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ABSTRACT: The main objective of this article was to report a simple, fast, and low cost strategy for the synthesis of micro- and
nanocomposites by adding cellulose nanofibers, obtained by acid hydrolysis, and added to hydrogels as reinforcing agents.
Specifically, when cellulose nanofibers were added to hydrogels, morphologic analyses showed significant decreases in pore size and
formation of three-dimensional well-oriented porous microstructure. It was also observed that cellulose nanoparticles improved the
mechanical and structural network properties without negatively impacting their thermal and hydrophilic properties. The value of
maximum compressive stress was 2.1 kPa for the PAAm-MC, and it increased to 4.4 kPa when the cellulose nanofiber was
incorporated into the hydrogel. By investigation of XRD patterns, it was found that the incorporation of cellulose nanofiber affected
the crystallinity of PAAm-MC hydrogels, thus contributing to improvements in mechanical, structural, and hydrophilic properties of
the PAAm-MC hydrogels.
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’ INTRODUCTION

Cellulose microfibers, nanowhiskers, or nanofibers are rod-
like nanocrystals with high-mechanical performance that have
been successfully used as reinforcing fillers in a series of synthetic
and natural polymeric matrices.1�4 The use of cellulose as
reinforcing material in composites or nanocomposites is a
relatively new field in nanotechnology that has generated con-
siderable interest in the past decade, especially in the biopolymer
community.5 The main reason for this reinforcement for cellu-
lose nanofibers is due to its high aspect ratio of around 20�50,
low density of 1.56 g/cm3, high elastic modulus estimated at
145 GPa, and strength, reported to be 7500 MPa.6

Cellulose, considered an almost inexhaustible source of raw
material, has been formed into fibers, films, gels, and micro- and
nanoparticles for different applications.7 It is the world’s most
abundant polysaccharide, applied in composites because it is
natural, renewable, biodegradable, and highly biocompatible. Cellu-
lose is biosynthesized by a diverse array of plants, trees, and even
microbes and deposited into continuous elementary microfibrils
formed by amorphous and crystalline parts, which can be about
5�10 nm in diameter. Microfibril length varies from 100 nm to
several micrometers, depending on the source of cellulose.8

In recent years, an array of hydrogels with unique properties,
including high mechanical and hydrophilic performance, has
been developed for varied applications.9�12 Hydrogels are
insoluble polymeric materials containing a large number of
hydrophilic groups capable of holding a large amount of water
in their three-dimensional networks.13 Hydrogels are composed
of regions containing water and regions containing polymer
chains; the water in a hydrogel network exists in a continuum
state between two extremes.14 Typically, at the micrometer

range, hydrogels are best formed into particles and fibers because
of their high specific surface that allows quick response to an
external stimulus while minimizing steric hindrance.15

Methylcellulose is a simple cellulose derivative, with methyl
groups substituted for hydrogens. This substitution disrupts the
rigid crystalline structure, generally stabilized by strong inter-
molecular hydrogen bonding, and improves the polysaccharide’s
water affinity.16 Acrylamide (AAm) and its derivatives are well-
known for their hydrophilic and inert nature, which makes them
suitable for medical and pharmaceutical applications.17

Recently, our research group has developed biodegradable
polyacrylamide-methylcellulose (PAAm-MC) hydrogels for agri-
cultural applications as a carrier vehicle for agrochemical con-
trolled release.12,18,19 In this study, the main objective was to
report a simple, fast, and low cost strategy for the synthesis of
micro- and nanocomposite hydrogels based on PAAm-MC and
cellulose specimens with excellent mechanical and hydrophilic
properties. Thermal stability was analyzed by thermogravimetric
analysis, while morphological and structural properties were
investigated by scanning electron microscopy and X-ray diffrac-
tion, respectively.

’MATERIALS AND METHODS

Materials. The acrylamide (AAm)monomerwas purchased fromFluka.
N0,N-Methylene-bis-acrylamide (MBAAm), N,N,N0,N0-tetramethylethylene-
diamine (TEMED) and sodium persulfate (NaPS) were obtained from
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Sigma. The polysaccharide MC was supplied by Aldrich. Commercial fibrous
cellulose powder (trade name CF11) was purchased from Whatman Inter-
national Ltd. (Maidstone, England). All reagents were used without any
further purification. Double distilled water with resistance larger than 16 MΩ
was used.
Miniaturization of Cellulose Fibers by Microfluidizer Pro-

cessor before Acid Hydrolysis. To deagglomerate the commercial
fibrous cellulose, CF11 was used in a Microfluidizer processor (model
M-110EH-30 - Newton, MA, USA). The pressure utilized was 20,000
psi. The concentration of CF11 in the solution used was 5.0 wt %. This
technique was utilized in order to facilitate the acid hydrolysis of the
microfiber due to its better water dispersion.
Extraction of Cellulose Nanofibers (CNFibers) from Cellu-

lose Microfibers (CMFibers). Extraction of CNFibers was carried
out according to the modified methodology described by Favier et al.20

and Orts et al.21 Briefly, 10 wt % short cellulose fibers (after the
Microfluidizer process) were stirred vigorously with 60 wt % sulfuric
acid preheated at 45 �C for 75min. Afterward, themixture was quenched
in cold water with continuous stirring. The resulting dispersion was
centrifuged to 4400 rpm by 20 min, decanted, and washed with water
continuously (at least 7 times) until the pH was above 1.5 and a stable
dispersion formed. The resulting solution was water dialyzed in dialysis
tubing (Spectrapor 2; MWCO 12,000�14,000; 45 mm flat width) for
4�5 days until the pH of the solution was between 5.5 and 6.5.
CNFibers were recovered as a dispersion of approximately 0.55 g/
100 mL water.
Preparation of Hydrogels. PAAm-MC hydrogels were obtained

according to the procedure described by Aouada et al.12,18,19 The
hydrogels were obtained through polymerization/cross-linking of 6.0
wt % AAm and 8.55 μmol L�1 MBAAm in aqueous solution at room
temperature containing 1.0 wt % MC in the presence of 0.10
mmol mL�1 NaPS initiator and 3.21 μmol mL�1 TEMED accelerator.
After homogenization, the solution was purged by N2 bubbling for
25 min. Finally, the resulting solution was quickly placed between two
glass plates separated by a rubber gasket. After polymerization/cross-
linking, the hydrogels were removed from the plates in membrane form
and immersed in deionized water to remove the unreacted chemicals, e.
g., monomers, catalyst, and initiator.
Incorporation of Cellulose Structures into PAAm-MC Hy-

drogels. Dry preweighed PAAm-MC hydrogel samples were im-
mersed in cellulose micro- and nanofiber aqueous solution at pH≈7.1
(0.55 wt %) for 72 h. The solutions were maintained at controlled
temperature (25.0( 0.1 �C) using a thermostatic bath. The notations

PAAm-MC-MicFib and PAAm-MC-NanFib will be used to character-
ize the PAAm-MC hydrogels containing cellulose micro- and nanofi-
ber, respectively.
Morphological Investigation by Scanning Electron Micro-

scopy. Scanning electron microscopy (SEM) was used to investigate
the morphological properties of PAAm-MC hydrogels with and without
cellulose specimens. Hydrogels were frozen in liquid nitrogen and
lyophilized for 24 h at�55 �C. This procedure was used to ensure that
the swollen structure of the hydrogel did not change as a result of
freezing. After the lyophilization process, the hydrogels were then
deposited directly onto aluminum stubs using two-sided adhesive
carbon tabs (Pelco, Redding, CA), and their surface was coated with
gold�palladium in a Denton Desk II (Denton, NJ) sputter coating unit
for approximately 60 s at 20 μA and 75 mTorr. The micrographs were
obtained using a Hitachi S-4700 field emission SEM using 7.0 kV
secondary electrons.
Swelling Degree (SD) Measurements. For the swelling mea-

surements, approximately 0.01 g of hydrogel was immersed in 20 mL of
deionized water and cellulose micro- and nanofibers, and kept static for
72 h. To measure the swelling degree, the hydrogel was carefully taken
out from solution, wiped with a filter paper for the removal of free surface
water, and then weighed. The degree of swelling was determined
through the ratio between the weights of the swollen and dry hydrogel.
Averaged values were calculated from four different measures; error bars
indicate the standard deviation (n = 4).
Mechanical Properties. An InstronModel 5500R (Canton, MA),

equipped with a 100 N load cell, was used for measuring the mechanical
properties of the swollen hydrogels through uniaxial compression.
Hydrogel compression was measured using a 1.27 cm diameter cylind-
rical probe. The probe was attached to the upper jaw of the Instron
machine. The crosshead speed was 12.0 mmmin�1. The measurements
were conducted up to 30% compression of the hydrogel. In this case,
the maximum compressive stress (σmax) of hydrogels was recorded.

Figure 1. TEM image of cellulose nanofiber after the acid hydrolysis
process.

Scheme 1. (a) Formation of Cross-Linked Network Struc-
tures Based on PAAm and MC Using MBAAm and TEMED
as the Cross-Linker and Catalyst Agent, Respectively, and
(b) Cellulose Micro and Nanofibers Anchored in PAAm-MC
Hydrogelsa

a [AAm] = 6.0 wt %; [MC] = 1.0 wt %; [MBAAm] = 8.55 μmol L�1;
[TEMED] = 3.21 μmol mL�1; and [NaPS] = 0.10 mmol mL�1.
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The results shown are the mean values of six independent measure-
ments, and the error bars indicate the standard deviation (n = 6).

The compressive stress (σ) and modulus of elasticity (E) properties
were calculated by eq 122

σ ¼ F
A
¼ Eðλ� λ�2Þ ð1Þ

where F is the force, and A is the cross-sectional area of the strained
specimen (λ).
Thermogravimetric Analysis. A TGA-Q500 (TA Instruments,

New Castle, DE, USA) thermogravimetric analyzer was used to char-
acterize the thermal stability of the hydrogels. Each 5�8 mg hydrogels
were performed in the temperature range 20�600 �C, heating rate of
10 �C/min, and nitrogen flow of 60 mL min�1.
Structural Characterization by X-ray Diffraction. X-ray

hydrogel diffraction analyses were performed with a Philips 1820
diffractometer [λ (Cu KR1) = 0.15406 nm] operated at 45 kV and
40 mA at a scanning rate of 0.5�/min.
Transmission ElectronMicroscopy (TEM).Transmission Elec-

tron Microscopy (TEM) (Jeol 100 C, Tokyo, Japan) was applied to
confirm the extraction of the cellulose nanofiber from cellulose micro-
fiber through acid hydrolysis. Diluted cellulose nanofiber suspensions
were sonicated for 2 min for better particle dispersion and to prevent
agglomeration on the copper grid. One drop of the suspension was put
on carbon-coated copper grid and then dried at room temperature for
TEM analysis.
Fourier Transform Infrared (FTIR) Spectroscopy. Spectra of

nanofibers, PAAm-MC and PAAm-MC-NanFiber hydrogels, in the
range of 4000 cm�1 to 400 cm�1 were recorded on a Fourier transform
infrared spectroscope (Perkin-Elmer, model Spectrum Paragon 1000).
The samples were dried under vacuum until they reached a constant
weight. Powdered samples were prepared into pellets with KBr (1 wt %).
To reach a resolution of 2 cm�1, 128 scans were acquired for each
spectrum.

’RESULTS AND DISCUSSION

Acid Hydrolysis of Microfibers to Obtain Cellulose Nano-
fibers. According to Qiu et al.,23 the cellulose CF11 (from
Whatman, Inc.) is an excellent source of pure cellulose micro-
fibers with the following dimensions: 50�350 μm in length and
20 μm in diameter. After sulfuric acid hydrolysis, a highly stable
suspension of hydrolyzed cellulose nanofibers was obtained from
CF11. The opalescent suspension was the first indication of
cellulose nanofiber extraction. The efficiency of the acid hydro-
lysis treatment was confirmed by the TEM technique (Figure 1)
in which nanostructures with nanometer dimensions can be
visualized. Thesemorphologies have been previously reported by
Zhang et al.24 Additionally, the network-structured cellulose
nanocrystals were observed to exhibit micrometer-scale dimen-
sions along both their length and width. Similar cellulose
nanocrystals with rod, sphere, and network morphologies were
observed by Lu and Hsieh.25 These authors attributed the net-
work organization to the strong H-bonding among the cellulose
nanocrystals, which overcomes the repulsion of surface negative
charges, hence leading to the formation of self-assembled porous
networks.
Hydrogel Formation and Morphological Observations.

Hydrogels have been attracting a great deal of research attention
due to their intriguing properties and applications, e.g., personal
care products, agriculture, and biomedical uses.26 Hydrogels are
three-dimensional hydrophilic macromolecular networks that
can absorb water many times their dry mass and significantly
expand in volume without losing their chemical stability.
However, some hydrogels exhibit limitations, including lim-

ited mechanical properties and uncertain biodegradability. To
overcome this problem, several efforts have been proposed such
as the formation of semi-interpenetrating network (semi-IPN)
hydrogels through the copolymerization between natural and

Figure 2. SEM micrographs of (a) PAAm-MC-MicFib and (b) PAAm-NanFib hydrogels. The morphological observations were used to assist in
proposing Scheme 1.
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synthetic monomers. For example, a hydrogel formed by copo-
lymerization of acrylamide and methylcellulose has been shown
to be a good alternative.19 Another effective strategy is the
inclusion of micro- and nanostructured cellulose in hydrogels,
which can be added as reinforcement to improve the mechanical
properties, biodegradability, and thermal stability without com-
promising their hydrophilic properties. Good reinforcement is
attributed to the improved dispersion of the nanoscale fibers in
the hydrogel matrix because of increased contact surface area
between the hydrogel chains and fiber structures. This is

promoted by increased hydrogen bonding of the cellulose fibers
with the hydrogel matrixes. In this sense, Zhou and Wu27

emphasized that few natural cellulose nanofibers with biocom-
patible and biodegradable properties have been tried in reinfor-
cing nanocomposite hydrogels because highly swollen hydrogels
are normally very brittle because of the lack of an efficient energy
dissipation mechanism and irregular distribution of cross-linking
points.
Scheme 1a presents the formation of cross-linked network

structures based on PAAm and MC using N0,N-methylene-bis-
acrylamide (MBAAm) and N,N,N0,N0-tetramethylethylene-dia-
mine (TEMED) as the cross-linker and catalyst agent, respec-
tively. Possible conformational arrangements are shown in
Scheme 1b, where the strong interactions between cellulose-
MC segments and cellulose-PAAm chains are expected due to
the structural and chemical similarities between these entities.
Scheme 1 was initially proposed after the morphological ob-
servation of PAAm-MC nanocomposite hydrogels in Figure 2.
After their formation, nanocomposite hydrogels were kept in a

water reservoir confirming that their chemical integrity was
preserved for at least 6 months. In these nanocomposites, the
cellulose nanofibers were effectively anchoring to the hydrogel
network because no trace of cellulose in the water reservoir was
detected by refraction index measurements.
Figure 3a depicts the SEM micrograph of a PAAm-MC

hydrogel swollen in water, whereby a highly porous structure
with well-defined shapes exhibiting some spread in pore size was
observed. The presence of cellulose specimens causes a signifi-
cant decrease in pore size, and the formation of three-dimen-
sional well-oriented pore structure can be observed (Figure 3b
and c). This trend is possibly related to the fact that the cellulose
nanofibers are distributed around and inside the three-dimen-
sional porous material. This effect is best demonstrated by an
analysis of further enlarged SEM micrographs (Figure 4). Also,
the cross-section images did not display any noticeable change
from the top to the bottom of each sample, indicating that the
structure of the samples was symmetric across the cross-section
of the samples.28

Variation in morphologic properties may imply changes in the
physical�chemical properties of the hydrogels. The influence of
the addition of cellulose nanofibers on the hydrophilic properties
of PAAm-MC hydrogels will now be discussed.
Hydrophilic Properties from SD Measurements. Figure 5

shows that the presence of cellulose nanofibers in the hydrogels
provoked a considered variation in the hydrophilic properties
(SD values) of the hydrogels. The highest water uptake was
observed for PAAm-MC hydrogels, i.e., without confined cellu-
lose specimens. Thus, it is possible to affirm that the PAAm-MC
hydrogel is more hydrophilic than PAAm-MC-MicFib and
PAAm-MC-NanFib hydrogels. It is well established that when
the hydrogel network becomes increasingly compact, the pene-
tration of water molecules into the hydrogel becomes increas-
ingly difficult. As a consequence, the hydrophilicity and conse-
quently the water-absorption capability of the hydrogels decrease
significantly, reflecting the decrease of swelling degree values.18

Therefore, this is a good indication that the cellulose nanoparticle
is acting as a reinforcing agent.
The nanoscale dimensions of the confined cellulose nanofiber

is an important parameter for the hydrogel microstructure,
whereby the submicrometer “crowding” of the hydrogel by
cellulose fibers causes a reduction in the swelling degree index
(SD). For example, PAAm-MC (or pure hydrogel) exhibited an

Figure 3. SEM micrographs of (a) PAAm-MC at 500� magnification,
(b) PAAm-MC-MicFib, and (c) PAAm-NanFib hydrogels. Both b and
c micrographs were obtained at 400� magnification.
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SD of 98 g/g; however, the SD values for PAAm-MC-MicFib and
PAAm-MC-NanFib were 43.3 ( 4.9 and 31.8 ( 1.5 g/g,
respectively.
Mechanical Reinforcement. The chemistry of cellulose is

well-known and provides a rich variety of options for surface
modification and materials engineering for many applications.
The crystalline domains of the nanofibers possess very high
strength, approximately in the order of or even greater than
structural steel.29 As a result, these nanocrystals are able to
provide reinforcement to a variety of nanocomposites especially

if there is some chemical interaction, such as hydrogen bonding,
between the cellulose and the polymer matrix. Figure 6 shows the
representative force�compressive stress deformation curves for
the hydrogels tested with uniaxial compression, where good
linearity between properties can be observed. The linear correla-
tion indicates that elastic deformation occurred, i.e., the strain is
recoverable after removing the applied stress.30 Increases in both
mechanical properties (maximum compressive stress (σmax) and
modulus of elasticity (E)) of the PAAm-MC hydrogels by the
addition of cellulose specimens were found, as shown in Figure 7.
The value of σmax was 2.09( 0.07 kPa for the PAAm-MC, and it
increased to 4.04 ( 0.12 kPa when the cellulose nanofiber was
incorporated into the hydrogel. When the size of the cellulose
nanoparticles was reduced from micro- to nanodimensions, the
increase in σmax was evenmore pronounced, i.e., 4.43( 0.06 kPa.
The variation of the modulus of elasticity of the different

hydrogels demonstrated a similar behavior. This indicates that
hydrogel formulations containing nanoscale cellulose fibers are
more rigid than PAAm-MC or PAAm-MC-MicFib hydrogels.
These results corroborate with the SD results and SEM observa-
tions, whereas the presence of cellulose nanostructures provoked
the increase in rigidity of the hydrogel networks and the decrease
in pore sizes.
Improvements in the mechanical properties of natural com-

posites and polymers with the addition of low concentrations of
cellulose microfibrils have been well documented. For example,
Orts et al.21 related that the addition of cellulose microfibrils to
starch thermoplastic monofilaments has a significant effect on
mechanical properties at low concentration. In agreement with

Figure 4. Enlarged SEM micrographs of (a) PAAm-MC-MicFib and (c) PAAm-NanFib hydrogels.

Figure 5. Dependence of swelling degree (SD) as a function of PAAm-
MC hydrogel-type.
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Hubbe et al.,29 cellulose nanocrystals possess significant molec-
ular interaction with many polymer matrixes that allow them to
improve the properties of the composites: cellulose crystals are
rigid molecular rods and can impart significant strength and
directional rigidity to a composite. Also, cellulose crystals have an
embedded polymeric directionality that can be preferentially
exploited for building new nanocomposites.
Characterization of Network Properties. In characterizing

cross-linked hydrogels, the structural properties are typically
characterized by the average molar mass between cross-links
(MC), the cross-link density (q), and the number of elastically
effective chains totally included in a perfect network (Ve).

31 This
is described in eqs 2 through 4, whereby

MC ¼ � V1dP
ðVS

1=2 � VS=2Þ
lnð1� VSÞ þ VS þ χVS

2 ð2Þ

where V1 is the molar volume of water (mL mol�1), dp is the
polymer density (g mL�1), Vs is the volume fraction of the
polymer in the swollen gel, and χ is the Flory�Huggin’s
interaction parameter between solvent and polymer

q ¼ M0

MC
ð3Þ

where M0 is the molar mass of the repeating unit.

Ve ¼ dPNA

MC
ð4Þ

where NA is the Avogadro’s constant (or Avogadro’s number).
Table 1 illustrates that both q and Ve values increased whenMc

decreased, implying that when the cellulose particles are more
confined, the reinforcement effect was favored. Concurrently, as
discussed earlier, the swelling degree (SD) and the mechanical
properties presented the same trend, hence confirming the
confined nanostructure of the matrix. The hydrophilicity and
polymer confinement of the swollen hydrogel is thus likely
directly related to the Mc.

32 In this sense, the lowest value of
Mc was found for the highest compact matrix, i.e., PAAm-MC-
NanFib:Mc = 7.2( 0.6� 104 g mol�1; SD = 31.8( 1.5 g/g; q =
0.98( 0.09� 103 g mol�1; Ve = 9.16( 0.78� 1019 mol mL�1.
Thermal Analysis. The TG and DTG curves of micro- and

nanostructured PAAm-MC and PAAm-MC are shown in
Figure 8. The PAAm-MC DTG thermogram showed mass loss
at around 100�150 �C which is attributed to the water loss.

Additionally, according to Lu andHsieh,15 the thermally induced
intra- and intermolecular imidization of the PAAm amide groups
occurs above 200 �C, and the gradual mass loss at around 250 �C
is consistent with the release of H2O, NH3, and CO2 products
from imidization; above 300 �C, the imides decomposed to form
nitriles, and the polymeric main chain backbone formed hydro-
carbons.
In the PAAm-MC thermograms, the temperature of the initial

(TNF beginning) and maximum degradation of the nitrile
formations were observed at 290 and 355 �C, respectively.
Additionally, there is another transition event in this region that
corresponds to MC degradation. The TG and DTG thermo-
grams forMC are shown in Figure 9, where it can be seen that the
temperature of the maximum decomposition occurred at 280 �C.
The presence of cellulose nanoparticles confined into the

PAAm-MC hydrogels did not significantly influence thermal
degradation behavior, with only a slight decrease in TNF begin-
ning observed. The values of TNF beginning for PAAm-MicFib
and PAAm-NanFib were 289 and 286 �C (reduction of 1�4 �C
in comparison to the TNF for PAAm-MC).
XRD Characterization. Figure 10 shows the XRD patterns of

the PAAm-MC hydrogels and PAAm-MC containing cellulose
microfiber and cellulose nanofiber. It should be noted that
PAAm-MC hydrogels presented broad featureless peaks in the
range of around 10�30� due to their amorphous nature. How-
ever, XRD patterns of the cellulose micro- and cellulose

Figure 6. Dependence of (a) force and (b) compressive stress as a
function of deformation for different PAAm-MC hydrogels.

Figure 7. Dependence of (a) maximum compressive stress and (b)
modulus of elasticity as a function of PAAm-MC hydrogel-type.
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nanofibers exhibited some diffraction peaks. Specifically, diffrac-
tion peaks in the cellulose microfiber pattern (Figure 10a) are
observed at 14.7�, 16.5�, 20.3�, 22.6�, and 34.1�, 2θ angle. The
diffraction planes of cellulose, namely, 101, 1010, 021, 002, and
040, are present at 14.8�, 16.7�, 20.7�, 22.5�, and 34.6�, 2θ angle,
respectively;33 and the overlapping 1100 and 110 peaks suggest
that the structure of the cellulose corresponds to cellulose I.34

The crystallinity index (CI) and crystallinity order index (COI)
were calculated from diffraction peaks using proceeding de-
scribed by Kaushik and Singh,33 where the I002 and IAmorph are
the intensity diffractions at 22.5� and 14.7�, 2θ angle.35 The CI

and COI of cellulose microfibers were 68.2% and 65.5%,
respectively. In addition, there are no significant changes in the
PAAm-MC network structure detected by XRD analysis, and the
PAAm-MC and PAAm-MC-MicFib patterns are very similar.
Thus, the amorphous characteristics of the PAAm-MC are
preserved after the confinement of the cellulose microfiber.
It was observed in Figure 10b that the amorphous diffraction

peak at 14.7�, 2θ degrees in cellulose nanofibers disappeared; and
due to the absence of this peak, it was not possible to determine
the crystallinity index and crystallinity order index. However, this
is indicative that the hydrolysis process was well done whereby
processing increased the crystallinity of the cellulose. The
increase in cellulose crystallinity after the chemical treatments
has been reported by several authors. For instance, Chen et al.36

observed a significant increase in crystallinity from 52.74% for the
original wood fibers to 69.34% for the chemically purified
cellulose fibers. The authors associated the increase to the
removal of hemicellulose and lignin, which exist in amorphous
regions, leading to the realignment of cellulose molecules.
Kaushik et al.37 related the increase in crystallinity to the removal
of nanocellulosic polysaccharides and dissolution of amorphous
zones, confirming that hydrolysis takes place preferentially in the
amorphous region due to acidic dissolution, while the crystalline
regions are more stable to chemical attack.
The incorporation of cellulose nanofibers affected the crystal-

linity of PAAm-MC hydrogels because relevant changes in their
diffraction profiles were observed. The crystallinity increases also
contributed to the improvement in mechanical, structural, and
hydrophilic properties of the PAAm-MC hydrogels. The chemi-
cal treatment facilitated the formation of the 040 diffraction
plane, whereas the diffraction peak in the cellulose nanofiber
pattern 34.1�, 2θ angle is more accentuated in comparison to that
of the cellulose microfiber shown in Figure 10a. Moreover, a
novel diffraction peak was observed at 2θ = 31.8�, showing their
interaction with the hydrogel matrix, possibly the formation of a
novel diffraction plane with different conformational and

Table 1. Network Parameter of the Different PAAm-MC Hydrogels

hydrogels SD (g/g) Mc (10
4 g mol�1) q (103 g mol�1) Ve (10

19 mol mL�1)

PAAm-MC 98.1 ( 2.4 48.8 ( 1.9 0.15 ( 0.01 1.36 ( 0.05

PAAm-MC-MicFib 43.3 ( 4.9 12.5 ( 2.4 0.57 ( 0.10 5.31 ( 1.07

PAAm-MC-NanFib 31.8 ( 1.5 7.2 ( 0.6 0.98 ( 0.09 9.16 ( 0.78

Figure 8. (a) TG and (b) DTG curves of the PAAm-MC, PAAm-MC-
MicFib, and PAAm-MC-NanFib hydrogels.

Figure 9. TG and DTG curves of the methylcellulose polysaccharide.
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energetic states. Finally, to our knowledge, we were the first to
report this peak at 2θ = 31.8�.
Fourier Transform Infrared (FTIR) Spectroscopy. To assist

the investigation of the new peak at 2θ = 31.8� determined by
XRD, the FTIR spectroscopy was used. FTIR spectra of nano-
fiber, PAAm-MC, and PAAm-MC-NanFiber hydrogels are pre-
sented in Figure 11. The PAAm-MC spectrum had bands at 3180
and 3442 cm�1 attributed to the combined peaks of the asym-
metric and symmetric stretching vibrations of the primary amides
�NH. Axial deformations relative to C�Nbonds are observed at
1456 cm�1 and 1415 cm�1. The intense band observed at
1668 cm�1 is related to the carbonyl stretching vibration
(amide I). The peak at 1610 cm�1 is attributed to the N�H
bending vibration (amide II) of the amide group and the
adsorbed water molecular vibration (hydration water). It was
observed in the PAAm-MC-NanFib spectrum that the absorp-
tion of carbonyl of the amide I of the nanocomposite shifted from
1668 cm�1 to 1646 cm�1. According to Zhou andWu,27 the shift
of the vibration of the carbonyl group to lower frequencies
indicates inter- and/or intramolecular interactions between
nanofibers and the polyacrylamide matrix through both hydro-
gen and covalent bonding. In addition, an intensification of the

band at 1400 cm�1 can be observed in the PAAm-MC-NanFiber
spectrum when compared to that of the PAAm-MC spectrum.
Such intensification was attributed to planar deformation of
H�C�H and O�C�H groups proceeding from the cellulose
nanofibers. In this way, the main spectroscopic differences after
nanofiber incorporation were observed in the range correspond-
ing to the amide groups (present in PAAm and MBAAm), more
specifically at the 3000�3500 cm�1 and 1220�1870 cm�1

regions.38,39 This is indicative that the specific interaction that
leads the formation of the XRD peak at 2θ = 31.8� probably
occurs between polar groups (from nanofibers) and amide
groups.
In conclusion, in this article we successfully extracted the

cellulose nanofibers from commercial fibrous cellulose powder
(trade name CF11) processed by a Microfluidizer processor via
acid hydrolysis. In summary, the presence of the cellulose micro-
and nanofibers provoked pronounced changes in the hydrophilic,
mechanical, structural, and morphological properties without
diminishing their thermal stability. XRD patterns confirmed that
the crystallinity of PAAm-MC-NanFib hydrogels increased in
comparison to that of PAAm-MC. Using the SEM technique, it
was observed that the presence of cellulose specimens causes a
significant decrease in pore sizes and the formation of three-
dimensional well-oriented pores. The results of the mechanical
properties showed a significant increase in σmax and E values
when the cellulose microfiber was incorporated into the PAAm-
MC hydrogel. These results supported the SD and SEM results,
whereas the presence of cellulose structures provoked the
increase in rigidity of the hydrogel networks and the decrease
in pore sizes. Because of their biodegradability and biocompat-
ibility, these novel nanocomposite hydrogels are promising

Figure 10. X-ray diffraction patterns of (a) cellulose microfiber, PAAm-
MC, and PAAm-MC-MicFib; (b) cellulose nanofiber, PAAm-MC, and
PAAm-MC-NanFib.

Figure 11. FTIR spectra of nanofiber, PAAm-MC, and PAAm-MC-
NanFiber hydrogels.
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materials for different technological applications, such as carrier
vehicles for controlled release (drugs, pesticides, and nutrients)
and in biomedical engineering.
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nanofibers; q, cross-link density; SD, swelling degree; SEM, scan-
ning electron microscopy; semi-IPN, semi-interpenetrating net-
work; TEM, transmission electron microscopy; TEMED, N,N,N0,
N0-tetramethylethylene-diamine; TG, thermogravimetric; TNF,
temperature of the initial nitrile formation;V1, molar volume
of water;Ve, number of elastically effective chains totally included
in a perfect network; Vs, volume fraction of the polymer in the
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maximum compressive stress; χ, Flory�Huggin’s interaction
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