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ABSTRACT: The effect of hydrophilic nanoparticles (oxi-
dized cellulose nanocrystals (CNC) and montmorillonite
nanoclay) on the properties of a sodium carboxymethylcellu-
lose (CMC)/hydroxyethylcellulose (HEC) hydrogel system
was investigated. Visually, the CNC reinforced cellulosic
hydrogel-composites were transparent over all CNC load-
ings, whereas those reinforced with organoclay were opaque
even at low clay loadings despite the nanoparticles being
well dispersed. Incorporation of CNC into the cellulosic
hydrogels led to an increase in the compressive modulus of
CNC-hydrogel composites, but a corresponding decrease in
the swelling ratio. However, the addition of CNCs enabled a

reduction in the amount of cross-linker required to obtain a
given compressive modulus and swelling behavior. It was
observed that the surface charge density of the CNCs had no
significant effect on the compression modulus or swelling
behavior of the CMC/HEC hydrogel composites. By con-
trast, the organoclay reinforced CMC/HEC hydrogels did
not show any trend in compression modulus or swelling
ratio with organoclay content. © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 114: 1664-1669, 2009
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INTRODUCTION

Hydrogels have received increasing attention due to
their significance both in theory and application.
They are currently used in a variety of applications
such as matrices for controlled drug delivery; soft
contact lenses and artificial tissues.'™ A type of
hydrogel of commercial importance are superabsorb-
ent polymers (SAP). They are low crosslink density
polymer systems that can absorb a large amount of
water during a short period and keep a large
amount of water even under pressure. Superabsorb-
ents have great advantage over traditional porous
water-absorbing materials such as fluff pulp and
sponges due to their ability to retain large amounts
of liquid, and maintain mechanical integrity when
wet or under pressure.* The high equilibrium swel-
ling capacity of hydrogels is primarily attributed to
polymer hydrophilicity and fixed ionic charge.’
Since first reported by the USDA in the 1960’s, they
have been used in a variety of value-added applica-
tions, including hygienic products, medical products
as well as agriculture and horticulture applications.®
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The performance of superabsorbents is determined
by three features: (1) swelling capacity, (2) swelling
rate, and (3) strength of the swollen gel.”

Natural polymers have been studied as possible
materials for superabsorbent hydrogels due to their
biodegrability and wide availability. One system
that has shown promise is the sodium carboxyme-
thylcellulose /hydroxyethylcellulose (CMC/HEC)
divinyl sulfone (DVS) crosslinked hydrogels.®* The
CMC/HEC system can absorb up to 500 g of water
per gram of polymer. However, like other natural
polymer based SAPs, cellulosics tend to absorb rela-
tively small amounts of fluid, lose their mechanical
integrity in water and yield creamy-like gels."

Polymer nano-composites have attracted consider-
able attention because of their effective reinforcement
and property enhancement, higher dimensional
stability, low filler loading and more uniform compo-
sites (as compared to “conventional” microfiller
composites). Clay,""™® mica'® and kaolin® have been
used to improve the mechanical properties of syn-
thetic hydrogels.”” The strength and the modulus
increased with the addition of nano-minerals.'®
However, the swellability of the hydrogel composites
were limited due to the low swellability of the
inorganic fillers*'® and the increased crosslinking
density due to the reactions between polymer and

fillers during polymerization of the hydrogel
networks.'®
Cellulose nanocrystals (CNCs) are obtained

through the acid hydrolysis of natural cellulosic
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materials to produce highly crystalline well-defined
rigid rods.”* Also known as cellulose whiskers, CNC
are about 15 nm in width and 100-500 nm in length.
The crystallites form a colloidal suspension in water
and are stabilized by the negative surface charges
introduced during the isolation procedure. Cellulosic
nanocrystals have been widely used to enhance ther-
moplastic polymer materials.”*>* By modifying the
surface of CNCs by either steric grafting®>® or sur-
factant addition,”” CNCs can be readily suspended
in organic solvents, and used to reinforce hydropho-
bic materials.”®

To our knowledge, the use of CNC to reinforce
hydrogels has not been previously reported. In this
article, we compare the effect of CNC addition on
cellulosic hydrogel properties, and contrast those to
results obtained using a commercial organoclay.

EXPERIMENTAL
Materials

CNCs were prepared from Whatman No. 1 filter
paper (vide infra). Cloisite NA+ nanoclay (2-13 pm
dia; 100-500 nm thick; surface charge ~ 900 meq/
kg) was obtained from Southern Clay Products Inc
(Austin TX) and used as received. Sodium carboxy-
methyl cellulose (M, ~ 700,000; degree of substitu-
tion ~ 09) and 2-hydroxyethyl cellulose (M,
~ 250,000; degree of substitution ~ 1.0; molecular
substitution ~ 2.0) were purchased from Sigma-
Aldrich (Oakville, ON). All other chemicals were
chemical pure grade and obtained from Sigma-
Aldrich and used without further purification.

Preparation of CNC

CNC were prepared according to Araki et al.”> Spe-
cifically, Whatman No. 1 filter paper (Sigma-Aldrich)
was ground to 20 mesh using a lab scale Wiley Mill.
The resulting cellulose powder (10 g) was hydro-
lyzed with 100 mL 3 N HCI at 100-110°C for 1 h.
The hydrolyzate was thoroughly washed with deion-
ized water by centrifugation (3-5 times). The cellu-
lose suspension (1-1.5% solid content) was then
homogenized with a blender for 30 min. The cellu-
lose suspension (500 mL) was mixed with 0.5 g
TEMPO and 5 g NaBr and a desired amount of a
NaClO solution (~ 5%) drop-wise in 4 equal por-
tions at time 0, 0.5, 1, and 2 h. The degree of carbox-
ylation was controlled by the amount of NaClO
added. The mixture was stirred at room temperature
and pH adjusted to 10-11 with 3 N NaOH, and left
stirring overnight. The reaction was stopped by add-
ing ~ 30 mL methanol and 30 g NaCl to the suspen-
sion. The suspension was then centrifuged, and the
CNC was repeatedly washed with 1 M NaCl
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solution. The suspension was dialyzed in deionized
water for at least 72 h. The water was changed twice
daily. After dialysis, the product was well dispersed
and translucent, and the suspension was finally con-
centrated to 3-4% solids content.

Preparation of hydrogel nanocomposites

The nanoparticle (CNC or Nanoclay) suspension
with ~ 4% solid content was sonicated with a Fisher
450 Sonifier at 75% power output. The suspension
was centrifuged to remove undispersed particles. Af-
ter dispersion in water, the CNC suspension was
transparent, while the organoclay suspension was
opaque.

In a typical experiment a desired amount of CMC
and HEC (CMC/HEC = 1/1, w/w) were dissolved
in a 0.1 N NaOH solution to form ~ 4% wt homoge-
neous solutions in a 50 mL centrifuge tube (Fisher-
brand). The CMC/HEC solution was then mixed
with a certain amount of nanoparticle suspension
and crosslinker divinyl sulfone (DVS). The mixture
was subsequently diluted with 0.1 N NaOH to a
polymer concentration (CMC and HEC) of 2% and a
pH of 12-13. The reaction mixture was centrifuged
to remove bubbles and left for at least 20 h at room
temperature to form a hydrogel. The resulting
hydrogels were isolated from the centrifuge tubes
(cut open) as 19 mm diameter cylinders. The CNC-
reinforced hydrogels were transparent, while the
organoclay-reinforced hydrogels were opaque.

General analysis

The swelling ratio of the hydrogels was determined
gravimetrically from the ratio of the weight of the
fully swollen gel to that of the completely dry gel. The
dry gel was prepared by solvent exchange of the fully
swollen gels using acetone, or if the hydrogels were
swollen in NaCl solutions deionized water first, then
acetone followed by air-drying overnight. All analyses
are the average of a minimum of three replicates.

The surface charge of the CNC was determined
conductivity titration.

Thermal mechanical properties of the hydrogels
were measured with a submersible compression
clamp using a TA Instruments Q800 dynamic
mechanical analyzer. The fully swollen hydrogel
disks, 19 mm in diameter and 13 mm in thickness
were loaded onto the submersible clamp and
immersed in deionized water. The compression clamp
was lowered onto the sample and a compressive force
was applied. The compression clamp was compressed
at a speed of 5 mm per minute. The Young’s Modulus
before yield was recorded as the compressive modu-
lus of the hydrogel, and calculated from the slope of
the stress—strain curves (Fig. 1).
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Figure 1 Effect of nanoparticle addition and crosslinker
(OH/DVS) on stress vs strain of nanoparticle reinforced
CMC/HEC hydrogel composites.

Thermogravimetric analysis was performed using
a TA Instruments Q500 thermogravimetric analyzer
(TGA). Fully swollen gels were freeze-dried prior to
analysis, and measured over the temperature range
of 50-800°C with a heating rate of 10°C/min under
a dry nitrogen atmosphere.

Wide-angle X-ray diffraction profiles were
recorded on a Bruker D8 Discover X-ray diffractom-
eter equipped with GADDS detector. All scans were
collected at 40 kV and 20 mA using CuKa radiation
over the 20 range of 4-40°. Fully swollen gels were
freeze-dried prior to analysis.

RESULTS AND DISCUSSION

CNC are generally prepared from cellulosic sources
using either a one-step concentrated sulfuric acid or
phosphoric acid hydrolysis,* or a two-step hydroly-
sis-oxidation/carboxylation process.”” In both meth-
ods, stable nanocrystal suspensions are formed
owing to the surface charge arising from sulfate and
carboxylic acid groups, respectively. However, the
surface sulfate ester groups that stabilize the
acid-hydrolyzed CNCs are unstable and readily
desulfonate at high temperature and/or high pH
conditions. As the CMC/HEC hydrogels are formed
at relatively high pH (pH > 12), desulfonation will
likely occur and likely lead to destabilization and
poor nanocrystals reinforcement. By contrast, the
hydrolysis-oxidation method utilizes the introduc-
tion of carboxylic acid groups at the C6 position of
the anhydroglucopyranose unit to introduce surface
charge and stabilize the nanocrystals suspension,
and consequently is very stable under alkaline con-
ditions. For that reason, the latter was utilized in
this study.
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Effect of nanofiller and crosslink density on
hydrogel performance

The properties of CMC/HEC/DVS hydrogels are
affected by the ratio of CMC to HEC, as well as the
extent of crosslinking.® Generally, the higher the
degree of crosslinking, the higher the rigidity of
the hydrogel and the lower the water absorption
capability. Theoretically, in the fully crosslinked
CMC/HEC/DVS hydrogel, the OH/DVS (cross-
linker) ratio is two, where OH is the total amount of
hydroxyl groups in both the CMC and HEC. In this
study, the OH/DVS ratio was varied from 3 to 7.
Interestingly, all of the prepared gels showed similar
compressive strengths, likely an artifact of the soft
gels, which easily buckle under load before break-
ing, thereby increasing the apparent compressive
strength of the soft gels. As a result, compressive
modulus was used to compare the mechanical prop-
erties of the various hydrogels.

As expected, increasing the OH/DVS ratio
decreased the corresponding compressive modulus
of the hydrogels (Figs. 1 and 2). The compressive
modulus decreased from ~ 28 kPa to ~ 10 kPa as
the OH/DVS content increased from 3 to 7. At the
same time, the corresponding swelling ratio
increased from ~ 100 to almost 400 (Fig. 3), as the
decrease in crosslinking results in a less rigid gel,
more amenable to water uptake and swelling.

The addition of nanoparticles to the CMC/HEC/
DVS hydrogel system dramatically affected the
hydrogel properties. At low OH/DVS (OH/DVS =
3) compressive modulus of the hydrogels increased
by ~ 20% with CNC addition, while decreasing
~ 20% with organoclay addition. As the ratio of
OH/DVS increased the effect of CNC addition on
hydrogel compressive modulus increased. At OH/
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Figure 2 Effect of nanoparticle addition and crosslinker
(OH/DVS) on compressive modulus of nanoparticle rein-
forced CMC/HEC hydrogel composites.
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Figure 3 Effect of nanoparticles on swelling ratio for
CMC/HEC hydrogels at various OH/DVS ratios.

DVS = 5, the hydrogel composites with 40% CNC
have the same modulus as the reference gel with
OH/DVS = 3. Similarly, with OH/DVS = 7, hydrogel
composites with 40% CNC have the same modulus as
the reference gel with OH/DVS = 5. By contrast, the
organoclay does not appear to provide any significant
reinforcement to the composite hydrogels.

With the exception of the 20% organoclay hydrogel
composites, both CNC and 40% organoclay hydrogel
composites have lower swelling ratios than the corre-
sponding control hydrogel. Again, an increase in the
swellability of the nanoparticle reinforced hydrogels
was observed with increasing OH/DVS ratio. All of
the composites had lower swelling ratios than the
control, with the exception of the 20% clay. However,
at the same modulus ~ 29 kPa, the 40% CNC, OH/
DVS = 5 reinforced hydrogel had a slight increase in
swelling ratio as compared to the control hydrogel
(OH/DVS = 3). The same was observed for the
higher OH/DVS = 7 CNC reinforced hydrogel,
which had the same modulus as the OH/DVS = 5
control hydrogel. The organoclay hydrogel compo-
sites did not show any particular trend in relation to
the reference gels. At the same crosslinker content
(OH/DVS), the organoclay hydrogel composites
showed higher and lower swelling ratios as com-
pared to the reference hydrogels, even though the
clay itself is an unswellable mineral.

Further analysis of the hydrogels swelling behavior
revealed that the swelling rate of the CNC-hydrogel
composite with an OH/DVS ratio of 5 and 40% CNC
was approximately the same as that of the reference
gel with an equivalent modulus, i.e. OH/DVS ratio of
3, despite its slightly higher swelling ratio and lower
apparent crosslinking density (Fig. 4).

It is apparent that the CNC and organoclay nano-
particles show different effects on the modulus and
swelling behavior of the CMC/HEC hydrogels. This
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Figure 4 Comparison of swelling rate between CMC/
HEC (OH/DVS = 3) and CMC/HEC + 40% CNC (OH/
DVS = 5) hydrogels.

is clearly seen from Figures 5 and 6. With increased
CNC content, the modulus of hydrogel nanocom-
posites increases and the swelling ratio decreases,
which is a typical behavior of an inert filler.>” By con-
trast, the organoclay exhibits very unusual behavior.
Increasing the organoclay content results in hydrogel
nanocomposites that exhibit both higher and lower
modulus and swelling ratios as compared to the cor-
responding nonreinforced hydrogels. With the same
crosslinking content (based on OH/DVS), the swel-
ling ratio of the organoclay composites in some cases,
first increases and then decreases instead of a monot-
onical decrease for typical inert filler.

The unique behavior of the organoclay reinforced
hydrogels may be due to the reactive functional
groups, e.g., OH groups, on the surface of the orga-
noclay reacting with the DVS crosslinker. This
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Figure 5 Effect of nanoparticle content on compressive
modulus of nanoparticle reinforced CMC/HEC hydrogel
composites. CNC: unfilled circle; Clay: filled square.
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Figure 6 Effect of nanoparticle content on swelling ratio
of nanoparticle reinforced CMC/HEC hydrogel compo-
sites. CNC: unfilled circle; Clay: filled square.

consumes some of the crosslinker, thereby lowering
the crosslinking density, which lowers the modulus
but increases the swelling ratio. Because the CNCs
are highly crystalline, calculated to be above 90%
from the X-ray diffraction pattern, there are not any
accessible OH groups available to undergo similar
reactions with the cross-linker. The result is the
CNC behaving like inert fillers.

Further support of this is evident from thermogra-
vimetric analysis of the nanocomposites, Figure 7.
All of the gels show a thermal degradation around
300°C, likely degradation of the CMC/HEC network
or cellulose backbone. The organoclay composite
shows a second decomposition at around 500°C,
which is not observed in the CNC composites. This
degradation may be that of chemical bonds between
the cellulosic network and organoclay.

Nanoparticle reinforced material performance is
very dependent on the dispersion/exfoliation of the
nanoparticles within the polymer matrix. Disper-
sion/exfoliation is typically determined by micro-
scopic or diffraction analysis. Both CNC and
organoclay nanoparticles exhibit characteristic X-ray

CMC/HEC
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Figure 7 Thermogravimetric analysis (TGA) of nanopar-
ticle reinforced CMC/HEC hydrogel composites.

diffraction patterns. When well dispersed/exfoliated,
nanoparticles lose their characteristic X-ray diffrac-
tion patterns.’’** Figure 8 shows the X-ray diffraction
patterns of the CNC, CMC/HEC and CNC reinforced
CMC/HEC hydrogels. The CMC/HEC network and
the CNC reinforced CMC/HEC composite have the
same diffraction patterns. The diffraction pattern of
CNC (Cellulose I) is not visible in these composite,
and indicates that the CNC particles are well dis-
persed in the CMC/HEC matrix. However, at high
nanoparticle loadings, e.g., ~ 0.8 g CNC per gram of
CMC/HEC, or under high pH conditions (pH > 13)
the CNC particles tended to aggregate and the char-
acteristic X-ray diffraction pattern of cellulose I was
observed (data not shown).

Effect of CNC surface charge density on hydrogel
performance

By controlling the degree of oxidation during CNC
preparation, the surface charge density of the CNC
can be changed. Generally, the presence of fixed
charges within the hydrogel can induce an osmotic
gradient and enhance the electrostatic repulsion

CMC/HEC + 20% CNC

Figure 8 X-ray diffraction patterns of CNC, CMC/HEC and CMC/HEC + 20% CNC hydrogels. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9 Effect of CNC surface charge density on CMC/
HEC hydrogel swelling ratio.

within the hydrogel expanding the matrix,> and
thereby increasing the swelling ratio. The modulus
of the CNC hydrogel composites is not significantly
affected by the change in CNC surface charge (Fig.
9). In deionized water, a slight increase in swelling
ratio is observed with increasing CNC surface
charge. This is due to the osmotic gradient induced
by the fixed ion charge on the CNC surface along
with the fixed charge of CMC/HEC network. When
the ionic strength of the aqueous solution is
increased, the CNC composites have the same swel-
ling ratio no matter what the surface charge density
of the CNC. This is due to the screening effect of
ions in water.*®> However, it was observed that the
nano-reinforced hydrogels with the higher surface
charge density CNC is more transparent than the
others due to better dispersion of the CNC particles
with the higher surface charge.

CONCLUSIONS

It is possible to reinforce CMC/HEC hydrogels
using CNC nanoparticles. The hydrogel nanocompo-
sites with CNC have similar or improved swelling
properties and comparable mechanical properties to
pure CMC/HEC hydrogels with higher crosslinking
content, i.e. incorporating CNCs can reduce the
amount of crosslinking agent used. However, the
CNC loadings required for performance enhance-
ment in this system are well beyond what is typi-
cally expected based on traditional nanofillers. As
CNCs are not currently commercially produced, the
cost of CNC addition relative to the savings in cross-
linker cannot be determined, but will be a critical
issue for the utilization of CNCs in such systems.
The surface charge density of the CNCs did not
have any obvious effect on the properties of the
CNC-hydrogel composites. X-ray diffraction analysis
revealed the CNC particles are well dispersed
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throughout the CMC/HEC matrix at lower CNC
loadings, but showed clear evidence of CNC clusters
and the presence of a cellulose I diffraction pattern
at higher CNC loadings.

By contrast, the organoclay-reinforced hydrogels
did not reveal any significant reinforcement capacity
upon organoclay incorporation. This may be due to
possible reaction of the reactive functional groups on
the organoclay surfaces with the crosslinking agent,
as evident by TGA.
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