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The physical stability of zinc oxide (ZnO) aqueous suspensions has been monitored during two
months by different methods of investigation. The suspensions were formulated with ZnO at a
fixed concentration (5wt%), sodium poly-(acrylate), as a viscosifier, and sodium dodecylsulfate
(SDS), as a wetting agent. The rheological study shows that the suspensions exhibit a
non-Newtonian, most often shear-thinning behavior and their apparent viscosity increases with
polymer concentration. The rheograms of most of the ZnO suspensions do not vary during the
experimental period. The viscoelastic properties of these suspensions, such as elastic or storage
modulus (G’), viscous or loss modulus (G”) and phase angle () were also examined. For% strains
lower than 10%, all the formulations show strong elastic properties (G’ > G”, J varies between 5
and 15°). Beyond 10% strain, the rheological behavior changes progressively from elastic to vis-
cous (G” > G’ for % strain >80%). Consistently,  increases and reaches the 50-70° zone.

Multiple light scattering (back-scattered intensity), measured with the Turbiscan ags, was
used to characterize suspension physical stability (early detection of particle or aggregate size
variations and particle/aggregate migration phenomena). Suspensions containing 0.4 and
0.6 wt% polymer remain stable and macroscopically homogeneous, without being affected by
the change of particle size observed with a laser particle sizer. Sedimentation tests, pH, and {
potential measurements versus time, also confirmed these findings.
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INTRODUCTION

In pharmaceutical suspensions, when a solid active
ingredient is dispersed in a liquid, the problems are related
to agglomeration, flocculation (increase of particle size)
and sedimentation: because of their high surface area,
micro- or nanoparticles form aggregates or agglomerates
due to Van der Waals or other attractive forces.

The control of colloidal properties and long-term stab-
ility of the dispersion of solid active particles is of signifi-
cant importance in the manufacture of high quality
products. The formulation of pharmaceutical suspensions
requires that sedimentation is minimized.

Address correspondence to Jean-Paul Canselier, Université de
Toulouse, Laboratoire de Génie Chimique, ENSIACET/
INPToulouse, 4 allée Emile Monso, BP84234, 31432 Toulouse
Cedex 4, France. E-mail: jeanpaul.canselier@ensiacet.fr

Many investigations are concerned by understanding
the effects of organic additives, such as polymers, on the
stability of colloidal suspensions. Polymer chains adsorb
onto particle surface that they tend to stabilize. This
phenomenon is accompanied with changes in the micro-
structure of the solid particles.l' '*!

Polymer adsorption serves as an effective way for mod-
ifying particle surface and hence improving the stability of
pharmaceutical suspensions against flocculation. The
adsorption of polymeric additives onto the surface of the
solid active ingredient is the result of particle-particle inter-
actions: hydrogen bonding and Van Der Waals forces.
Therefore, the mechanism of polymer adsorption and its
effect on the stability of dispersions are important in con-
trolling suspension properties. When adsorbed on inor-
ganic surfaces, these species impart electrostatic, steric or
electrosteric stabilization.

A lot of pharmaceutical suspensions contain carbomers
(synthetic polymers, e.g., poly-(acrylic acid), crosslinked



polyacrylates) as viscosifiers. Only small amounts of carbo-
mer are needed to bring the viscosity of an aqueous prep-
aration to almost any desired value. Pharmaceutical
suspensions have a maximum stability in a certain pH
range: in fact, the pH of the medium has a great influence
on the viscosity of the carbomer solution, therefore on sus-
pension stability.!'* For unneutralized dispersions of car-
bomer, pH values range between 2.5 and 3.5, depending
on polymer concentration. Neutralized aqueous carbomer
gels are more viscous at pH 6-11. Viscosity is considerably
reduced for pH less than 3 or greater than 12. Viscosity is
also reduced in the presence of strong electrolytes."*! It is
significant to check that the pH of these suspensions
remains in a range corresponding to high polymer vis-
cosity. Thus, pH measurements allow good control of the
manufacturing process.

Polymers and surfactants are used together in several
applications. As a result, interactions between polymers
and charged surfactants in aqueous solutions have attracted
increasing attention because of their complex behaviors and
potential applications in rheological control, detergency,
and pharmaceutical formulations."”! Yet, there are very
few investigations on the interactions between carboxylates,
such as poly-(acrylic) acid (PAA), and anionic surfactants,
such as sodium dodecylsulfate (SDS). Using fluorescence,
conductivity and viscosity measurements, Binana-Limbele
and Zana'® and Iliopoulos et al.'” concluded that there
was no direct interaction between SDS and NaPAA. How-
ever, obviously, as a sodium salt, the latter decreases the
critical micelle concentration (CMC) of SDS through
electrostatic effects. On the other hand, Maltesh and
Somasundaran'® reported that, in an earlier study, Eliassaf
had observed that, at low values of pH, the reduced
viscosity of PAA increased as SDS concentration was
increased. Through a fluorescence spectroscopic investi-
gation, Maltesh and Somasundaran!'® found that these
interactions depended significantly on PAA concentration
and pH (ionization degree of PAA). Wang and Tam!'”! also
reported evidence of interaction between SDS and PAA
for a neutralization degree of PAA lower than 0.2.
Hydrocarbon chains of SDS cooperatively bind to apolar
segments of PAA through hydrophobic interaction.

Zinc oxide (ZnO) has generated considerable attention
because of its optical, magnetic, antibacterial and semicon-
ducting properties.!'™ Its nanostructures exhibit interest-
ing properties: high catalytic efficiency and strong
adsorption capacity, and it is extensively used in many
applications such as cosmetics, paints, ceramics and elec-
tronics. In most of these applications, a highly stable
dispersion is required.

The aim of the present study was to investigate the
effects of PAA and sodium dodecylsulfate (SDS), used as
a wetting agent, on the stability of pharmaceutical suspen-
sions containing 5 wt% ZnO. The physical stability of these

suspensions has been monitored, during two months, by
different experimental techniques: rheology, with a con-
trolled stress rheometer, particle size distribution (PSD),
multiple light scattering, { potential, sedimentation rate,
and pH measurements. The influence of the ingredients on
the stability of ZnO suspensions has been investigated as
well as the nature of particle-particle and particle-additive
interactions.

EXPERIMENTAL

Materials
All of the chemicals used in this study were of analytical
reagent grade (Table 1).

Methods
Preparation of Formulations

The ZnO suspensions were prepared in a stirred tank
equipped with a Rushton turbine and four baffles: this
device operates in a mixed flow regime (between axial
and radial types).

Polyacrylic acid was first dispersed in water. A sufficient
quantity of 0.1 N NaOH was added to neutralize the
polyacrylic acid, stirring gently to avoid formation of air
bubbles. In order to achieve maximum viscosity, 1 g carbo-
mer was neutralized with approximately 0.4 g NaOH. ZnO
and SDS were then added while mixing until homo-
geneous. The compositions of the suspensions studied are
given in Table 2.

Evaluation of the Physical Stability of Formulations

In order to evaluate the physical stability of the suspen-
sions, a few physical characteristics, among those suscep-
tible to change during storage, have been measured at
regular time intervals.

pH measurements. The pH measurements were per-
formed using a MP220 model (Mettler Toledo) pHmeter.

Rheological characterization. The rheological charac-
terization of ZnO suspensions and sodium polyacrylate

TABLE 1
Ingredients of the formulated suspensions

Formula, composition,

Compound manufacturer
Zinc oxide ZnO, purity 99% min. Prolabo
Sodium dodecylsulfate C1,H,5S0; Na'*, 99% min.
(SDS) Merck
Polyacrylic acid [-CH,-CH(COOH) 1,
(PAA) (M =~ 1250000). Aldrich

Sodium hydroxide NaOH

Distilled water




TABLE 2
Composition of the suspensions
(all containing 5 wt% ZnO)

No. Polymer (polyacrylic acid) Sodium dodecylsulfate
F1 0.20 0.50
F2 0.20 1.50
F3 0.60 0.50
F4 0.60 1.50
F5 0.12 1.00
F6 0.68 1.00
F7 0.40 0.29
F8 0.40 1.71
F9 0.40 1.00

solutions was performed using an AR2000 rheometer (TA
Instruments), equipped with cone-plane geometry of 2°
angle and 60 mm diameter. The plate was fixed. The shear-
ing torque, imposed on the measurement tool, was trans-
mitted to the sample, whose flow caused the rotation of
the tool, and speed measurement. Since, during sampling,
the state of the sample was likely to undergo some structur-
al modification, the sample was left at rest in the apparatus
during 10 minutes before measurement, so that it could
recover its initial state.

To determine the linear viscoelastic domain and study
the viscoelastic properties of the suspensions, oscillation
tests were carried out (f=1Hz, t=25°C).

Particle size.  The suspensions were characterized with
a laser particle sizer (Master Sizer 2000, Malvern, UK).
They were first diluted, then put into circulation in a suit-
able cell. The particles, illuminated by a He/Ne laser,
deflect light from its principal axis. The quantity of light
deflected and the value of the deviation angle can measure
particle size precisely. Measurable diameters range from
0.02 to 2000 pm.

Analysis  with the Turbiscan. The Turbiscan ags
(Formulaction, France) is an optical apparatus whose
main purpose is to characterize concentrated dispersions.
The sample is contained in a cylindrical measuring glass
cell, 55mm high, closed with a waterproof stopper. The
light source is a diode emitting in the near infrared
(A=880nm). Two synchronous optical detectors receive
the light transmitted through the sample (180° from the
incident light, transmission detector), and the light
backscattered by the sample (45° from the incident light,
backscattering detector). The optical source scans the
whole sample, acquiring transmission and backscattering
intensity data every 40um. The time interval between
two successive acquisitions is programmed by the user,
two analyses per day in the case of our formulations. This
mode is the most comprehensive analysis to detect
migration phenomena [20].

{ Potential measurements. The { potential measure-
ments were performed with a ZetaNano Z (Malvern Instru-
ments). A laser beam passes through the sample, which
must be optically clear. It is thus necessary to filter or to
centrifuge the primary sample to recover the supernatant,
containing the finest particles.

Sedimentation/clarification rate. The sedimentation
rate of a suspension, F, was deduced from the time vari-
ation of the height of the sediment, Hs, compared with
the total height, Ht: F =100 Hs/Ht.

Our suspensions being opaque, it was difficult to
measure the height of the sediment. Therefore, the clarifi-
cation rate of the suspensions was deduced from the vari-
ation of the height of the transparent part, Hc, versus
time (100 He/Ht).

RESULTS AND DISCUSSION

pH Measurements

Some suspensions show a maximum stability in a certain
pH range. Any pH shift of this parameter causes a change
in rheological properties that may adversely affect suspen-
sion stability.

The evolution of pH of the different formulations versus
time is illustrated in Figure 1.

Figure 1 shows that the initial pH of our suspensions
ranges between 8 and 9, because of neutralization with con-
centrated NaOH and does not vary significantly versus
time. It remains in the range of 6 to 11 corresponding to
the maximum viscosity of polymer solutions, thus to good
suspension stability. This allows to say that the impact of
pH on the destabilization observed in some formulations
is negligible.

Rheological Studies
The rheological characterization of zinc oxide-additive
mixtures aims at a better understanding of the interactions

8.2+
1 Y
9.0+ A A & A
8.8 ] -
2= v v
] v o
v v
8.6 +
$ « ¥
T MH . B - X s
= 1 - -+ < < : :
L ]
824 ¢ u .
J < ® 1 Zn0 5%, PAA 0.2%. SDS 0.5%
®  F2 Zn0 5%, PAA 0.2%. SDS 1 6%
8,0 o & F3 Zn0 6%, PAA 0 B%. SDS 05%
v Fd4 Zn0O 5%, PAA 06%, SDS 15%
4 * FS5 ZIn0 5%, PAA 0 12%. SDS 1%
4  F6& ZnD 5%, PAA 0.68%, SOS 1%
7.8 4 F7: Zn0 5%, PAA 0.4%. SOS 029%
® FA ZnO 5%, PAA Q4% SDS 1.7%
1 *  FO Zn0 5% PAA 04% SDS 1%
7.6 " : y i ; . ; ; ¥ “ .
0 1 2 3 4 5
Time (week)
FIG. 1. Evolution of pH for the different formulations as a function

of time. (Color figure available online.)



between zinc oxide particles and between the additive com-
ponents, i.e., between polymer and surfactant.

Viscoelasticity: Dynamic Mechanical Tests

Particle-particle interactions contribute remarkably to
the macroscopic response of a system. To understand the
structure responsible for the observed rheological behavior,
dynamic rheometry (strain sweep) was used. The formula-
tions were studied under conditions close to the rest,
without rupture of the internal structure.

Strain sweep.  The graphs of Figure 2, originating from
oscillation tests, illustrate typical strain sweep profiles,
showing the change of the oscillation stress and the G’
and G” moduli, as a function of the percentage of strain,
for the formulations with various additive concentrations.

Figure 2a shows that all the formulations present a lin-
ear behavior for the lower deformations (less than 1%
strain). In this region, the response (oscillation stress) at
any time is directly proportional to the strain. The end of
the linear viscoelastic domain indicates a «yield stress» cor-
responding to a ‘“‘critical strain’; a value beyond which
there will be a modification of the structure of the sample,
which begins to flow.?!]

Comparing the formulation F1 (0.2% strain, 3.4Pa
of stress) with F3 (0.7%, 4Pa), F2 (0.4%, 6.6Pa) with
F4 (0.4%, 173.8Pa), F5 (0.3%, 18.2Pa) with F6 (0.5%,
97.7Pa) and F9 (0.6%, 8§ Pa) with F6 (0.5%, 97.7Pa), we
see that, for the same surfactant content, the “critical strain”
increases with polymer concentration (Figures 2al and 2a2).

Similarly, a comparison of the formulations F1 (0.2%,
3.4Pa) and F2 (0.4%, 6.6Pa), F3 (0.7%, 4Pa) and F4
(0.4%, 173.8 Pa), and F7 (0.2%, 3.3 Pa), F8 (0.3%, 37Pa)
and F9 (0.6%, 8 Pa), shows that, for the same polymer con-
tent, the “critical strain’ increases with surfactant concen-
tration (Figures 2al and 2a3).

The frontier between solid and liquid states is not
very clear. Some substances show an intermediate beha-
vior between that of a perfect elastic solid and that of a
Newtonian viscous liquid, such as viscoelastic materials.
For a better understanding of the viscoelastic behavior
of our formulations, the results of strain sweep are given
in terms of G’ (elastic or storage modulus) and G” (vis-
cous or loss modulus) as a function of % strain in
Figure 2b.

For deformations lower than 1072% (at rest), the elastic
modulus, G/, for all formulations, is much higher than G”,
indicating a strong thickening or solidifying behavior.*!*?
In the linear domain, G’ remains unchanged while G”
increases with the deformation, decreasing the G'-G” gaps.
That indicates a predominance of the viscous behavior.

Once the critical strain is reached (around 1% strain),
the G'-G” gap reaches its minimal value. Beyond this
strain, G’ starts to decrease simultaneously with G” and
the G'-G” gap is maintained practically constant, meaning

that the overall viscoelastic behavior of our formulations
remains unchanged within this range of deformations.

At about 10% strain, G” increases again for F3 and F4
formulations, while G’ continues to decrease, thus narrow-
ing the G'-G” gap. This indicates the transition from an
elastic to a viscous behavior (change of structure of the for-
mulations, and hence, of their flow characteristics).[zl’zz]
We suppose that this transition, at low deformations, is
an interesting and desirable characteristic since it simulates
the onset, so the facility, of spreading of formulations on
the skin. Consequently, the knowledge of these viscoelastic
parameters is a first approach to predict the performance of
the products.’*?

When the deformation reaches 30%, for F1, F6, and F7,
G’ sharply decreases while G” increases. It is likely that the
sample slipped or was ejected from the gap between cone
and plate. For these formulations, it would have been
necessary to use a sanded or striated surface.

At about 80% strain, for F3 and F4, the G’ and G”
cross each other, meaning a true viscoelastic behavior.
We can suppose that, in this domain of strong deforma-
tions (LAOS =Large Amplitude Oscillation Strain), the
structure of the product is completely broken.?!

Let us note that, in the linear viscoelastic domain, G’
and G” are very sensitive to additive concentrations.
PAA and SDS act on the elastic and viscous properties
of all the suspensions studied.

The phase angle 6 (tan 6 = G”/G’) is a good indicator of
the overall viscoelastic nature of the suspensions. Figure 3
shows the variation of ¢ as a function of percentage of
strain, for all formulations.

It has been established that: tané <1 indicates highly
associated particles, 1 <tand < 3 weakly associated parti-
cles and tan 6 higher than 3 nonassociated ones.!*!

At about 0.01% strain (at rest), the phase angle 9 is close
to 5° for all formulations (tan é < 1, highly associated par-
ticles). Between 0.01% and 1% strain, 6 varies between 5
and 15° (tan J < 1, associated particles). Up to 10% strain,
¢ remains practically unchanged, indicating that the overall
viscoelastic structure of the formulations does not change
in this region.

Beyond 10% strain, for F3 and F4, ¢ increases rapidly
(change of structure) and, around 80%, reaches 45°
(tan6=G"/G'=1), G’ and G” curves cross each other
(Figure 2b), meaning a true viscoelastic behavior.

For the other formulations, the increase occurs toward
30% of deformation: for F1, F6, and F7, § culminates in
the 55-65° zone (1 < tan d < 3, weakly associated particles),
whereas for F2, F5, F8, and F9, ¢ is found in the 30-35°
region (tan 0 < 1, associated particles during the entire test,
no crossing of G’ and G” curves) (Figure 2b).

These ¢ values range between 0° (ideal elastic solid) and
90° (only viscous liquid), indicating that the formulations
are viscous enough to allow their spreading on the skin.
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Flow Tests

The flow curves for the solutions of sodium polyacrylate
and the various formulations are shown in Figures 4a—4f.
These curves were obtained using a “‘steady state flow”
procedure.

The rheological behavior of the sodium polyacrylate solu-
tions is very sensitive to the concentration; the shear stress is
proportional to polymer concentration. However, for the
solution with 0.68% PAA, we observe a change of tendency
(Figures 4a—4c). For shear rates lower than 10°s™!, the
0.12% PAA solution presents a shear-thickening behavior
followed by a shear-thinning behavior. However, for the
more concentrated solutions, we observe a shear-thinning
behavior for all shear rates.

Generally, for concentrated polymer solutions, a shear
rate increase modifies the arrangement of the molecules
in the medium. At lower shear rates (rest state), polymer
chains are very entangled, which confers high viscosity to
the solution. An increase of the shear rate allows the
stretching of the chains and their arrangement in parallel
layers. This makes slipping of polymeric chains easier, thus
reducing viscosity (shear-thinning behavior).>*2¢

Generally, the viscosity of the mixtures increases with
the concentration of suspended matter®!! When additive
(polymer and surfactant) concentration is low, the rheolo-
gical behavior of the suspension is similar to that of the dis-
persing medium (Newtonian behavior).*”! This explains
the behavior of F1 (ZnO 5%, PAA 0.2%, SDS 0.5%).

The shape of the rheograms is typical of a
shear-thinning behavior (Figures 4d-4f). When the shear
rate is increased, the molecules or the structural units line
up gradually in the direction of the flow. Another molecu-
lar interpretation consists to envisage a modification of
structure of liquid (destructuration by rupture of bonds

or deflocculation of particles) with an increase of the shear
rate. 242!

The SDS concentration being kept constant, an increase
of the PAA concentration causes an increase of the shear
stress, therefore of viscosity. In fact, it reinforces chain
entanglement and obstructs fluid flow. The effect of SDS
concentration on the rheological behavior of the suspen-
sions is less important. Here again, we observe a change
of tendency for the F6 formulation. Although its polymer
content is higher, it is less viscous than F3 and F4.

In the present study, the surfactant, supposed to play the
role of wetting agent, was used at relatively high concentra-
tions in certain formulations. In F8, containing 1.7% SDS,
two sharp changes of slope express a suspension destabili-
zation (with possible sedimentation: Figures 4d—-4f), show-
ing the acceptable limit of SDS content. This can be
explained in terms of competitive adsorption between sur-
factant and polymer on particle surface.

The flow behavior of our suspensions was investigated
as a function of time. The rheograms of F3, compared with
those of the polymer solution containing 0.6% PAA, are
given on Figures 5a and 5b.

The rheograms of the 0.6% PAA solution are reproduc-
ible during all the period of storage and over the whole shear
rate range studied. For the F3 formulation, a slight differ-
ence between the rheograms of the first two weeks is obser-
ved.After 15 days of storage, the difference becomes
negligible and the reproducibility of the rheograms is
remarkable, especially for shear rates higher than 10 %s™ !,
indicating an equilibrated balance of the rheological beha-
vior, also observed for other formulations and a good shelf
stability of F3.

Particle Size

Figure 6 shows a typical particle size distribution (PSD)
measured, after 5 days of storage, by the light scattering
technique with the MasterSizer 2000 in dry medium for
the ZnO powder and in dilute medium for the “pure” sus-
pension (5% ZnO) and the various formulations.

The PSD are bimodal for the ZnO powder and the
“pure” ZnO suspension. The powder presents two popula-
tions of particles: a first one, constituted by primary parti-
cles, showing a maximum at 0.54 um, and a second one at
3.31 um, which indicates significant aggregates. This pat-
tern is also observed for the suspension, which clearly
reveals two populations: a first one, with a maximum
located at 3.34 um, and a second population of aggregates,
larger than those observed in the ZnO powder, around
182 um (effect of the hydration). The F1 to F9 formula-
tions show monomodal distributions, except F3 and F4,
which present a shoulder, between 1 and 3 pm, indicating
the presence of small particles of the same size as those
observed in the ZnO powder and the “pure” suspension.
For the formulations, the maxima extend from 40 to
80 um, meaning that the addition of PAA and SDS causes
an increase of the number of smaller particles and reduces
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FIG. 4. Flow curves after 5 days of storage, of: (a), (b), and (c) sodium polyacrylate solutions; (d), (e), and (f) the different formulations. (Color
figure available online.)

the percentage of larger particles, present in the “pure” sus- comparison of the curves shows that the increase of the
pension. We can interpret this result by the small chains of PAA concentration, at a fixed SDS content, causes a shift
PAA, which overlap less after neutralization and are less toward smaller diameters (Figure 6b). From Figure 6c,
prone to ensure bridging bonds between suspended ZnO we also note that particle size is reduced with an increase

particles. of the SDS content, provided that the latter is not too high
Generally, as for emulsions, the viscosity of the suspen- (change of tendency for 1.7% SDS).
sions increases with the decrease of the particle size, which The PSD for the different formulations, after 5 weeks of

seems well confirmed by our experimental results. The storage, are illustrated in Figure 7.
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Except for F6, the PSD remain monomodal and the
maxima undergo slight shifts toward larger diameters.
The curves of F7 and F9 show a shoulder around
300 um, indicating the formation of large aggregates, more
significant in volume for F7. The shoulder of the F4 curve,
initially observed between 1 and 3 um, increases in volume,
meaning an increase of the number of smaller particles: this
could be interpreted by a late manifestation of the effect of
the additives.

Figures 7b and 7c show the evolution of the particle size
for F3, the most stable formulation, and for F6, which
reveals a second population of particles, after three weeks
of storage, likely to be due to the formation of large aggre-
gates with a shift of this peak toward larger sizes. There-
fore, the suspended particles are of two types: a first
population of primary particles and a second population
of large aggregates (with diameter reaching 300 pm after
5 weeks of storage).

Multiple Light Scattering Analysis: Turbiscan ags

Particle migration was characterized with the Turbiscan
ags during two months. The suspensions are opaque, So we
will be interested by the variations of the profiles of back-
scattering intensity (%) as a function of the height of the
sample and of the time of storage in the apparatus
(Figures 8a-8i) to detect incipient instabilities. The
time-dependent behavior of the backscattering intensity is
related to the local variations of particle concentration
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« fter§weeks
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after 2 weeks
4 after 3 weeks
7 after d wesks
O after 5 weeks

Log [Viscosity (Pa.s )]

Log [Shear rate (1/s)]
(b)

Flow curves, as a function of time, for F3 and the 0.6% PAA solution: (a) stress versus shear rate (b) viscosity versus shear rate. (Color figure

(sedimentation-clarification) and to changes occurring in
the inner structure of the suspension (namely particle size)
due to particle-particle interaction forces like Van Der
Waals’ones, responsible for the formation of flocs and
aggregates (flocculation, coagulation).

For F3, F4, and F9, the profile remains uniform and
invariant versus time all along the sample. These formula-
tions, containing 0.4 and 0.6 wt% polymer, remain stable
and homogeneous. Their homogeneity is not affected by
the changes of particle size observed by the laser particle sizer.

For F1, F2, F5, F7, and F8, we observe local variations
related to migratory phenomena. The backscattered inten-
sity increases at the bottom of the sample and decreases in
its higher part. This increase of the backscattering intensity
corresponds to a local increase of particle concentration
(sedimentation). This is justified by the evolution of the
PSD, relatively negligible.

For F6, a decrease of the backscattered intensity, versus
time all along the sample, corresponds to an increase of
particle size, at a given concentration. The time-dependent
behavior of the backscattering intensity (increase of the
particles size) is due to particle-particle interaction forces
like van de Waals’ones, responsible for the formation of
flocs and aggregates by flocculation and coagulation. The
destabilization of this formulation has also been observed
with the laser particle sizer.

To get a more precise insight of the destabilization
phenomena, comparisons of profiles were made, at two
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weeks of interval, for each formulation. The results are illu-
strated by Figures 9a-i.

The backscattering profiles of F3 and F4 remain practi-
cally unchanged for the whole period of the analysis. For
F9, a slight clarification is observed, but without sedimen-
tation. Therefore, these formulations remain stable over
time.

On the other hand, the formulas F1, F2, F5, F7 (initially
stable) and F8, reveal a continuous variation of the profiles
all along the sample during 15 days. Beyond the second
week, the variation of the profiles is not significant, indicat-
ing that the recorded instabilities occur during the first
two weeks.

For F6, the increase of particle size induced by the
destabilization phenomena (flocculation, coagulation), is
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FIG. 7. Final particle size distribution (PSD) for the different formu-
lations (a) and PSD versus time, for F3 (b) and F6 (c). (Color figure avail-
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easily identified by the Turbiscan ags (reduction of the
backscattering intensity in the whole sample (Figure 9f).
Beyond the second week, the profiles become reproducible.
Moreover, the reproducibility of these profiles is not affec-
ted by the shift of the PSD toward larger size.

To study the influence of particle size on the backscat-
tered intensity (so, on the destabilization phenomena
observed for the majority of the formulations) and to
understand the effect of the additive content on these
phenomena, the profiles of the different formulations were
compared (Figure 10). F1, F2, F5, and F8 present local
variations of the backscattered intensity since the begin-
ning of the analysis, meaning an early manifestation of
instabilities. These variations are more significant for F5,
which presents the highest level of backscattering intensity
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FIG. 8. Backscattered intensity profiles given by the Turbiscan ags, as a function of the height of the sample, and versus time, for the various

formulations. (Color figure available online.)

at the bottom of the tube, indicating an extensive sedimen-
tation, compared with F1, F2, and F8. The sedimentation
rate of these formulations is directly related to their first
PSD (Figure 6). The larger the particles size, the faster
the sedimentation rate.

F3, F4, F6, F7, and F9, present uniform profiles, all
along the sample, with relatively low backscattered intensi-
ties, showing that these formulations are fairly stable, at the
beginning of the analysis. Also, for these formulations, the
backscattered intensity is strongly correlated with the PSD.
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The polymer has a preponderant effect on the backscat-
tered intensity of our suspensions. At identical SDS con-
tent, the backscattered intensity at the bottom of the
sample decreases (less formation of sediment) with an
increase of the PAA concentration: therefore, the formula-
tions containing higher proportions of polymer contain
smaller size particles, are more viscous and more stable.

On the other hand, at identical PAA content (F1 com-
pared with F2, F3 with F4, and F7 with F§ and F9), the
suspensions containing higher SDS proportions give rise

W

Evolution of the destabilization phenomena, as a function of time, for the different formulations. (Color figure available online.)

to clarification at the top of the sample. Thus, they are less
stable, in agreement with viscosity reduction by surfactant
addition (fast physical destabilization of the suspension).
Especially for the SDS-rich F8, flocculation is observed.
Moreover, destabilized suspensions are not redispersible
(redispersibility tests have been carried out).

{ Potential

Measurements of { potential were carried out during
the first weeks of storage. Let us recall that the { potential
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measurements were carried out after centrifugation.
Therefore, the measured { potential values are actually
representative of the upper, clear colloidal phase of the
sample. The experimental results, in absolute value, are
given in Figure 11.

Stability is considered to be good when the { potential is
higher than 60mYV in absolute value.

The { potential is strongly negative for the majority of
our formulations and varies between —35 and —95mV,
corresponding to a zone of stability. It was already shown
that the pH of our formulations only varies between 8 and
9, which enables them to remain in this zone of stability:
the addition of polyacrylic acid should bring positive
charges, but those are neutralized with NaOH and pH
increases. When the isoelectric point is reached, the suspen-
sion is in its most unstable state. Alkalinization (pH > 8)
brings back the suspension in a zone of stability.

We suppose that, more often, there is a relationship
between the average size of the particles in the whole
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sample and in the supernatant. But the relationship
between { potential and particle size is not straightforward.
For example, F3 keeps the highest absolute values of
{potential (from 63.8 to 93.1 mV) for the whole duration
of the study: this confirms, once more, the remarkable stab-
ility of this formulation (small particles) compared with the
others. On the other hand, F5, with lower absolute values
of { potential, nevertheless belonging to the stability inter-
val, seems to be stable only due to centrifugation.

Sedimentation/Clarification

Our suspensions are opaque and the determination of
the height of sediment was not easy. For this reason, we
preferred to represent the evolution of the clarification rate
versus time. The results are shown in Figure 12.

Only the formulations F3, F4, and F9, containing 0.4
or 0.6% polymer, resisted sedimentation. The behavior of
F6 (0.68% PAA, 1% SDS) deviates, once more, from that
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FIG. 12. Evolution of the clarification of the formulations as a func-
tion of time. The image shows the physical aspect of the “pure” suspen-
sion (5% ZnO) and of the various formulations after 8 weeks of storage.
(Color figure available online.)



of the mixtures containing 0.6% of PAA (F3 and F4) and 1%
of SDS (F9). For this formulation, the formation of a sur-
face layer of continuous phase, containing some flocs in sus-
pension and others which stick on the walls of the tube, is
observed.The destabilization of the formulations F1, F2,
F5, F6, F7, and F8 is initially fast, during the first two weeks
of storage, then, strongly slows down thereafter. The first
measurements indicate that F5 formed a deposit since the
beginning of the test, with a clarification rate of 33%.

Figure 12 clearly shows that, after eight weeks of
storage, the “pure” suspension (5% ZnO) did not resist
sedimentation.

CONCLUSION

The control of the physical stability of ZnO suspensions,
in the long run, is the principal objective of the present
study. The presence of two phases (solid dispersed in a
liquid) susceptible to separate by sedimentation or
flocculation/coagulation, required techniques such as rhe-
ology, particle size measurements, multiple light scattering,
and zetametry. In the linear viscoelastic domain (<1%
strain), G’ and G” are very sensitive to additive (PAA
and SDS) concentration. All the formulations present
strong elastic properties for % strains lower than 10%
(G'>G” and tano < 1, associated particles). Beyond this
deformation, a transition from the elastic to the viscous
state was recorded. This transition, at low deformations,
is an interesting and desirable characteristic since it simu-
lates the facility of spreading of formulations on the skin.
Consequently, the knowledge of these viscoelastic para-
meters can predict the performance of the products.!'”

All the formulations show a shear-thinning behavior, a
most desired property for pharmaceutical suspensions: an
agitation of the bottle helps reduce the viscosity signifi-
cantly and the product flows easily from the bottle. The
polymer has a dominating effect on the rheological beha-
vior of the suspensions. An increase of the PAA content
raises the viscosity. The classical viscosity increase with
particle size reduction seems well confirmed by our experi-
mental results.

Multiple light scattering analysis, with the Turbiscan
ags, supplements the rheological and particle size investiga-
tions and highlights the major role of the polymer on sus-
pension stability.

In conclusion, the formulations prepared with higher
proportions of polymer (0.4 and 0.6 wt%) contain smaller
particles, are more viscous and remain stable and macro-
scopically homogeneous. Moreover, their homogeneity is
not affected by the changes of particle size observed with
the laser-light diffraction technique. pH and { potential
measurements, as well as sedimentation tests still confirm
the stability of these suspensions.
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