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Nanofibrillated cellulose (NFC) isolated from TEMPO-oxidized rice straw was used to improve thermal and tensile strength
properties of acrylate polymer films. Acrylate/NFC mixture containing 15% NFC was used for paper coating, and properties of
paper sheets including tensile strength, water absorption, and microscopic structure were investigated. The results showed that
the presence of NFC in the acrylate matrix significantly improved tensile strength properties and thermomechanical properties
of the acrylate polymer and caused moderate increase in its moisture sorption. The presence of NFC in acrylate emulsion caused
significant increase in its viscosity. Paper sheets coated with different thin layers (from 0.2 to 6 microns) of acrylate/NFC
showed improvement in tensile strength and decrease of water absorption.

1. Introduction

Acrylate polymers are type of polymers which could be
referred to plastics and commonly known as acrylics or poly-
acrylates. They are characterized by transparency and elastic-
ity. Acrylates are widely used for many applications, as in
cosmetics, adhesives, textile, paints, and as cement modifiers.
Among their applications also is their use in paper coatings
as sizing and waterproof agents to reduce water absorption
of paper sheets [1, 2]. However, acrylate polymers suffer from
some drawbacks such as low mechanical properties at ambi-
ent or high temperatures, especially above their glass transi-
tion temperature. This limits their application in coating
and printing. To overcome these drawbacks, modifications
to acrylates have been investigated before their applications.
For example, psyllium-g-poly(acrylic acid-co-sodium acry-
late)/cloisite 10A semi-IPN nanocomposite hydrogel was
prepared by grafting of poly(acrylic acid-co-sodium acrylate)
onto psyllium backbone. The prepared nanocomposite
hydrogel exhibited biocompatible, tough, and elastomeric
soft biomaterial for controlled release of drug molecules.

[3]. Also, for the same application, grafted polymethacrylic
acid onto sodium alginate and the prepared hydrogel pos-
sess biodegradability, noncytotoxicity toughness, rubber-
like elasticity, and suitability for responsive controlled
release vector [4].

In the acrylic bone cement preparations, acrylate
copolymers composed of methyl methacrylate and acrylic
acid were blended with corn starch/cellulose acetate in the
presence of hydroxylapatite as filler. This modification
improved mechanical properties and also promoted the
ingrowth of new bone, leading to the complete healing
around the fixed (cemented) implant when biodegradation
process occurs [5].

The use of NFC with polyacrylates is not widely studied.
For example, cellulose nanofibers and bacterial cellulose were
used with polyacrylic acid (PAA) in nanocomposites for
electrodes and supercapacitor applications [6]. Also, poly-
acrylic acid modified with tetraaminophthalocyanine copper
(CuTaPc) was deposited on the surface of nanofibrous cellu-
lose by using layer-by-layer (LBL) technique, producing
nanocomposites that can be used as a catalyst or as a sensor
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[7]. Aerogel prepared from NFC and modified with PVA and
PAA produced new material capable of removing E. coli bac-
teria from water [8]. Recently, cellulose nanofibers were also
used with acrylate polymer for making membranes for heavy
metal ion removal, especially cadmium, from impaired
waters [9] and for removal of pyrene from water [10]. The
reinforcing effect of three types of NFC (mechanically
prepared NFC, TEMPO-oxidized, and enzymatically pre-
treatment NFC) as a filler material in polysodium acrylate
superabsorbents was studied; it was found that NFC and
enzymatically isolated NFC were more effective than
TEMPO NFC as a filler material [11]. NFC also showed rein-
forcing effect when mixed with different types of acrylates for
wood coating before and after aging [12, 13]. NFC was graft-
copolymerized with acrylic monomers (glycidyl methacry-
late, ethyl acrylate, methyl methacrylate, butyl acrylate, and
2-hydroxyethyl methacrylate) to impart its hydrophobic
character and improve its heat resistance [14]. Besides the
previous applications of acrylates with NFC, a biodegradable
bone cement was prepared by free radical polymerization of
solid and liquid phases; the solid phase was corn starch/cellu-
lose acetate blends and the liquid phase was methyl methac-
rylate and acrylic acid in the presence of hydroxyapatite to
confer a bone-bonding character to the bone cements. The
results showed that the prepared composite can be used
as self-curing bone cements and exhibited several advan-
tages with respect to other commercially available bone
cements [5]. The addition of surface-initiated cellulose
nanocrystals to the poly(MMA-co-BA) lead to the increase
of tensile strength by about 100% compared to the linear
P(MMA-co-BA) [15].

In the current work, NFC was isolated from rice straw
and used as reinforcing elements in acrylate matrix to
improve its mechanical and thermomechanical properties
to be used in paper coating applications. At first, films casted
from acrylate/NFC containing different ratios of NFC (2.5
to 20wt%) were evaluated regarding their tensile strength
properties, thermomechanical properties, moisture sorp-
tion, water vapor permeability, and microscopic structure.
In addition, the viscosity of acrylate emulsion/NFC
mixtures was studied.

2. Material and Methods

2.1. Preparation of Nanofibrillated Cellulose (NFC). Nanofi-
brillated cellulose was prepared from bleached rice straw
pulp according to the previously published methods [16,
17]. Rice straw pulp (3 g) was dispersed in distilled water
(400ml) with TEMPO (0.048 g, 0.3mmol) and sodium bro-
mide (0.48 g, 4.8mmol). Then, 30ml of sodium hypochlorite
solution was then added with stirring and the pH was
adjusted to 10. At the end of reaction, the pH is adjusted to
7 and the product was centrifuged at 5000 rpm. The product
was further purified by repeated water addition, dispersion,
and centrifugation. Finally, the product was purified by dial-
ysis against water.

To obtain nanofibers, oxidized pulp was first disinte-
grated by a high-shear homogenizer (CAT Unidrive 1000)
at 5000 rpm using pulp suspensions of 2% consistency.

Carboxylic groups’ content of NFC was determined accord-
ing to TAPPI Test Method T237cm-98 and found to be
0.31mmol/g.

Commercial acrylate latex was used, Acril 33 (copoly-
mer of acrylic acid, methacrylate), 46% and viscosity
1500–3000mPa.s.

2.2. Preparation of Acrylate/NFC Nanocomposites. Nanofi-
brillated cellulose (NFC) suspension in water (1% wt %)
was added to 48% aqueous emulsion of acrylate resin. A
series containing acylate/NFC (2.5 to 20wt% based on oven
dry weight of acrylate) were prepared and poured into petri
dishes and dried in an oven at 40°C for 24 hours.

2.3. Characterization of Acrylate/NFC Nanocomposites. The
characterization of the prepared acrylate/NFC films regard-
ing tensile strength, dynamic mechanical thermal analysis,
scanning electron microscopy, and water vapor permeability
was carried out as mentioned. Equilibrium moisture content
was determined by keeping the samples in a closed desecrator
at 98% relative humidity using sodium sulfate saturated
solution for different lengths of time, and the increase in
weight was recorded.

Tensile tests were carried out with a Lloyd instrument
(Lloyd Instruments, West Sussex, United Kingdom) with a
100N load cell. The measurements were performed on strips
with 1 cm width and 8 cm length at a crosshead speed of
2mm/min at 25°C. Five replicates of each samples were
measured and the results averaged.

Static WVP of films was determined according to the
ASTM standard (ASTM Standards, 1995).

2.4. Coating of Paper Sheets and Their Testing. The coating of
commercial writing and printing paper sheets and their test-
ing regarding tensile strength and water absorption were car-
ried out.

Paper sheets were coated manually with acrylate/NFC
emulsion using coating bar having a gap clearance of 30–
120 microns.

Tensile strength testing of coated paper sheets (for
machine and cross directions) was carried out according to
TAPPI T494-06 standard method using a universal testing
machine (LR10K; Lloyd Instruments, Fareham, UK) with a
100N load cell at a constant crosshead speed of 2mm/min.
Strips of 20 cm long and 15mm width were used in the test
and the span was 10 cm.

Water absorption test of paper sheets was carried out
according to ISO 535 method (known as Cobb method).
The test determines the quantity of water that can be
absorbed by the surface of paper sheets in a given time.

3. Results and Discussion

NFC with a width of about 4-5 nm and several microns in
length was isolated from rice straw [18]. Since the aim of
the current work was to evaluate the use of NFC/acrylate
for paper coating applications, acrylate nanocomposite films
containing different ratios of NFC (2.5 to 20wt%) were first
prepared and their properties were evaluated to choose a
suitable sample for paper coating. The properties evaluated
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were tensile strength properties, thermomechanical proper-
ties, moisture sorption, water vapor permeability, and micro-
scopic structure.

3.1. Properties of Acrylate/NFC Nanocomposite Films. SEM
images of acrylate and acrylate/NFC nanocomposite films
are shown in Figure 1. As shown in the figure, neat acrylate
surface appeared cracked; this could be due to the low glass
transition temperature of the polymer; during drying at
45°C, it softened, and upon cooling, the surface became not
smooth and shrunk. The addition of NFC to acrylate resulted
in film with crack-free and smoother surface.

3.1.1. Mechanical Properties. Regarding the effect of NFC on
tensile strength properties of acrylate films, the addition of
NFC to acrylate polymer resulted in the improvement of its
tensile strength and tensile modulus up to about 450% and
657%, respectively. This could be due to the strength of the
nanofibers in addition to possible covalent crosslinks
between NFC and acrylate polymers [19].

On the other hand, there was a decrease in strain at break
or at maximum load, especially at NFC loading of >5%
(Figure 2). The outstanding reinforcing effect of NFC in poly-
mer matrices is explained mainly by entanglements of the
nanofibers in the matrix [20] and formation of continuous
network within the polymer matrix above critical threshold.
The percentage increase in tensile strength ranged from
38% to 450% on adding 2.5% to 20% of NFC, respectively,
while percentage increase in Young’s modulus ranged from
10% to 657% on adding 2.5% to 20% of NFC, respectively.
On the other hand, percentage decrease in strain at

maximum load was high and ranged from 14% to 91.5% on
adding 2.5% to 20% of NFC, respectively.

3.1.2. Dynamic Mechanical Thermal Analysis (DMTA). To
study the reinforcing effect of NFC below and above glass
transition temperatures of the acrylate polymer, DMTA was
carried out at temperature range from −100 to 150°C.
Figure 3 shows DMTA curves of acrylate/NFC nanocompos-
ite films. As shown from storage modulus curves, the pres-
ence of NFC resulted in increasing stiffness of acrylate
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Figure 2: Tensile strength properties of acrylate/NFC
nanocomposite films.

(a)

(b)

Figure 1: SEM of acrylate film (a) and acrylate/NFC containing
15% NFC.
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below and above Tg of the polymer even at the lowest NFC
loading used (2.5%). The storage modulus curve of acrylate
polymer showed a drop in storage modulus which started
at about −5°C, as a result of approaching α-relaxation associ-
ated with motion of long chain of acrylate polymer at its glass
transition temperature. The presence of NFC clearly rein-
forces the acrylate polymer at its rubbery stage as it is clear
from the significant increase in storage modulus, which
increased as the content of NFC increased. The drop in stor-
age modulus of neat acrylate as a result of transformation
from glassy state to rubbery state was extremely high
(6300%) while that drop was 500%, 259%, 247%, and 46%
in the case of acrylate/NFC nanocomposites containing 2.5,
5, 10, and 20% of NFC, respectively. These values clearly
indicate the reinforcing effect of NFC on the acrylate matrix
and mean that NFC can support tensile strength of the
polymer when it is soft by the action of temperature. In
accordance with storage modulus curves, Tan delta curves
showed peaks corresponding to the α-relaxation and
transformation from the glassy state to the rubbery state of
acrylate polymer. Although there was no significant change
in the peak value of the tan delta curve of neat acrylate poly-
mer as a result of the addition of NFC (peak temperatures
34–28°C), the magnitude of the peak was greatly influenced
by the amount of NFC. The decrease in Tan delta values as

a result of increasing NFC content means less energy dissipa-
tion at the rubbery stage of the polymer. Due to the nanosize
diameter of NFC, their high dispersion and strong interac-
tion with the polymer, the formation of immobilized polymer
layer around NFC is expected to occur and thus restricts
motion of polymer chains and causes decrease in damping
factor [20]. For the neat polymer sample at temperature
above 100°C, the polymer became very soft, and when
subjected to stress during the test, the curve became very
noisy due to the loss of mechanical strength. The DMTA
results obtained in the current work are in close agree-
ment with previous work on the use of NFC with
styrene-co-acrylate latex [20].

3.1.3. Moisture Sorption of Acrylate/NFC Nanocomposite
Films. Moisture sorption is an important property of films
used in different applications. It could affect the mechanical
properties of films and products packed by these films.
Figure 4 shows moisture sorption of acrylate/NFC nanocom-
posite films conditioned at 98% relative humidity and 25°C
for six weeks. As shown in the figure, neat acrylate film is
characterized by relatively moderate moisture sorption. After
one week, the moisture content of acrylate film was about 6%.
The addition of NFC to acrylate resulted in increasing mois-
ture sorption of the films. However, for films containing up
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Figure 3: DMTA of acrylate/NFC nanocomposite films.
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to 10% NFC, the rate of moisture sorption was higher than
that of acrylate film, but after one week, the moisture content
of films (~6.1–7.8%) was close to that of neat acrylate film.
For acrylate/NFC films containing 15–20% NFC, moisture
sorption was higher than other samples. The rate of moisture
sorption for film containing 20% NFC was higher than that
containing 15% NFC, but after one week, the moisture sorp-
tion of both of them was close to each other (~6–8%). The
higher moisture content of films containing NFC is due to
the higher hydrophilic nature of NFC. After 8 weeks, equilib-
rium moisture content of neat acrylate film was 10.2% while
acryl/NFC composite films had equilibrium moisture con-
tent from 11 to 13.5%. The obtained results showed that in
spite of the high hydrophilic character of NFC, they were
homogenously distributed within the acrylate polymer
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matrix and moderate moisture sorption took place at the
high relative humidity used in the test.

3.1.4. Water Vapor Permeability of Acrylate/NFC Films.
Water vapor permeability is an important property in appli-
cations related to packaging. The presence of cellulose nano-
materials (cellulose nanocrystals or cellulose nanofibers) in
polymeric matrices can affect the water vapor permeability
of these polymers. The expected role of cellulosic nanomater-
ials in polymer matrices is that they make the movement of
water vapor across polymer film more torturous due to their
fibrous nature and high crystallinity and thus decrease the
rate of permeability. However, this was found to be depen-
dent on the relative hydrophility of cellulosic nanomaterials
to the polymer matrix. For example, in case of using cellulose
nanofibers with chitosan [21], hydroxypropyl and carboxy-
methyl guar [22], and gelatin [23], a decrease in WVP of
the polymer matrices was noticed, while in case of using

cellulose nanofibers with polylactic acid [24], an increase in
WVP was recorded.

In the current work, water vapor permeability of acrylate/
NFC nanocomposite films was studied and the results are
presented in Figure 5. The presence of NFC in the acrylate
polymer matrix resulted in significant decrease in its WVP
even at low NFC loading. But it was noticed that there was
a tendency for increasing WVP at NFC loading> 10%
although it remained lower than that of neat acrylate films.
The decrease in WVP ranged from about 32% to 48% on
increasing NFC from 2.5 to 10% with the lowest values at
5–10%. The tendency of WVP to increase at 15–20% NFC
could be due to the high hydrophilic nature of NFC but still
far from the WVP of neat acrylate film.

3.2. Coating of Paper Sheets with Acrylate/NFC Suspension

3.2.1. Viscosity of Acrylate/NFC Suspension. The viscosity of
aqueous polymer emulsion is an important factor in paper

(a) (b)

(c) (d)

(e)

Figure 8: SEM images of paper sheets coated with neat acrylate (a) acrylate/15%NFC using 30 (b), 60 (c), 90 (d), and 120-micron (e) gap bar.
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coating applications since suitable viscosity ensures ease and
uniform application of a thin layer of polymer as well as the
penetration of polymer into the surface of coated layer. If
the viscosity of polymer is very low, it cannot be applied as
a continuous thin film and high water content affects ease
of drying and strength of the paper after drying. On the other
hand, highly viscous polymers may reduce the penetration of
polymer between fibers of paper and thus do not improve
strength properties of paper sheets. In the current work,
NFC aqueous suspension in water (2wt%) was added to

acrylate emulsion in ratios from 2.5 to 20wt% (based on solid
content of acrylate), and the viscosity of the mixtures at dif-
ferent shear rates was measured (Figure 6(a)). It was noted
that although water content of the added NFC was high
and resulted in dilution of acrylate emulsion, there was no
noticeable decrease in the viscosity of the mixture on increas-
ing the amount of NFC suspension added. The figure also
shows that at low shear rate (50min−1), the viscosity of neat
acrylate emulsion was close to the different acrylate/NFC
emulsion compositions, while on increasing shear rate the
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viscosity of acrylate/NFC mixtures was lower than that of
neat acrylate emulsion. The obtained results indicate high
dispersion of NFC in the mixture and strong interaction with
the acrylate polymer. In addition, high affinity of NFC to
water and formation of gel can cause an increase in viscosity
of the mixture in water. Furthermore, the formation of NFC
network within acrylate chains can also cause an increase in
the viscosity of the mixture regarding the viscosity of acrylate
solution without NFC. To confirm these different assump-
tions, the same amount of water present in NFC suspension
was added alone to the acrylate emulsion and the viscosity
was measured. As it is clear from Figure 6(b), the viscosity
of acrylate emulsion is largely decreased as a result of the
addition of water even at the lowest amount of water added.

3.2.2. Properties of Coated Paper Sheets with Acrylate/NFC
Films. In the following part of work, the acrylate/NFC emul-
sion containing 15% of NFC was used for coating commer-
cial writing and printing paper sheets using coating bar
with a gap clearance of 30–120 microns. It was noticed that
the coating operation was easy without dripping and with
uniform thickness. Figure 7 shows SEM of paper sheets
coated with 120-micron clearance gap. As shown in the fig-
ure, homogenous film could be coated onto the paper surface
although the small thickness applied. It should be pointed out
that the uncoated part at the paper surface was deliberately
made to show the homogeneity of coating.

In order to know the thickness of coating layer applied
and penetration of coating layer into the paper surface, a
cross section of coated paper sheets using different clearance
gaps (30–120 microns) was investigated using scanning elec-
tron microscopy (Figure 8). For comparison, the coating of
paper sheet with the as-received acrylic emulsion (~49wt%)
was carried out using a 30-micron clearance gap. Indeed, it
was not possible to use acrylate emulsion diluted with the
same amount of water present in the 15% NFC suspension
since the viscosity became very low and even coating film
was difficult to form. As shown in the SEM images, the coat-
ing of paper sheet with the as-received acrylic emulsion
resulted in film with about 4-micron thickness. It is also
noticed that, due to high viscosity of the acrylate emulsion,
no penetration of the polymer into the paper surface was
noticed. On the other hand, the coating of paper sheets with
acrylate 15% NFC mixture resulted in the formation of a thin
film with a thickness of about 0.19, 0.5, 2.2, and 6.5 microns
in case of using a gap clearance of 30, 60, 90, and 120
microns, respectively. It is also noted from the images that
the penetration of acrylate/15%NFCmixture within the cross
section of paper sheets could be seen in case of coating using
a gap clearance of ≥60 microns.

Mechanical Properties of Coated Paper. Mechanical proper-
ties of paper sheets coated with neat acrylate and acrylate/
15%NFC using 30, 60, 90, and 120-micron gap bar are shown
in Figure 9. As it is clear from the figure, the coating of paper
with neat acrylate improves the tensile strength and Young’s
modulus strength of paper in machine and cross directions.
For tensile strength, the improvement was about 105% and
86%, respectively. For strain at maximum load, it was 223%

and 168%, respectively, for both directions. While for
Young’s modulus, the improvement was 4.8% and 8.9%, in
the machine and cross directions, respectively. This enhance-
ment in the tensile strength could be due to the filling of the
gaps between fibers with the polymer. Furthermore, the
coating of paper sheets with a thin layer of the acrylate/
NFC mixture leads to further improvement in its tensile
strength and flexibility and increased elongation at break of
paper sheets in both machine and cross directions. Increasing
the clearance gap from 30 to 60 microns resulted in increas-
ing tensile strength in both machine and cross directions; this
could be due to increasing the thickness of dry film formed
[25]. But increasing the clearance gap to 90–120 microns
resulted in a decrease in both tensile strength and Young’s
modulus. This could be due to the effect of water in the coat-
ing mixture which is higher in the case of using higher
amounts of the mixture and the known negative effect of wet-
ting and drying of paper sheets [26].

Water Absorption of Paper Sheets Coated with Acrylate/NFC.
Water absorption test, which measures the amount of water
in grams absorbed by one meter square of paper, was carried
out on paper sheets coated with different thicknesses. The
results are shown in Figure 10. As it is clear from the figure,
the coating of paper sheets with acrylate/NFC resulted in
higher water absorption than uncoated sheets. The increase
in water absorption of paper sheets as a result of coating
could be due to the effect of wetting and drying of coated
paper sheets. That effect was higher than the effect of the
formed layer of acrylate/NFC, which was supposed to
decrease water absorption. Water absorption was decreased
as the thickness of the coated layer increased from 30 to
120 microns. At 120-micron clearance, water absorption of
coated paper sheets was close to that of the uncoated paper
sheets. When a thicker layer of acrylate/NFC was formed in
the case of using 120-micron clearance, the effect of wet-
ting/drying was counterbalanced by the effect of acrylate/
NFC layer formed.

4. Conclusions

The addition of TEMPO-oxidized cellulose nanofibers to
acrylate polymer can significantly improve the mechanical,
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barrier, and thermal properties of acrylate polymer. The
enhancement in these properties made the usage of this mod-
ified polymer in paper coating desirable. The coating of paper
sheets with acrylate emulsion containing 15% oxidized cellu-
lose nanofiber and comparing it with the uncoated sheets
cause an efficient improvement in the mechanical properties
of the coated paper and a decrease of water absorption as the
thickness of the coated layer increase.
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