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Colloidal stability of negatively charged cellulose nanocrystalline (CNC) in the presence of inorganic and
organic electrolytes was investigated by means of dynamic light scattering and atomic force microscopy.
CNC could be well dispersed in distilled water due to the electrostatic repulsion among negatively charged
sulfate ester groups. Increasing the concentration of inorganic cation ions (Na* and Ca?*) resulted in
CNC aggregation. CNC in divalent cation ion Ca?* solution exhibited less stability than that in mono-
valent cation ion Na* solution. Organic low-molecular-weight electrolyte sodium dodecyl sulfate (SDS)
favored the stability of CNC suspension, whereas organic high-molecular-weight electrolyte sodium car-
boxymethyl cellulose (CMC) induced CNC particle aggregation due to intermolecular bridging interaction
or entanglement. Cationic polyacrylamide (CPAM) caused a serious aggregation of CNC particles even at
low concentration of CPAM. At low ionic strength (Na*, 1 mM), CNC were stable in aqueous solution at
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the pH range of 2-11.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Cellulose nanocrystalline (CNC) has received a great deal of
attention in the last two decades due to its unique self-assembly,
liquid crystalline behaviors (Cranston & Gray, 2006; Habibi,
Lucia, & Rojas, 2010), optical properties (Shopsowitz, Qi, Hamad,
& Maclachlan, 2010), excellent mechanical strength (Sturcova,
Davies, & Eichhorn, 2005), and potential applications as a novel
reinforcement and nanofiller in nanocomposites (George & Bawa,
2010; Ljungberg et al., 2005; Samir, Alloin, & Dufresne, 2005). CNC
particles are usually obtained from native cellulose sources by con-
trolled acid hydrolysis (Elazzouzi-Hafraoui et al., 2008). The use of
sulfuric acid has been shown to produce CNC with sulfate ester
groups on the nanocrystal surface, resulting in electrostatically
stabilized aqueous suspensions of CNC (Dong & Gray, 1997). In a
dilute aqueous system, CNC particles are well dispersed and orient
randomly due to electrostatic repulsion among negatively charged
sulfate ester groups. Above a critical CNC concentration, however,
anisometric rodlike shape and negative surface charge of CNC will
result in an upper isotropic phase and a lower ordered phase in
aqueous system (Beck-Candanedo, Roman, & Gray, 2005; De Souza
Lima & Borsali, 2002; Dong, Kimura, Revol, & Gray, 1996; Revol,
Bradford, Giasson, Marchessault, & Gray, 1992).
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The zeta potential plays an important role in determining the
colloidal stability of nano particles in aqueous solutions (Leong
& Ong, 2003; Wang & Wei, 2001). The influences of electrolytes
on the phase separation and chiral nematic texture of CNC had
been reported in literatures. It was found that the isotropic-to-
chiral nematic phase equilibrium was sensitive to the nature of the
counterions present in the suspension. Adding electrolyte (NacCl)
induced a decrease in the chiral nematic pitch and an increase in
the chiral twist power (Hirai, Inui, Horii, & Tsuji, 2009). A decrease
in double layer thickness would increase the chiral interactions
between the crystallites (Dong et al., 1996). For inorganic coun-
terions, the critical concentration for ordered phase formation
increased with the increase of ionic strength (De Souza Lima &
Borsali, 2004; Dong, Revol, & Gray, 1998). For organic counteri-
ons, the critical concentration in general increased with increasing
counterion size, suggesting that the phase equilibrium was gov-
erned by a balance between hydrophobic attraction and steric
repulsion forces (Dong & Gray, 1997). Increasing Na* concentration
resulted in the decrease in the zeta potential of CNC, which led to
the instability of CNC suspension (Araki & Kuga, 2001; Boluk, Lahiji,
Zhao, & McDermott, 2011). However, the electrokinetic behaviors
of CNC in electrolyte solutions are not up to now well under-
stood. In this work, the influences of electrolyte composition and
pH on the colloidal stability of CNC suspension were investigated
in detail by means of dynamic light scattering (DLS) and atomic
force microscopy (AFM). This work showed some interesting find-
ings about the CNC suspension, and allowed us to better understand
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the colloidal stability of CNC in aqueous systems, which is very
important for preparation of CNC-based materials.

2. Experiment
2.1. Materials

Commercial cotton linter with a particle size of 200 mesh was
purchased from Xuanyuan Machinery Inc. (Shandong, China). The
a-cellulose content was over 98% and the ash content was less
than 0.06%. The cellulose was used without any further purifica-
tion. Its viscosity-average molecular weight (Mn) was measured
to be 4.3 x 10%. Sulfuric acid (98%, w/w), NaCl, CaCl, and sodium
carboxymethyl cellulose (CMC) were purchased from Shanghai
Chemical Reagent Corp., China. Sodium dodecyl sulfate (SDS) and
cationic polyacrylamide (CPAM) were purchased from Guangzhou
Chemical Reagent Factory, China.

2.2. CNC preparation

CNC particles used in this work were prepared by acid hydrol-
ysis of cotton linter. Typically, cotton linter (20 g) was mixed with
sulfuric acid (200 mL, 64 wt%) and stirred at 45 °C for 2 h, and then
diluted with deionized water to stop the reaction. The acid was
removed by centrifugation and prolonged dialysis with deionized
water. Finally, the suspension was further dispersed in an ultrasonic
bath to achieve a stable colloidal suspension.

2.3. Zeta potential and size of CNC suspensions with different
electrolytes and pH

All experiments were carried out in dilute CNC suspension
(0.15wt%) where CNC particles randomly oriented. The dynamic
light scattering (DLS, Zeta sizer Nano ZS, Malvern instrument) was
used to evaluate the colloidal stability (zeta potential and size) of
CNC suspensions as functions of ionic strength, electrolyte com-
position and pH. The zeta potential and size of the CNC particles
in electrolyte solutions were measured over a range of electrolyte
concentration (0-50mM) at 25°C. Electrolytes NaCl and CaCl,
(Shanghai Chemical Reagent Corp., China) were applied as inor-
ganic electrolytes. CPAM, CMC, and SDS were used as organic
electrolytes. All reagents were analytical grade and were used with-
out further purification.

The influence of pH (2-12) on the colloidal stability of CNC sus-
pension was also investigated. The stock CNC dispersion was mixed
with appropriate quantities of HCI, NaCl and NaOH solutions to
achieve a required pH. In the pH range of 2-11, the ionic strength
(Na*) of CNC suspensions was 1 mM, while in the suspension of pH
12 the ionic strength was 10 mM. All of the CNC suspensions were
previously ultrasonified for 5 min in an ultrasound bath to disrupt
any weakly formed aggregates before adding any electrolyte, and
then stood for 5min before measurement. All suspensions were
prepared in deionized water. Data are representative of at least
three experiments varied by less than 5% in all the cases studied.

2.4. AFM analysis

AFM was performed using a Nanoscope III (Veeco Co. Ltd.,
USA). The samples for AFM were prepared by dropping CNC sus-
pension onto the mica surface and then air dried the sample at
ambient temperature. All of the images were recorded in tapping
mode in air using silicon cantilevers. The scale in all testing was
2.0pm x 2.0 pm.

Fig. 1. Aqueous CNC suspensions with ionic strength (Na*) of 0.0, 2.5, 5.0, 10.0, and
50.0 mM.

3. Results and discussion
3.1. Inorganic electrolytes

In a dilute system, the colloidal stability of charged particles is
controlled by the electrostatic interactions. Particles who have an
absolute value of zeta potential of more than 30 mV may keep their
suspensions stable; otherwise the particles tend to approach each
other with the result of CNC aggregation. For charged particles,
the electrostatic contribution to the interparticle forces depends
on the ionic strength of the system. Counterions will associate
with the charged particles and thus play a very important role in
determining the interparticle forces. Since sulfate ester groups are
introduced onto the CNC surface by sulfuric acid hydrolysis, elec-
trostatically stabilized CNC suspension can be obtained in aqueous
solution (Dong et al., 1996). In this work, NaCl, CaCl,, SDS, CMC and
CPAM were chosen as inorganic and organic electrolytes to inves-
tigate the influences of ionic strength and electrolyte composition
on the colloidal stability of CNC particles in aqueous solution.

In the absence of electrolyte (at the smallest ionic strength
that could be reached), CNC suspension was clear and transparent
(Fig. 1), which indicates a good dispersion and colloidal stability
of CNC in aqueous solution due to the negative charge repulsion
among CNC particles. AFM image revealed that the CNC particles
were rodlike with diameter of 100-270 nm long and 40-80nm
wide (Fig. 2). The average zeta potential and size of CNC deter-
mined by DLS were about 118 nm and —52.6 mV (Fig. 3a). Clearly,
strong electrostatic repulsion among CNC particles gave rise to a
stable CNC suspension.

At a low ionic strength (2.5 or 5.0mM Na*), CNC suspension
was still clear and transparent, and no particle aggregation or tur-
bid suspension could be observed (Fig. 1). The absolute value of
zeta potential decreased from 38.6 to 33.4mV as the ionic strength
increased from 2.5 to 5.0 mM, but there was no difference in size
between the two CNC suspensions, as illustrated in Fig. 3a. The
decrease in zeta potential is due to the electrostatic screening effect
of cation counterion Na*. Double layer principles imply that coun-
terions in solution shield the surface charges of particles, which
thus reduces the absolute value of zeta potential and the electro-
static repulsion. An absolute value of zeta potential of more than
30mV is sufficient to produce strong electrostatic repulsion and
thus a stable CNC colloid at low Na* concentration (<5.0 mM).

As the ionic strength increased to 10mM and to 50 mM, the
zeta potential became less negative (—25.8 and —16.5mV), and the
particle size increased to 151 nm (10mM) and 980 nm (50 mM).
This indicates that charge screening effect was prominent and
led to particle aggregation, therefore turbid suspensions were
observed at ionic strength of 10 and 50 mM (Fig. 1). AFM also
revealed that 10mM Na* started to cause particle aggregation
(Fig. 2), which well agrees with the results obtained from DLS.
When the absolute value of zeta potential is less than 30 mV, the
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Fig. 2. AFM images of CNC suspensions in inorganic electrolyte solutions. The scanning scale is 2 pm x 2 pum.

van der Waals force dominates the electrostatic repulsion and
thus the charged particles tend to aggregate. Boluk et al. (2011)
also found that CNC suspension was kinetically unstable as NaCl
concentration is higher than 10 mM. It was further observed that
a higher ionic strength produced a more turbid solution, and the
phase separation was fast at ionic strength of 50 mM (Borgstrém,
Egermayer, Sparrman, Quist, & Piculell, 1998).

The phase equilibrium of CNCis very sensitive to the added elec-
trolyte. The influence of electrolyte on the liquid crystal phase of
CNC suspension had been reported in literatures. Araki and Kuga
(2001) reported that addition of trace electrolyte (0.1 mM NaCl)
led to the formation of the chiral nematic phase. The presence of
electrolyte (1.0 mM) decreased the volume of the lower anisotropic
phase significantly for a 1.58 wt% cellulose suspension. Dong et al.
(Dong et al., 1996) reported that the volume fraction of the chiral
nematic phase of cotton cellulose decreased from 0.56 to 0.05 with
anincrease in the NaCl concentration from 0.0 to 2.4 mM. The chiral
nematic pitch of the anisotropic phase decreased with the added
electrolyte concentration. Apparently, a decrease in double layer
thickness increased the chiral interactions between the crystallites
(Dong et al., 1996). In this work, the dilute CNC suspension showed
their colloidal instability at Na* concentration of more than 5 mM,
which indicates that a dilute CNC suspension is less sensitive to
counterion than liquid crystal concentration, which is mainly due to
the weaker interaction between particles at low CNC concentration.

The influence of the divalent counterion CaZ* on the colloidal
stability of negatively charged CNC is presented in Fig. 3b. As Ca2*
concentration increased, the zeta potential of CNC became less neg-
ative due to electrostatic screening effect of counterion. At low Ca2*
concentrations (<1 mM), the absolute value of zeta potential was
more than 30 mV, thus repulsive force dominated and little aggre-
gation occurred to CNC particles, which was also indicated by the

CNC particle size of 116-119 nm in Fig. 3b. At higher Ca%* concen-
trations (2.5-5.0 mM), the absolute value of zeta potential was less
than 30 mV —-15.6 to —7.8 mV), which resulted in that the attractive
van der Waals force dominated over the repulsive force, and there-
fore, particles tended to aggregate due to the decreasing repulsion
barrier, as indicated by the CNCsize 0of 325 nm (2.5 mM) and 752 nm
(5.0 mM). A representative AFM image of CNC aggregations at Ca2*
concentration of 2.5 mM is presented in Fig. 2. As compared with
the samples without and with Na* (10 mM) (Fig. 2), CNC suspen-
sion with Ca2* (2.5mM) more easily tended to aggregate and the
size of the CNC aggregation was much larger, suggesting an instable
colloid system.

For both NaCl and CaCl, solutions, the zeta potential of CNC
became less negative with the increasing ionic concentration,
which is commonly observed with most colloidal particles in aque-
ous solution. The zeta potential of CNC, however, was less sensitive
to NaCl concentration than CaCl; over the same ionic concentration
range. When 10 mM Na* started to cause CNC aggregation in NaCl
solution, only 2.5 mM CaZ* could lead to CNC aggregation in CaCl,
solution. At ionic strength of 5.0 mM, the zeta potential and parti-
cle size of CNC suspension with Ca2* was more turbid than that one
with Na*, which is displayed in Fig. 4. This difference is attributed
to the stronger screening effect of divalent counterion Ca%* than
that of monovalent counterion Na*. A specific adsorption of CaZ*
on the surface of CNC particles might also occur (Brant, Lecoanet,
Hotze, & Wiesner, 2005).

3.2. Organic electrolytes
It was found that organic electrolytes could induce the phase

separation of anisotropic CNC suspension (Beck-Candanedo, Viet, &
Gray, 2006; Edgar & Gray, 2002). In this study, SDS, CMC and CPAM
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Fig. 3. Zeta potential and size of CNC as functions of Na* (a) and Ca?* (b) concentra-
tions.

were chosen as anionic and cationic electrolytes to investigate the
influences of organic electrolytes on the colloidal stability of CNC
suspension.

Fig. 5a shows the influence of SDS concentration on the zeta
potential and size of CNC. At low concentrations (<1.0g/L), SDS
showed little influence on the zeta potential, while higher SDS con-
centrations resulted in zeta potential becoming more negative. The
zeta potentials are —56.9mV, —76.9 mV and —79.5mV for CNC at
SDS concentrations of 1.0 g/L, 5.0 g/L and 15.0 g/L, respectively. The
nanoparticle size showed little difference (116-119 nm) at SDS con-
centration range of 0.0-5.0g/L, and then it slightly decreased to
105nm at SDS concentration of 15.0g/L. Because both SDS and

ml

Fig. 4. Colloidal stability of CNC in inorganic electrolyte solutions.
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Fig. 5. Zeta potential and size of CNC as functions of SDS (a) and CMC (b) concen-
trations.

CNC are negatively charged, the electrostatic repulsion led to a
low absorption of SDS on CNC surface, especially at low SDS con-
centrations, which resulted in minor change in zeta potential and
size of CNC. At high concentrations, more SDS presented around
CNC particles and therefore made the zeta potential more nega-
tive. In addition, the presence of SDS among CNC particles might
also act as a steric stabilizer to stabilize the nanoparticles. In this
case, entanglement of SDS chains would not happen because of
the low molecular weight of anionic SDS. These effects allowed a
more stable CNC suspension, which can be further confirmed by the
well dispersed CNC particles (Fig. 6) and the transparent suspension
(Fig. 7).

Fig. 5b shows the influence of CMC on the colloidal stabil-
ity of CNC suspension. The zeta potential became more negative
with the increase of CMC concentration, whereas the particle size
increased. CNCsize slightly decreased with the increase of the abso-
lute value of zeta potential in SDS solution (Fig. 5a), whereas CNC
size increased with the increasing absolute value of zeta poten-
tial in CMC solution, which can also be confirmed by the larger
CNC aggregates in Fig. 6 and the turbid suspension in Fig. 7. CMC
is a high-molecular-weight anionic electrolyte; the long molecular
chain may cause bridging interaction or intermolecular entangle-
ment, and thus brought about serious aggregation of CNC.

It was also observed that only 0.5g/L CPAM started to cause
CNC aggregation, as shown in Fig. 7. In this case, cation poly-
electrolyte strongly absorbed onto the negatively charged CNC
surface, causing electrostatic screening effect (Edgar & Gray,
2002). More importantly, bridging interaction or intermolecular
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Fig. 6. AFM images of CNC suspensions in organic electrolyte solutions. The scanning scale is 2 wm x 2 m.

Fig. 7. Colloidal stability of CNC in organic electrolyte solutions.

entanglementresulted in the serious aggregation of CNC. Therefore,
low-molecular-weight anionic electrolyte facilitates the stability of
negatively charged CNC particles, whereas low-molecular-weight
anionic and cation electrolytes will lead to an instable suspension
of CNC in aqueous system.

3.3. Influence of pH on the colloidal stability of CNC suspension

It was observed in Fig. 8 that as the pH increased from 2 to 11,
there were little differences in size and zeta potential among these
CNC suspensions. When pH further increased to 12, zeta poten-
tial became less negative (—27.8 mV) and size increased to 145 nm.
Since sulfate groups are strong anions, it mainly presents in the
form of —0O—S0O3;—, instead of —0—SO3H, at the pH range of 2-11
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Fig. 8. Zeta potential and size of CNC as a function of pH.

(Piai, Rubira, & Muniz, 2009), therefore CNC particles can retain
their zeta potential and showed little differences in size and zeta
potential ationic strength of 1 mM. However, the Na* concentration
at pH 12 was 10 mM, which started to cause particle aggregation
(Fig. 3a), and thus the size of CNC increased. Therefore, CNC can be
well dispersed in aqueous solution over the pH range of 2-11.

4. Conclusion

Electronegative CNC particles were electrolyte-sensitive in
aqueous system; both inorganic and organic electrolytes could
affect their colloidal stability. The addition of counterions (Na* and
Ca?*) resulted in CNC being less negative due to the electrostatic
screening effect. The divalent ion Ca* showed more prominent
influence on the colloidal stability of CNC suspension than mono-
valent Na*, which was attributed to the stronger screening effect
and specific adsorption of Ca%* on the CNC surface. However, the
zeta potential of CNC became more negative in anion electrolyte
solutions (SDS and CMC). The particle size slightly decreased as SDS
concentration increased, whereas serious aggregation occurred to
CNC in CMC solution. Strong absorption of cation polyelectrolyte
(CPAM) on the electronegative CNC surface and intermolecular
interaction among CPAM chains caused CNC aggregation. There
were little differences in size and zeta potential among CNC parti-
cles at the pH range of 2-11.
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