure 5 ( a) displays the XRD patterns of ACCs
prepared at different dissolution time. The cellulose
fibers undergo a progressive rise in dissolution as the
dissolution  time  increases, resulting in  the
transformation of the fibers into non-crystalline regions
in the composite. The degrees of crystallinity and
crystallite sizes of ACCs prepared at different dissolution
time of 15, 30, 45 and 60 min are shown in Figs. 5(b)
and 5(c). The intensity of the crystalline peaks in
ACCs reduces as the dissolution time increases. After
dissolution for 15 min, the ACC exhibits a lower degree
of crystallinity of 79% , in comparison to the original
wood pulp, which has a degree of crystallinity of 83%.

The degree of crystallinity of the ACC is reduced to
77% after dissolution for 30 min. The degrees of
crystallinity are 75% and 72% after dissolution for 45
and 60 min, respectively. The crystallite size of the
original wood pulp is 2. 8 nm, and after dissolution for
15 min, the crystallite size of the ACC is 2.7 nm.
After dissolution for 15 and 30 min, the crystallite
sizes decrease to 2. 5 and 2. 4 nm, respectively. After
dissolution for 60 min, a minimum of 2.2 nm is
observed. As suggested by the SEM images in Fig. 4,
the reduction in the degree of crystallinity is
accompanied by a decrease in fiber diameter and

growth of the matrix phase''’.
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Fig.5 Crystallinity analysis of ACCs prepared at —18 C and different dissolution time: (a) XRD patterns; (b) degrees of

crystallinity; (c) crystallite sizes

The degree of crystallinity decreases with the
dissolution time for ACCs. The cellulose fibers
experience a disruption of their intermolecular bonds,
which are responsible for maintaining the crystalline

structure. As the dissolution time increases, this
disruption becomes more pronounced, leading to a
progressive dissolution of crystalline regions into

amorphous or non-crystalline regions. The cellulose
molecules are reorganized in a less ordered manner
without forming new derivatives, which reduces the

11, 24, 27

degree of crystallinity' ', Partially dissolved cellulose
contains both cellulose I and cellulose II crystalline
structures'” *®' . XRD analysis further supports this
transformation by showing a decrease in the peak intensity,
which is one of the key indicators of the cellulose I to
cellulose II transformation'*™'. While the peak positions
typical of cellulose I remain largely unchanged, the reduced
intensity points to a transformation process where the
cellulose structure is becoming more disordered, involving a
coexistence of cellulose [ and cellulose I phases™’.
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Figure 6 shows the impact of the dissolution time on
the mechanical properties of ACCs. The wood pulp has
an elastic modulus of 0.7 GPa and a tensile strength of
16.0 MPa. The findings demonstrate that as the
dissolution time reaches 15 min, the tensile strength of
ACCs increases from 16.0 to 21.4 MPa. After
dissolution for 15 min, the elongation at break and elastic
modulus are 10. 1% and 0.9 GPa, respectively. As the
dissolution time increases to 45 min, the tensile strength
and elastic modulus increase to 32. 3 MPa and 1.3 GPa,
respectively. The mechanical properties of ACCs exhibit
a progressive increase with dissolution time of less than
45 min compared to the wood pulp. This implies that the
treatment successfully enhances ACCs’ mechanical
properties. Beyond 45 min, despite a continual increase
in the elongation at break, the tensile strength and elastic

modulus fall back to 25.7 MPa and 1.1 GPa,
respectively. The initial enhancement in mechanical
properties of ACCs with dissolution time could be
attributed to the ACCs’ improved reinforcement-matrix
bonding and the cellulose matrix’ s adequate capacity to
fill the spaces between the fibers'™ . With prolonged
dissolution time to 60 min, over-dissolution of the
cellulose leads to a severe reduction of the reinforcement
phase'®’ , leading to inferior tensile properties. The
reinforcement phase of the cellulose fibers maintains a
degree of structural integrity within the composite,
allowing for effective stress transfer from the matrix to
the fibers. Therefore, 45 min is the optimal dissolution
time that gives the high mechanical properties due to
sufficient matrix formation that allows enough stress
transfer.
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Fig. 6 Effect of dissolution time on mechanical properties of ACCs: (a) tensile strength; (b) elongation at break; (c¢) elastic modulus

The SEM study confirms the mechanical results,
indicating that the tensile strength is higher when the
dissolution time 1is 45 min. However, when the
dissolution time is increased to 60 min, the tensile
strength and the elastic modulus decrease. This is caused
by the ineffective transmission of stress from the matrix to
the reinforcement, resulting from the excessive quantity
of matrix material formed. It is important to note that in
these composites, the process of stress transfer from the
matrix to the reinforcement is crucial, and the main
mechanism controlling the mechanical properties of the
cellulose mats is the binding between fibers *™* .

2.2 Effect of coagulation bath

Figure 7(a) shows the O—H stretching vibration of
ACCs prepared at —18 C and a dissolution time of 45 min
in aqueous H,PO, and coagulated with three different
coagulation baths ( aqueous EtOH solutions with EtOH
mass fractions of 0, 50% and 100% , denoted as ACC-EO,
ACC-E50 and ACC-E100, respectively) followed by hot
pressing at a load of 3000 kg. A clear change in the FTIR
spectra of ACCs is the shift of the O—H stretching
vibration caused by an increase in the total number of
hydrogen bonds between hydroxyl groups. The —OH
stretching vibration peak of the 50% EtOH solution

exhibits the highest shift to the lower wavenumber of
3368 cm™'. This suggests that the 50% EtOH solution
generates the strongest hydrogen bonding interactions
between cellulose chains, leading to the most ordered
composite. Furthermore, it supports the optimal mass ratio
of EtOH to water is 50 :50. In contrast, the ACC prepared
by using a 100% EtOH coagulation bath shows a smaller
shift to a lower wavenumber of 3387 cm™'. This higher
wavenumber compared to the 50% EtOH solution
indicates reduced hydrogen bonding interactions and a less
ordered structure in a pure ethanol coagulation bath.

Figures 7 (b) — 7 (d) show the effect of the
coagulation bath on the mechanical properties of ACCs.
The result of evaluating the mechanical properties of
ACCs aligns with the findings of the FTIR spectra. The
maximum tensile strength of 49. 3 MPa is achieved when
the mass fraction of EtOH is 50%. As the mass fraction
of EtOH is further increased to 100 %, the tensile
strength decreases significantly. The situation is the same
for elongation at break and elastic modulus. Therefore, a
mass fraction of 50% EtOH coagulation bath is chosen.
The tensile strength of fully dissolved cellulose film is
40. 4 MPa, which is lower than that of the ACC made
from a 50% EtOH coagulation bath.
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Fig. 7 Effect of coagulation bath on ACCs: (a) FTIR spectra; (b)

2.3 Effect of post-coagulating pressing
2.3.1 Effect on thermal properties

Figure 8 (a) shows the thermal behavior of ACCs
prepared at —18 C and a dissolution time of 45 min in
aqueous H,PO, and hot-pressed at different pressing
loads. The degradation process can be observed in three
distinct stages. Both untreated wood pulp and ACCs have
the first mass loss at about 100 C due to the release of
absorbed water ™ . The second stage, which takes place
at temperatures ranging from 275 to 385 C, is
responsible for the degradation process of the composites.
Strong interfacial bonding can improve heat transfer and
thermal stability'"*"'. As pressing loads increase, the
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thermal stability of ACCs increases because higher loads
can lead to a more compact and denser microstructure.
This densification can enhance thermal stability as the
material can withstand higher temperatures before
decomposing. The third stage is characterized by the
formation of charred residues, which takes place in a
temperature range of 385 to 800 C. The DTG analysis
(Fig. 8(b) ) shows that all ACCs decompose at a slightly
lower temperature compared with the untreated wood
pulp, while increased pressing load leads to a notable
increase in the decomposition temperature, likely due to
densification and enhanced interfacial binding at higher
pressing loads.

— Untreated
— 3500 kg
— 3000 kg
—2000 kg
200 300 400 500

Temperature/‘C

Fig. 8 Effect of pressing load on thermal properties of ACCs: (a) TG analysis curves; (b) DTG analysis curves

2.3.2 Effect on mechanical properties
Figure 9 shows the impact of post-coagulating

pressing on the mechanical properties of ACCs
prepared at —18 C and a dissolution time of 45 min in
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aqueous H,PO, and hot pressed at different pressing
loads. Higher loads can lead to a more compact and
dense microstructure. With increasing pressing load,
the mechanical properties of ACCs improved,
indicating good interfacial adhesion and a decrease in
stress concentrations and gaps that can lead to crack
formation. The ACC prepared at a pressing load of
3000 kg has a tensile strength and an elongation at
break of 44.4 MPa and 14. 4%, respectively. At a
pressing load of 3 500 kg, the tensile strength and
elongation at break drop significantly to 31. 4 MPa and

50

11. 8%, respectively, while elastic modulus remains
mostly unchanged. Higher pressing loads generally
enhance the densification of ACCs. When the pressing
load increases beyond an optimal point, the cellulose
fibers become overly compacted. This excessive load
leads to a detrimental effect, causing excessive
compaction that disrupts the interfacial bonding within
the composite, reduces the effective stress transfer,
and ultimately leads to low tensile strength. Therefore,
3000 kg is the optimal hot pressing load with high
mechanical properties.
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Fig.9 Effect of pressing load on mechanical properties of ACCs: (a) tensile strength; (b) elongation at break; (c) elastic modulus

The mechanical properties of ACCs prepared by
using the optimized conditions are compared with those
previously reported in the literature in Table 1. The

results show that ACCs prepared utilizing H,PO,
compared favorably with those prepared by other methods
in terms of the tensile strength and elongation at break.

Table 1 Mechanical properties of ACCs previously reported and prepared in this work

Solvent Type of cellulose Tensile Elastic Elongation Dissolution Ref.
strength/MPa modulus/GPa  at break/% method

NaOH/urea Bleached pine pulp 39.4 3.8 4.0 PD [23]
LiCl/DMAc Pineapple leaf microfiber 42.8 1.2 27 PD [19]
ZnCl, Bleached pine pulp 53.9 4.7 3.6 PD [38]
NaOH/urea Softwood wood pulp 52.4 5.8 1.8 PD [39]
LiCl/DMAc Oil palm empty fruit bunches pulp 35.78 2.63 19.22 PD [20]
NaOH/urea/H,0 Bleached kraft bagasse pulp 10 0.5 6 PD [30]
BzMe,NOH Bleached softwood pulp 38 6.3 6.4x107° PD [40]
H,PO, Wood pulp 40.4 3.1 5.4 Full dissolution This work
H,PO, Wood pulp 49.3 1.6 15.5 PD This work

2.4 Application properties of ACCs toward

packaging material

Figure 10 (a) shows how the resistance to air
permeation is improved in ACCs prepared at —18 C and
a dissolution time of 45 min in aqueous H,PO, and hot
pressed at different pressing loads. The untreated wood
pulp (pressing load of 0) has the highest air permeability
value of 5.6 mm/s, and it is reduced to 1.1 mm/s at
the maximum pressing load of 3500 kg. The reduction in
macro pores resulting from the formation of a continuous
cellulose II matrix phase is responsible for the observed
decrease in air permeability. Generally, a higher pressing
load is favourable to the formation of densely packed

composites that are good at retarding the air permeability.

As shown in Fig. 10(b), the surface of ACCs becomes
less hydrophilic as the pressing load increases. Initially,
the untreated wood pulp shows a low WCA of 56. 7° due
to its loose structure and the intrinsic hydrophilicity of
cellulose ™', while the WCAs for all ACCs tested are
above 80.0° and show an increasing trend with the
pressing load. The observed trend can be understood
similarly to the air barrier property, which improves due
to the formation of a compact and dense matrix-fiber
complex. The maximum WCA of 110. 3° is achieved by
using a high pressing load of 3 500 kg, which is notably
higher than the values of ACC films previously reported
by Pang et al. (54°)'" and Han et al. (55°)",
showing good potential to be used in packaging.
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Fig. 10  Effect of pressing load on packaging related performance of ACCs: (a)air permeability; (b) surface hydrophobicity

3 Conclusions

This study explored the preparation and
characterization of ACCs by utilizing cryogenic aqueous
H,PO, as a solvent. Fast and controllable dissolution of
cellulose in aqueous H,PO, at lower temperatures was
achieved without chemical modification of the cellulose
structure. Morphological analysis showed the significant
impact of different dissolution time on the formation of
the cellulose matrix and fiber interaction, and a
dissolution time of 45 min was shown to yield the best
matrix-to-filler ratio. The ACC prepared at a pressing
load of 3000 kg and coagulated with 50% EtOH solution
showed the highest tensile strength of 49.3 MPa and
elastic modulus of 1. 6 GPa. As pressing loads increased,
the thermal stability of ACCs increased because higher
pressing loads could lead to a more compact and dense
microstructure. The ACC obtained at a pressing load of
3500 kg demonstrated the lowest air permeability of
1.1 mm/s and the highest WCA of 110.3°, showing
great potential to be used as packaging materials. The
study underlines the influence of the dissolution
temperature, dissolution time, pressing load and EtOH
mass fraction on the properties of ACCs, contributing to
the advancement of cellulose-based materials for
packaging applications.
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