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The experimental phase diagram for aqueous mixtures of charged gibbsite platelets and silica spheres is presented.
The platelets are 95 nm in diameter, and the diameter ratio between the spheres and the platelets is 0.18. Here the spheres
are acting as depletants in the mixtures perturbing the phase behavior of the pure platelet suspensions. An important
finding is that a large isotropic/columnar coexistence region has been identified in the phase diagram, which appeared
already at low concentrations of the platelets.Microradian X-ray diffractionmeasurements revealed the structure of the
liquid crystalline phases and the orientational order of platelets. An interesting observation is that in the columnar phase
the silica spheres are located between the columnar stacks. All samples were in equilibrium because sedimentation did
not affect the system because of the relatively small size of the colloidal particles and the charges present at their surfaces.

I. Introduction

Mixing colloids of different type and shape occurs frequently in
food technology, biological systems, construction, and engineering.1

For example, natural clays from the smectite family are widely used
as components of drilling fluids for tunnel constructions and the oil-
mining industry.2,3 The rheological and structuring effects of these
drilling fluids can be significantly enhanced by mixing clays with
distinctly different colloidal particles. Reported examples include
caolinite/silica4,5 andhectorite/silica6mixtures.Tobe able to control
and manipulate the mechanical properties of these suspensions,
information about their structure and phase behavior is essential.

Smectite clay particles are thin and somewhat flexible platelets
with a large polydispersity in both size and shape.7 These features
make smectite clays difficult to control and to describe theoretically.
In the present work, we therefore chose a simpler experimental
model system, which was developed in the van ’t Hoff laboratory in
Utrecht.8 The colloidal particles are inorganic gibbsite (γ-Al(OH)3)
platelets with pronounced hexagonal shape and the thickness, L,
significantly smaller than the diameter, D (L , D). In typical, the
L/D ratio can be adjusted during the synthesis procedure between
0.03 and 0.5. Gibbsite platelets can be sterically9 or electrostatically
stabilized.10

Previously, gibbsite particles were used to study the phase
behavior of platelet suspensions.11 In general, the phase behavior

of platelet-like particles is richer than that of spheres because of
their additional orientational degree of freedom. Gibbsite plate-
lets, both sterically and electrostatically stabilized, are able to
form liquid crystalline phases, such as nematic and columnar
phases.9,10,12-14 The nematic state is characterized by particle
orientational order, whereas the columnar phase additionally
possesses positional order in two dimensions.15

Mixing colloidal particles with another component, differing in
size or shape, leads to the well-known effect of depletion attrac-
tion.16 At sufficiently high concentrations of the colloid and the
depletant, phase separation will occur because of the gain in free
volume available to the depletant. Mixtures of colloidal platelets
and polymer depletants were studied both theoretically17-19 and
experimentally.20-22 Theoretical calculations for mixtures of hard
discs and small polymers predict the existence of isotropic, nematic,
and columnar phases at low polymer concentrations and a sig-
nificant broadening of the isotropic/columnar (IþC) coexistence
region at larger depletant concentrations.17,18 Experimental phase
diagrams show, however, a richer phase behavior. For instance, a
four-phase coexistence region was found, involving an isotropic gas
anda liquidphase togetherwith thenematic and columnarphases.22

Wensink et al.18 theoretically explained the four-phase coexistence,
which actually contradicts the phase rule of Gibbs, by taking into
account gravity. Therefore, sedimentation of particles leads to a
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density gradient that facilitates the formation ofmultiple phases in a
capillary of sufficient height.

So far, many studies of colloidal platelets were performed using
model systems, which interacted through a hard-wall potential. The
depletion interactions are usually studied using polymers as deple-
tant agents. In this article, we explore the phase diagramofmixtures
of charged gibbsite platelets and like-charged silica spheres in the
lowsalinity regime.Wechose colloidal spheres asdepletants because
they are more effective than polymers.23 Both of our colloidal
species were small and charged enough, so sedimentation due to
gravity was negligible. In contrast with the previously studied
systems,20,22,24-26 which were in steady state because of external
field, gravity, wewill showhere the phase behavior ofmixed sphere/
platelet suspensions in equilibrium. The article is organized as
follows. After a brief description of samples and instrumentation,
an experimental phase diagram of mixtures of charged spheres and
platelets will be presented. Furthermore, we will discuss in detail the
structures formed in pure gibbsite and gibbsite/silica mixtures. The
columnar lattice spacings and the nematic order parameters will be
presented. At the end, we qualitatively compare our experimental
phase diagram with the theoretical predictions available for mix-
tures of hard platelets and polymers.

II. Materials and Methods

Colloidal gibbsite platelets were synthesized according to the
standard procedure described by Wierenga et al.8 After this,
Al13 ions (as produced by hydrolysis of aluminum chlorohydrate,
Al2(OH)5Cl2 3 3H2O,LocronP,Hoechst AG)were adsorbed onto
the gibbsite surfaces to provide additional stabilization.8 Through
a sequence of centrifugations (24 h, 1800G) and redispersions,
excess of Al13 ions was removed, and the platelets were brought
into the 10-4 M NaCl solution. Silica Ludox CL spheres was
obtained from Sigma-Aldrich. The surface of Ludox CL was
coated by themanufacturer with aluminumoxide, which converts
the charge of the particles from the negative to the positive.
Therefore, the surfaces of gibbsite platelets and silica spheres
had the same charge. Ludox CL suspensions were stable at the
used salt concentration and showed no traces of gelation.

Particle averaged diameter, <D>, was determined from
transmission electron microscopy (TEM) images (Figure 1). In
the case of the gibbsite platelets, the particle diameter was defined
as the diameter of an equal-area circle. Atomic force microscopy
was used to obtain the thickness of the gibbsite platelets, <L>.
The particle characteristics are listed in Table 1.

All suspensions were in 10-4MNaCl solution. Concentrations
of counterions in our studies could only be approximated because
the number of surface charges, z, on the platelets and spheres is
not known. In colloidal suspensions, both electrolyte and counter-
ion concentrations have to be taken into account to calculate the
ionic strength, IS. From the latter, one can calculate the Debye
screening length as κ-1 [nm] = 0.304/(IS)1/2 [mol/L],27 which will
be reduced for the concentrated suspensions of strongly charged
particles in comparison with the diluted suspensions containing
the same amount of electrolyte.

The gravitational length of colloids can be calculated as Lg =
kBT/mg, where kB is the Boltzmann constant, T is the absolute
temperature, m is buoyant mass, and g is the gravitational
acceleration. For the gibbsite platelets used in this study, Lg is
4.8mm.However, Rasa and Philipse showed that in concentrated
colloidal suspensions with a low electrolyte concentration, parti-
cles should have an extended gravitational length due to charges
at their surfaces.28,29 Indeed, no sedimentation could be observed
in our suspensions of platelets even after a year of equilibration.

Samples were prepared by mixing the stock suspensions of
gibbsite and silica with the solvent such that the desired colloid
concentration was obtained. One series of mixed gibbsite/silica sus-
pensions was made with the constant volume concentration of
gibbsite (12 vol %), and the amount of silica varied from 0.5 to
8.1 vol %. Additionally, a sample with 9.3 vol % gibbsite and
7.0 vol% silica was prepared to determine the tie lines in the experi-
mental phase diagram.Mixtures for visual observations were put in
the glass capillaries (1.0�10.0 mm cross section, Vitrotubes, Vitro-
Com) that were flame-sealed. Suspensions for microradian X-ray
diffraction (μradXRD) experiments were placed in the roundMark
tubes (2mmdiameter, 10 μmwall thickness,W.M€uller, Berlin). All
samples were stored vertically at 20 �C to reach phase equilibrium.
Themacroscopic phase separation took24h.Oncephase-separated,
the samples were checked for liquid crystallinity with crossed
polarisers and by microradian X-ray diffraction (μradXRD).

X-ray scattering experiments were performed at the European
SynchrotronRadiation Facility (ESRF) inGrenoble, France, at the
Dutch-Belgian beamline BM-2630 and the high energy materials
science beamline ID-11.The so-calledmicroradianX-raydiffraction
(μradXRD) setuphasbeenused.31TheX-raybeamwas focusedbya
set of compound refractive lenses (CRLs)32 at a phosphor screen of
theCCD(charge-coupleddevice)X-raydetectors (PhotonicScience,
4008� 2671pixelsof 22and9μmsquare).At thebeamlineBM-26,a
setof berylliumCRLswasused.The capillarieswereplaced just after
theCRLsatadistanceof∼8mfromthedetector.This setupallowed
us to achieve an angular resolution on the order of 5-7 micro-
radians. The X-ray photon energies of 13 keV (wavelength, λ, of
0.095nm)wereused.At thebeamline ID-11, anX-ray transfocator33

based on aluminum CRLs was used for beam focusing. The X-ray
photon energies of 27 keV (λ=0.046 nm) were selected. The beam
diameter in the sample was∼0.5 mm in both setups.

Figure 1. Transmission electron micrographs of samples taken
from a phase separated silica-gibbsite mixture: a) upper phase,
b) bottom phase. The scale bar denotes 200 nm.

Table 1. Characteristic Sizes of Gibbsite Platelets and Silica Spheres

Used in This Study

<D>/nm <L>/nm

gibbsite 95.0( 16.0 10.6( 3.7 L/D = 0.11
silica 16.8( 1.7 Dsilica/Dgibbsite = 0.18
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III. Experimental Phase Diagram of Aqueous Silica/
Gibbsite Mixtures

III.A. Phase Behavior of Pure Gibbsite Suspensions.
Using visual observations and μradXRD, we determined struc-
tures in pure gibbsite and silica/gibbsite suspensions. A detailed
analysis of the found structures will be given in Section IV of this
article. Here we present an experimental phase diagram of aqu-
eous silica/gibbsite mixtures (Figure 2). Pure gibbsite suspensions
were found to be isotropic (O) and showed no birefringence up to
a platelet volume concentration of 15.2 vol %. Upon increasing
the platelet volume concentration further, we observe an isotro-
pic/nematic phase coexistence (g). Samples with pure nematic
phase were not prepared because the suspensions with the con-
centrations of gibbsite larger than 18.4 vol % become very
viscous. To estimate the nematic phase boundary, we extrapo-
lated the relative volume of the nematic phase from two samples
showing an isotropic/nematic coexistence to 100%, which gave a
value for the concentration of platelets of 20 vol %, denoted asf
in Figure 2. A columnar phase was not detected in pure gibbsite
samples.

III.B. Phase Behavior of Silica/Gibbsite Mixtures. Small
amounts of silica spheres (concentrations <1.7 vol %) added to
12 vol% isotropic suspension of gibbsite did not change its phase
behavior. However, when the amount of spheres was larger than
2.7 vol %, an isotropic/columnar phase transition was induced
(denoted as y in Figure 2). Photographs of the phase-separated
samples observed between crossed polarisers are presented in
Figure 3. The relative amount of the columnar phase in the
samples increased linearly with the increasing amount of silica,
depicted inFigure 4.Fromthis lineardependence,we can estimate
at which silica concentration a pure columnar phase occurs at
given gibbsite concentration (dotted line in Figure 2).

The tie lines in the phase diagram (broken straight lines in
Figure 2) connecting coexisting phases were found from the
quantitative analysis of two samples with an isotropic/columnar
phase coexistence (9.3 vol%gibbsite/7.0 vol%silica and11.3 vol%
gibbsite/9.0 vol % silica). After the macroscopic phase separa-
tion proceeded, the columnar and the isotropic phases of these
samples were analyzed quantitatively with respect to the amount
of gibbsite, silica, and water in them. TEMmicrographs (such as
Figure 1a,b) were used to find the number ratio of gibbsite
platelets to silica spheres in the isotropic and columnar phases.
Gravimetric analysis was used to determine the amount of water
and, consequently, of the total solid compounds (gibbsite and
silica) in two phases. The volume fractions of gibbsite and silica in
the isotropic and columnar phases were calculated using the
particle number ratio, the amount of the total solid compounds,

and the particle averaged diameters and thickness. We obtained
the tie lines by joining the composition points corresponding to
the isotropic and columnar phases being in coexistence.

Figure 1 presents the TEMmicrographs of (a) an isotropic top
and (b) a columnar bottom phase of a sample with the isotropic/
columnar phase coexistence. The micrographs already point out
that most of the silica spheres are located in the isotropic phase,
whereas the gibbsite platelets preferably accumulate in the co-
lumnar phase. This observation is corroborated by the quantita-
tive analysis. However, the columnar phase is not fully free of
silica, and thus up to 2.5 vol% of spheres is present in the bottom
columnar phase (see Figure 2). In Section 4, we will speculate
about the exact location of spheres in the columnar phase on the
basis of a detailed analysis of the μradXRD data, which provide
lattice spacings in the columnar phase.

IV. Structures in Gibbsite and Silica/Gibbsite
Suspensions

IV.A. Pure Gibbsite Suspensions: Isotropic and Nematic

Phases. To verify the nature of the phases present in gibbsite and
silica/gibbsite suspensions and to get a deeper insight into their
structure, we performed high-resolution μradXRD measurements.
First, we studied a reference sample containing only gibbsite parti-
cles at 12 vol % because this concentration was selected for all
mixed silica/gibbsite suspensions. Visual observations proved this

Figure 2. Experimental phase diagram of aqueous silica/gibbsite
mixtures. Broken straight lines are the experimentally found tie
lines, connecting coexisting phases. Phase boundaries depicted as
solid curves were found from the experiment. The dotted line
indicates the extrapolated columnar phase boundary.

Figure 3. Mixed silica/gibbsite suspensions observed between
crossed polarisers. Concentration of gibbsite in all samples is 12
vol%.Concentration of silica spheres increases from the left to the
right as 4.3, 5.2, 6.5, and 8.1 vol %.

Figure 4. Amount of the columnar phase in mixtures of gibbsite
platelets and silica spheres as a function of the spheres concentration.
The straight line is a fit indicating the linear increase of the amount of
the columnar phase with the increasing concentration of spheres.
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sample to be isotropic because no birefringence was seen (not
presented here). Figure 5a shows a μradXRD2D scattering pattern
obtained from this sample. The scattering vector (q)-dependent
intensity profiles, I(q), along the x and y axes were extracted from
the 2D scattering pattern by integrating a small wedge along the
respective axis and are presented in Figure 5b. Here q is determined
by the scattering angle 2θ as q = 4π (sin θ)/λ.

As can be seen in Figure 5a, the scattering pattern is isotropic.
Theprofiles of I(q) verify the isotropic nature of the sample bybeing
almost identical in thex (solid curve) and y (dotted curve) directions
(Figure 5b). The intensity profiles I(q) reveal a relatively broadpeak
at low q and a broad shoulder at higher q. The first peak can be
attributed to the maximum in the structure factor, S(q), due to the
side-to-side interparticle correlations. The shoulder is most likely
due to a superposition of the decay of the form factor of the platelet,
F(q), and a maximum of S(q) due to face-to-face interparticle
correlations.34,35 Theposition,width, andheight of the peak and the
shoulder in I(q) are nearly the same for all measured vertical
positions along the capillary, indicating that the suspension consists
of only one homogeneous isotropic phase. From the position of the
maximum of S(q), it is possible to find the mean nearest-neighbor
separation between the centers of particles36

d ¼ 2π

qmax
ð1Þ

where qmax is the q at the peak position. Therefore, the separation
distance between the platelets in the isotropic suspension of gibbsite
is 116 nm (qmax=0.054 nm-1), which is larger than the diameter of
the gibbsite platelet, Dgibbsite = 95.0 nm.

Increasing the concentration of gibbsite platelets in the suspen-
sions leads to the formation of a nematic phase. To characterize
the structure of the nematic phase in detail, we performed
μradXRD measurements on a sample containing 18.4 vol % of
platelets. This sample was the most concentrated pure gibbsite
sample used in our studies, and it showed an isotropic/nematic
phase coexistence. Figure 6a shows the sample between crossed
polarisers. The upper phase is isotropic and showed no birefrin-
gence (not presented here). This is verified by the μradXRD 2D
scattering patterns, which are isotropic and very similar to the
reference sample in Figure 5. The bottom nematic phase reveals

three regions with or without birefringence between crossed
polarisers. A thin region close to the tube bottom is birefringent.
It is followed by a large region, which appears black. The top part
of the nematic phase is birefringent again. The difference in the
polarization behavior can be explained by different orientation of
the platelets. To obtain the information about the orientation of
platelets in the nematic phase, we performed μradXRDmeasure-
ments at different vertical positions in the sample. The capillaries
used for XRD measurements were round Mark tubes. Unfortu-
nately, it was not possible to take a good quality picture of them
because of high curvature of the walls. Figure 6a shows a sample
in a flat capillary used for visual observations. The 2D scattering
patterns from three different positions in the nematic phase are
presented in Figure 6b-d.

The patterns in Figure 6b,dweremeasured at the top and at the
bottom of the nematic phase, respectively. In these regions, the
birefringence can be easily seen in Figure 6a. The pattern in
Figure 6c, was obtained from the middle part of the nematic
phase, which appeared black between crossed polarisers. The
scattering patterns in Figure 6b,d are very similar to each other
and significantly differ from the pattern in Figure 6c. The
difference between these patterns lies in the pronounced aniso-
tropy of the patterns in Figure 6b,d, whereas Figure 6c looks
entirely isotropic. To quantify these observations, intensity pro-
files, I(q), along the x and y axeswere extracted fromall scattering
patterns. The plots of I(q) are presented inFigure 6e-g,where the
intensity profiles in Figure 6e,g are, as expected, very similar to
each other. A significant difference between the intensity profiles
in x and y direction can be observed there. The profiles in
Figure 6f of both x and y axes are identical, reflecting the isotropy
of the scattering pattern in Figure 6c. Furthermore, the intensity
profiles in Figure 6f are identical to the profiles in Figure 6e,g
taken in the x direction. They all reveal a strong peak at low q,
whereas the intensity profiles in Figure 6e,g for the y axis show an
additional pronounced peak at high q. This shows that in the
middle of the nematic phase the plates are orientated with their
faces toward the cell wall. In other words, the X-ray beam detects
the full faces of the platelets and can measure only the positional
side-to-side correlation distance. The shorter face-to-face correla-
tions are not seen because they are simply along the beam.
Moreover, the region appears black in Figure 6a not because it
is isotropic but because the light propagates along the optical axis
there. On the other hand, in the top and bottom parts of the
nematic phase, the platelets align with their horizontal director
perpendicular to the surface; this orientation additionally makes
their sides detectable in the direction of observation. Such
orientation gives two length scales in the μradXRD 2D scattering
patterns; that is, in addition to the sharp reflection at a small

Figure 5. (a) 2D scattering pattern and (b) the intensity profiles along the x (black solid curve) and y (gray dotted curve) axes obtained from
the isotropic gibbsite suspension of 12 vol %.
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angle, a perpendicular broader reflection at a wider angle regime
appears. Indeed, it can be nicely observed in Figure 6b,d.
Furthermore, at this orientation, the light partially passes through
the cross polarisers, as is indeed evident from Figure 6a.

The visual observations of the three regions in the nematic
phase are reproducible, and the X-ray patterns comply with the
optical observations indicating that the formed regions will
always appear. It appears that in the nematic phase the platelets
prefer to position themselves with their faces toward the walls.
Because the platelet is an anisotropic particle, it is not known how
such a particle will orientate in junctions (in our case, at the top
and the bottomof the nematic phase). This is why at these regions
a different orientation of the platelets is observed.

The side-to-side and face-to-face correlation distances between
the platelets can be calculated from the positions of the peak in
I(q) at low and high q, respectively, using eq1. Table 2 presents the
side-to-side and face-to-face correlation distances at the different
positions of the nematic phase.

By looking at the azimuthal intensity distribution at the q peak
values corresponding to the face-to-face correlations, we can find
the tilt angle of the platelet side in respect to the vertical axis, ω0.
Additionally, the order parameter can be investigated in the
bottom and top regions of the nematic phase. As shown in
Figure 6b,d, the scattering patterns from these regions reveal

structure peak at high q, which can be used to determine the order
parameter for each position in the system. Figure 7 presents the
azimuthal intensity distribution at the q= 0.21 nm-1, where this
peak occurs, extracted from the 2D scattering pattern measured 3
mm from the nematic-isotropic interphase. Similar distributions
were extracted for all scans in the nematic phase. In its bottomand
top parts, all distributions show features similar to those in
Figure 7, whereas the middle part is isotropic.

Two things are clear from this plot. First, the scattering
intensity is very anisotropic. Second, the intensity peaks are
not aligned along the x axis but slightly turned, indicating
a small tilt angle of the platelets. We now apply the formalism
used by Purdy et al.37 to determine the nematic order para-
meter, S2. First, we fit the azimuthal intensity distribution

Figure 6. (a) Nematic phase of the suspensionwith 18.4 vol% of gibbsite observed between crossed polarisers (their orientation is indicated
at the bottom). (b-d) The μradXRD 2D scattering patterns taken at different vertical positions in the nematic phase and (e-g) the
corresponding intensity profiles along the x (solid curves) and y (dotted curves) axes.

Table 2. Peak Positions andCorresponding Side-to-Side and Face-to-

Face Correlation Distances between the Platelets Measured at the

Different Positions of the Nematic Phase

nematic
phase

peak at
low q (nm-1)

side-to-side
correlation

distance (nm)
peak at

high q (nm-1)

face-to-face
correlation

distance (nm)

bottom 0.058 108 0.22 29
middle 0.057 110 not detected
top 0.056 112 0.21 30

Figure 7. Intensity as a function of the azimuthal angle at q =
0.056 nm-1 3mmfromthenematic-isotropic interphase. The gray
line is the fit to eq 2.

(37) Purdy, K. R.; Dogic, Z.; Fraden, S.; Ruhm, A.; Lurio, L.; Mochrie, S. G. J.
Phys. Rev. E 2003, 67, 031708.
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with the following function

I ¼ baselineþ I0 f ðωÞ ð2Þ
Here I0 is the normalizing factor, ω is the azimuthal angle, and
f(ω) is the orientational distribution function described as

f ðωÞ ¼ expð-RPðωÞÞ ð3Þ
where R is the width of P(ω), which in our case is a Legendre
polynomial

PðωÞ ¼ 0:5ð3 cos2ðω-ω0Þ- 1Þ ð4Þ
here ω0 is the tilt angle. The function P(ω) can be arbitrarily
chosen, as has been shown by Prudy et al.;37 however, it has to
be able to fit the azimuthal intensity distribution. Furthermore,
the order parameter S2 can be determined as follows

S2 ¼
R
f ðωÞPðωÞ sinðωÞ dωR

f ðωÞ sinðωÞ dω ð5Þ

In Figure 8, the order parameter (9) and the tilt angle, ω0 (O),
are shown for different sample height positions.

The large q peak is not visible in themiddle region of the nematic
phase (Figure 6c), and it is therefore not possible to extract any tilt
angle or order parameter in this region. The analysis reveals that the
platelets have their horizontal director perpendicular to the beam at
least a centimeter from both the top and bottom surfaces (schema-
tically shown in Figure 8). Moreover, it was possible to detect that
theplatelets are also slightly tilted.Theplatelets are verywell aligned
through the nematic phase, giving an order parameter >0.7. Its
value is only slightly lower than 0.85 observed in a nematic phase of
magnetically oriented gibbsite platelets.38 An interesting observa-
tion is that the order parameter is larger at the bottom part, indica-
ting that the sample is slightly denser there. Additionally, as shown
in Table 2, both the side-to-side and the face-to-face correlation
distances slowly decrease from the top to the bottom of the nematic
phase. The gibbsite platelets at the bottom are more compressed
because of a gradient in the osmotic pressure.
IV.B. Mixed Silica/Gibbsite Suspensions: Columnar

Phase. The addition of silica spheres to the isotropic gibbsite
suspension of 12 vol % induced a phase separation when the
amount of silica reached 2.7 vol %. The upper phase showed no

birefringence and was determined to be isotropic. The bottom
phase appeared birefringent (Figure 3); however, it showed no
optical Bragg reflections. The absence of optical Bragg reflections
did not necessarilymean that the observed liquid crystalline phase is
nematic. It could also be explained by the fact that the separation
distances between the gibbsite platelets are so small so that the
wavelengthof the reflected light lies outside of the visible light range.
This means that the visual observations could not provide the
definitive information about the structure of the liquid crystal phase
in our mixed silica/gibbsite suspensions. Therefore, μradXRD
measurements had to be performed to clarify the structure of the
bottom phase in a mixed suspension of silica and gibbsite. We
studied a sample with the highest amount of silica (8.1 vol% silica,
12.2 vol % gibbsite). The 2D scattering pattern and the I(q) along
the x (black solid curve) and y (gray dotted curve) axes of the
bottom phase are shown in Figure 9a,b, respectively. The scattering
pattern and the I(q) of the isotropic phase are not presented here
because they were identical to those shown in Figure 5.

Four sharp rings at small angles appear in the scattering pattern
of the bottom phase. They correspond to four sharp peaks in the
intensity profile and are best seen in a profile taken along the x
direction (black curve). The relative positions of the peaks obey the
relationship 1:

√
3:
√
4:
√
7. Therefore, the peaks can be attributed to

(100), (110), (200), and (210) Bragg reflections. This indicates that
the sample has hexagonal structure of columnar stacks. Differences
in I(q) in x and y directions are due to the orientation of the platelets
in relation to the incident X-ray beam. The indexing of the
scattering data was assessed by plotting qhkl vectors (hkl the Miller
indices) of the Bragg peaks versus (h2þ hkþ k2)1/2 (see Figure 10).
For a hexagonal structure, such a plot should pass through the
origin and be linear with the slope, b, of

b ¼ 4
ffiffiffi
3

p
π

3

1

ad
ð6Þ

where ad is the hexagonal lattice spacing.
39,40 The line in Figure 10

indeed indicates a very good fit of the scattering data to the
hexagonal structure. The value of ad, obtained from the slope of
the fit line in Figure 10 is 133 nm. Lattice spacings, aL, revealing
face-to-face positional correlations between platelets in columns
can be calculated from the q001 value (q001= 0.263 nm) as aL� 2π/
q(001). The value of aL is 24 nm. Furthermore, we measured the
width of the q(001) peak, which is 0.02 nm-1. On the basis of the
Scherrer equation,41we can estimate that the positional correlations
in columns extend over at least 13 lattice periods. The position of all
peaks slightly shifts to the larger q as the sample is scanned from the
top to the bottom of the columnar phase. This indicates that both
the side-to-side and the face-to-face correlation distances between
platelets slowly decrease. An interesting observation from the
μradXRD2D scattering patterns of the high q peaks in the nematic
(Figure 6b,d) and columnar phases (Figure 9a) is that the orienta-
tion of the platelets in those phases differs by 90�. The columnar
stacks are perpendicular to the bottom of the tube, whereas in the
nematic phase, platelets are oriented with their horizontal director
parallel to the bottom of the tube.

As we pointed out in Section III, up to 2.5 vol % of silica
spheres is present in the bottom columnar phase (see the phase
diagram Figure 2). On the basis of geometrical reasons, we can
speculate about the exact location of spheres in the columnar
phase. The face-to-face correlation distance between the platelets

Figure 8. Tilt angle (O) and the order parameterS2 (9) for different
sample height scans. Error bars correspond to the symbol size.

(38) van der Beek, D.; Davidson, P.; Wensink, H. H.; Vroege, G. J.; Lekkerkerker,
H. N. W. Phys. Rev. E 2008, 77, 031708.

(39) Hahn, T. International Tables for Crystallography; Reidel: Dortrecht, The
Netherlands, 1983.

(40) Holmqvist, P.; Alexandridis, P.; Lindman, B. Langmuir 1997, 13, 2471–2479.
(41) Warren, B. E. The X-ray Diffraction; Dover Publications: New York, 1990; p 381.
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in columns, aL, was found to be 24 nm. This value is smaller than
the sum of the platelet thickness and the sphere diameter. There-
fore, we can conclude that the spheres are not situated between
faces of the platelets in the stacks of columns. The hexagonal
lattice spacing of the columnar phase, ad, found fromμradXRD is
133 nm. This value is larger than the sum of diameters of the
sphere and the platelets, which is equal to 111.8 nm. Therefore, it
follows that the spheres can be located only in the regions between
the columns of platelets (depicted as an inset in Figure 10).

V. Discussion and Conclusions

On the basis of visual observations and μradXRD measure-
ments, we presented an experimental phase diagram of aqueous
silica/gibbsite mixtures in the low salinity regime. Here we will
compare this experimental phase diagram with the previous
experimental and theoretical studies on platelet suspensions.
Silica spheres added to gibbsite suspensions acted as depletants
and changed the phase behavior of gibbsite platelets. Whereas
pure gibbsite suspensions showed the isotropic phase and the
isotropic/nematic phase coexistence, the mixed suspensions of
spheres and platelets showed isotropic/columnar phase coexis-
tence in a very broad colloidal concentration region. This ten-
dency of platelets to form columnar stacks when a depletant agent
is added was shown by Mason on an example of wax disks and
surfactant micelles.42 Moreover, he theoretically showed that the
contact value of the depletion attraction is the largest when the
disks approach each other face-to-face, so columns are formed.

In agreement with this finding, our μradXRD measurements
show that in the columnar phase silica spheres are not located
between the faces of gibbsite platelets (which would be energeti-
cally less favorable) but occupy the regions between the stacks
(depicted as an inset in Figure 10). Therefore, only the isotropic
phase and the isotropic/columnar phase coexistencewere found in
mixed silica/gibbsite suspensions. This finding is different from
the observations of van der Kooij et al.,22 where four phases were
found inmixtures of hard platelets and ideal polymers depletants.
However, we can explain the difference by the fact that sedimen-
tation played an important role in the study of van derKooij et al.
because an estimated gravitational length of hard gibbsite plate-
lets used in their study is 0.9 mm, which is smaller than the
container length. Wensink et al.18 showed theoretically that
sedimentation indeed leads to rich phase behavior of platelets,
such as the four phase equilibrium, which is not present in zero-
gravity case and contradicts the phase rule of Gibbs. Gibbsite
platelets used in our study were small and charged, which means
that their gravitational length significantly increased.28,29 This led
to the negligible sedimentation in our colloidal system. Therefore,
the phase behavior presented here for mixtures of charged silica
and gibbsite is in a “true” equilibrium, which explains the absence
of four phase coexistence.

We would also like to compare our experimental phase
diagramwith the theoretical predictions. However, to our knowl-
edge, there is no theoretical work published for mixtures of
charged spheres and platelets. Therefore, we can only qualita-
tively compare our experimental phase diagram with the existing
simulations of Zhang et al.17 on themixtures of hard platelets and
ideal polymers. In the simulations, the L/D ratio was 0.1, and the
ratioDpolymer/Dgibbsite equaled 0.5; gravitywas negligible. The size
ratios used in the simulations are slightly different fromour values
(Table 1), also due to the Debye screening length changing the
effective size of our colloids. However, because we do not have
simulation data for the colloid size ratios used in our studies, we
use the latter ratios for comparison. Simulations show that low
concentrations of depletant do not change the phase behavior of
the mixture. Therefore, isotropic, nematic, and columnar phases
should be present. At high depletant concentration, the depletion
attraction is strong enough to induce an isotropic/columnarphase
transition without the occurrence of a nematic phase. These theo-
retical predictions were partially observed by us experimentally.
Therefore, the addition of silica spheres, when the concentration
of spheres was >2.7 vol %, affected the phase diagram of the
gibbsite suspensions significantly. The most striking effect was,
indeed, the appearance of a broad isotropic/columnar phase
coexistence region (Figure 2). However, we were not able to
find a nematic phase in mixtures with low sphere concentrations.

Figure 9. (a) 2D scattering pattern and (b) the intensity profiles along the x (black solid curve) and y (gray dotted curve) axes obtained from
the silica/gibbsite mixture (12.2 vol % gibbsite, 8.1 vol % silica).

Figure 10. q values of Bragg reflections of Figure 9 versus (h2þ hk
þ k2)1/2. The straight line passing through the origin indicates a
very good fit of the scattering reflections to the hexagonal struc-
ture. The inset depicts the possible location of the spheres in the
platelets columnar phase.

(42) Mason, T. G. Phys. Rev. E 2002, 66, 060402.
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The reason could be due to the small area of the nematic phase on
the phase diagram of platelet/sphere mixtures. Additionally, the
work in the high concentration region of platelets was difficult
because of the large viscosity of the gibbsite suspensions. Our
future study will be to obtain a theoretical phase diagram for
mixtures of charged platelets and spheres to compare the exact
location of the phase boundaries.

To conclude, rich information was obtained from μradXRD
measurements not only about the structure of the phases inmixed
sphere/platelets suspensions but also about the orientation of the
platelets in liquid crystalline phases. This in combination with the
thorough phase diagram analysis gives a deeper insight into the
physics of anisotropic mixed systems. So far, we studied silica and
gibbsite mixtures in the low salinity regime. The electrostatic
repulsion between colloids is important in this system, affecting
the volume of particles and the size ratiosDsilica/Dgibbsite and L/D
due to the Debye screening length. Additionally, the electrostatic

repulsion increases the gravitational length of colloids, keeping
the system in equilibrium in difference with many previous
studies. Certainly, an addition of salt will change the interactions
affecting both the structures and the phase behavior of the system.
Studying the role of salt concentration will be an interesting
subject for further investigations.
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