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Reversible flocculation of silica colloids in liquid mixtures
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We report some observations concerning the reversible Aocculation of silica colloids in reentrant

liquid mixtures of 3-methylpyridine plus water plus heavy water and 2,6-lutidine plus water. Our
research involved a detailed determination of the line of Aocculation temperatures for phase-separating

as well as non-phase-separating mixtures. We find that the Qocculation temperature is more inAuenced

by the impurities in the suspension rather than the concentration and size of the spheres. For a fixed

volume fraction and diameter of the colloids, we notice a close similarity between the dome of Aoccula-

tion temperatures and the bulk-coexistence surface but with different amplitudes and exponents in each
case.

INTRODUCTION

The phenomenon of Aocculation of silica colloids in the
one-phase region of a 2,6-1utidine plus water mixture near
its bulk coexistence has received considerable attention in
the recent past [1—4]. This flocculation occurs at a well-
defined temperature and is reversible with respect to tem-
perature. The precise origin of this phenomenon is still
not known. It was first observed as a sequel to the strong
adsorption of lutidine while exploring the prewetting
transition [1]. It has been shown that ludidine adsorbs
onto Stober silica particles whereas water adsorbs on
fused quartz [2,5]. Flocculation appears in the region of
phase diagram which is poor in the adsorbed component.
A similar observation has been reported using poly-
styrene latex [4]. The adsorption of ludidine on Stober
silica can be suppressed (resulting in the disappearance of
flocculation) and eventually caused to revert to water ad-
sorption by the addition of small amounts of Mg(NO3)2

The exact mechanism for this Aocculation necessarily
involves the preferential adsorption of one of the com-
ponents leading to a concentration profile around the
spheres. This profile introduces attractive interactions
(London —van der Waals type) between two spheres,
which at one stage overcomes the repulsive electrostatic
interaction stabilizing the suspension. Near an isolated
sphere (wall), this profile can evolve into a thick layer
(prewetting transition) discontinuously [6]. However,
this transition should be smoothed out as a result of the
finite size of the spheres [7,8]. The problem is further
complicated when two spheres come closer due to
Brownian motion. The wetting layer can form a bridge

between two adjacent spheres (capillary condensation)
[9—11]. When the gap between the spheres becomes
comparable with the bulk correlation length, the dimen-
sionality experienced by the intervening Auid may be re-
duced [12,13]. These interesting scenarios have been the
topic of recent reviews [14,15].

In this article we report some systematic studies con-
cerning the behavior of silica colloids in 2,6-1utidine (L)
plus water (W) and 3-methylpyridine (MP) plus water
plus heavy water (HW) mixtures, henceforth referred to
as LW and MW, respectively. We studied the effect of
size (d) and concentration (cb) of the spheres on the floc-
culation temperature ( TF) and find that their influence is
somewhat camouflaged by the dissolved impurities.
These impurities, that are evolved as a result of leaching
or dissolution of silica spheres by the mixture, widen the
gap AT~ (= T,„—TF, where T,„ is the bulk coexistence
temperature) with time. For a fixed d, cb, and impurity
concentration, we measured the flocculation line (loci of
TF's) in the neighborhood of the bulk-coexistence sur-
face.

EXPERIMENT

Though LW mixture has a closed loop phase diagram
with upper and lower consolute points (T~ and TL, re-
spectively), this system is widely studied only near TL
(=34.108'C) as TU (=230.7'C) is somewhat inaccessible
[16]. On the other hand, the MW system permits the ap-
proach to TU and TL rather easily [17]. MP and L (2,6-
dimethylpyridine) both being methylpyridines, their wet-
ting properties are expected to be similar. Thus LW can
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be considered as a very wide loop of the MW system.
The reentrant miscibility in MW has been studied ex-

tensively [17], the reason being the delicate but possible
tunability of the loop size (b, T~= TU —TI ) by adjusting
the weight fraction (X) of HW in W+HW. A double
critical point (DCP) is realized when hT =0. The quan-
tity X simulates the condition of a thermodynamic field
similar to pressure. The bulk-coexistence surface is a
paraboloid in the CMP T Xs-pa-ce (where CMP is the
weight fraction of MP in the mixture) whose apex (coor-
dinates CMP, TD, XD) is the DCP. There is no bulk phase
separation for X (Xn [17].

The colloids were synthesized by the Stober method
[18] which involves the hydrolysis of tetraethyl orthosili-
cate in an aqueous ethanol solution containing ammonia.
The resulting particles were repeatedly rinsed with water
by removing and diluting the supernatant after allowing
the spheres to sediment. The radius and polydispersity of
the spheres were determined using electron microscopy.
Some of the dispersions were also characterized by static
light scattering. The properties of the different batches of
colloids used for the present work are listed in Table I.
Batch IV colloids were prepared using the modified
method (for higher monodispersity) given by Bogush,
Tracy, and Zukoski [19].

Samples were prepared using 3-methylpyridine (Al-
drich gold label 99.50%%uo), heavy water (Sigma 99.96%),
and 2,6-1utidine (Merck &99%) as purchased. Water
used was either quadruply distilled in an all quartz distill-
er (MW) or obtained from a Milli-Q system (LW). For
MW samples, the silica spheres used were rinsed 15 times
with quadruply distilled water. This procedure was
essential as the coexistence surface of MW is extremely
steep (especially in the limit b, T~O), and unlike in the
case of LW (where b, T+=197'C), any small changes in

impurity concentration not only affect TF but T,„also.
After thorough rinsing the resulting suspension in W was
diluted to (volume fraction of the colloids) c& =0.01. In
each case, a small portion of this suspension was further
diluted to cb =0.003 by adding the appropriate amounts
of MP, 8', and HW to obtain the desired CMp and X.

The initial set of experiments for MW samples was car-
ried out using flame-sealed containers (cells). These sam-
ples yielded unusually large ATI;. In addition, the Aoccu-
lation was observed over a wide range of CMP and X and
had poor reproducibility. We also noticed that the Aoc-
culation boundary could drift away from the coexistence

surface with increase in the exposure time of the Aame,
while sealing the cells. This led us to the conclusion that
during the course of Game sealing some impurities are
evolved which mainly affect Tz and not T„significantly.
As we were not in a position to standardize these impuri-
ties, we completely avoided using fiame-sealed cells. All
the measurements reported here were performed using
cells with Tellon high-vacuum stopcocks (RotaQo).

Another potential source of impurities is the leaching
of the silica spheres and walls of the container by L-MP.
The LW mixtures were studied in quartz containers,
whereas for MW mixtures a switch from a Pyrex to a
quartz container did not yield an appreciable difference in
ETF. This indicates that the role of impurities which are
leached out from the walls of the container is
insignificant in shifting ATF with time. For MW sam-
ples, containers were initially soaked with the ternary
mixture. The drifts in TI; in such cells were about 10—20
mK/day (near CMP for X=0.2) which further reduced to
5 mK/day after a week. Each Aocculation line was gen-
erated using the same parent solution in order to main-
tain the constancy of X as well as the unknown impuri-
ties. In all the cases TF decreased and T„ increased with
time near TL and vice versa near TU. Hence ETI; in-
creased with the age of the sample.

The Aocculation and phase separation temperatures
were observed in either water (LW) or liquid paraffin
(MW) thermostated baths with temperature stability
better than +1 mK. The temperature of the water bath
was measured by a quartz thermometer (HP2804A) and
that of the liquid paraffin bath using a platinum resis-
tance thermometer (ASL,F17). The absolute accuracy of
temperature measurement in each case was better than 20
mK. The onset of fiocculation was detected by a sudden
increase in sample turbidity. The temperature of the wa-
ter bath was changed continuously at a sufficiently slow
rate (50 mK/h) to ensure thermal equilibrium and the
transmitted light intensity was recorded. The experimen-
tal setup is similar to the one described previously [3].

In the case of MW samples, the temperature of the
liquid paraffin bath was varied in steps, and Aocculation
and phase separation were observed visually. Prior to TI;
the cells were gently tumbled down at regular intervals to
eliminate the vertical concentration gradient of silica
spheres. The visual observations indicated a finite tem-
perature gap (=20 mK) between the onset of flocculation
and sedimentation of aggregates. This feature ought to
be related to the kinetics of aggregation [20].

Batch

I
II
III
IV

d (nm)

130(136)
346

510(626)
330

hd /d

0.13
0.25
0.07
0.09

10 cb

5.4
8.9
9.5

10.1

TABLE I. The details of silica colloids used in the present in-
vestigations. The colloids were suspended in water. The aver-
age diameter (d) and its variance (hd/d) were determined using
electron microscopy. The numbers in parentheses are deduced
from static light-scattering measurements. ct, is the volume
fraction of the colloid.

RESULTS

In a first series of experiments LW samples of varying
c&'s [for constant weight fraction of i. (CL)=0.2] were
prepared by diluting the original silica dispersion in wa-
ter with fresh L and 8'. Three different sizes of the
spheres (d) were used (batches I—III in Table I). The ob-
served variation of ATI; is displayed in Fig. 1. In each
case the AT~'s lie on a straight line as a function of cb.
However, the slopes of these straight lines or the inter-
cepts cannot be related to d in any simple manner. The
MW samples prepared in an identical way (using batch
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FIG. 1. Variation of ATF as a function of the volume frac-
tion of the silica spheres (c&) for different sizes (d) of the col-
loids in LW (Cl =0.20) and MW (CMp=0. 30) mixtures. The
samples were prepared using proportional amounts of the stock
suspension.

IV colloids) yielded a similar behavior near both TU and
TI (Fig. 1).

In order to reexamine the effect of cb and d on ATF, we
prepared samples of differing cb's (for d =346 nm) by iso-
lating different parts of a heterogeneous suspension. The
resulting cb was determining by turbidity. The observed
variation in hTF as a function of cb in this case was much
less systematic than that represented in Fig. 1. Thus we
suspect that small amounts of uncontrollable impurities
present in the original suspension are responsible for the
systematic variation of ATF with cb shown in Fig. 1.
These impurities could be evolved either by the leaching
of trapped remnants of colloid synthesis from the pores
of the silica spheres or by a slow dissolution of colloidal
silica by the mixture (note that the surface chemistry of
charge-stabilized silica colloids is extremely complex)
[21]. To probe this impurity effect further, we replaced
part of the solvent by fresh LW mixture or by LW mix-
ture prepared using water that has been possibly
deteriorated as a result of prolonged contact with either
silica colloids or quartz powder. In the former case we
found a decrease of hTF and vice versa for the latter.
The above findings as well as the observed drift in b, TF
(widening) with time confirmed our doubts regarding the
role of impurities.

Figure 2 illustrates the temporal shift of fiocculation
line (loci of T~'s) in the neighborhood of closed loop
phase diagram of MW mixture (for X =0.2, b, Tz = 18.46
K). The hT~'s of samples denoted as fresh were deter-
mined within 6 to 8 h after their preparation. For the
four aged samples, the silica spheres were in the MW
mixture for about ten days. In all the cases the Aoccula-
tion line terminated on the coexistence curve at the MP-
rich side which further drifted away from CMP with time.

The variation of ATF with Cl for a fixed volume frac-
tion of the colloids is pictorially represented in Fig. 3.
The Qocculation line, which terminates on the bulk coex-
istence curve, clearly extends beyond CJ (critical concen-
tration corresponding to L).

Figure 4 depicts the Aocculation line in the neighbor-
hood of a closed loop phase diagram with hT~ =18.46 K
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FIG. 3. The reduced difference between Aocculation and
coexistence temperature (5TI; = T,„—TI; ) vs lutidine weight
fraction CI . "Reduced" means corrected for a constant impuri-
ty concentration (=1) according to Fig. 1. (The line drawn
through the points is for visual aid only. )
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FIG. 2. The behavior of Aocculation line in the vicinity of
CMp (critical concentration) both near TU (6T„U) and TI
(AT„„) in the M%' system (X =0.2, ET+=18.46 K, c~ =0.003,
and d =330-nm) for fre@ and aged samples. For this system
CMp's-differ dist y pear TU and TL. The continuous lines
are only a guid to the eye.

(X=0.2) oF MW~ The cb and d of silica colloids used
were 0 003 and 346 nm, respectively. Two striking
features of this curve are (a) the flocculation line does not
originate from the coexistence curve, rather it envelops
the coexistence curve on the MP-poor branch; (b) it ter-
minates near TL and TU corresponding to different
values of CMP. Such a mismatch of CMP occurs even for
the bulk-coexistence curve [22]. For example, CMP for
this b T» (deduced from equal volume coexistence) corre-
sponding to TU and TL are 0.328 and 0.316, respectively.
The true CMp differs appreciably from the extrema of the
coexistence curve [17]. This factor stems from the ter-
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FIG. 4. The measured flocculation line for X =0.2,
cb =0.003, and d =346 nm. The continuous curve corresponds
to the fitted coexistence curve. The error bars for the TF's are
smaller than the size of the symbols.

nary nature of the system, the coexistence curve (for any
X(1) being an oblique section of the actual coexistence
dome (to be visualized in a triangular base prism). How-
ever, the Aocculation line terminates on the coexistence
curve at a point (CQF) in the vicinity of CMF with

CQF —CMF =0.003, if the sample is fresh and CQF shifts
away (to the W-rich side) from CMF with aging of the
sample (see Fig. 2).

Figure 5(a) illustrates the stability of silica colloids in a
non-phase-separating mixture (X=0.1475, slightly less
than XD =0.1485, cb =0.003, and d =346 nm). The area
within the curve marks the aggregated state of the sus-
pension and hence the reentrant character of the stability
of colloids. An important feature of the curve is its ex-
tension up to CMp =0.325. This factor coupled with the
fact that the extrema of the loop in the limit AT~~O lie
between CMp=0. 3 and 0.305 suggests that the Aoccula-
tion line completely encircles the coexistence curve for
very small b, TX's ( ~ 1'C). Unfortunately such small

loops are very difficult to stabilize in the presence of silica
spheres.

The close resemblance of the Aocculation line in Fig.
5(a) with the bulk-coexistence curve [22] stimulated us to
describe it by the following function:

CMP CMP =B1tF+ — p~

tF [ ( TFU T )( T TFL ) ~TFU TFL ] TF/
(=354.35 K) and TFL (=344.95 K) are the temperatures
(T) corresponding to the upper and lower extrema of the
Aocculation curve, respectively. Motivation for em-

ploying tF to describe the Aocculation loop emanates
from the fact that an analogous field variable
tUL=[(T~ —T)(TI —T)/TUTL J fits closed loop phase
diagrams of any b, TX with p' equal to its Ising value

( =0.325) [22]. However, in the present case the shape of
the line is much more susceptible to the e6'ect of various
perturbations such as impurities, in contrast to the bulk
phase diagram. The choice of the composition variable

CL
I

0. 001
10 10 10

FICx. 5. (a) Flocculation temperatures determined for a non-

phase-separating mixture (X =0. 1475 (XD, cb =0.003, and
d =346 nm). The continuous curve is generated by Eq. (1) using

the best-fit parameters with a linear diameter. (b) A log-log plot
of t~ vs the concentration difference (CMP —CMP) for the floccu-
lation curve in (a). The continuous and dashed lines refer to p'

equal to 0.43 and 0.325, respectively.

in such a complicated case is again debatable.
The best-fit value of parameter B

&
is 3.59+0.36, corre-

sponding to p'=0. 43. The uncertainty (corresponding to
three standard deviations) of p' is as high as 0.1 due to
the large scatter in the data [see Fig. 5(b)] which could
not be eliminated despite our best eForts. The continu-
ous line in Fig. 5(a) is generated using the best-fit values.
Though p' is equal to the Ising value of critical exponent
p(=0. 325) in the lower limit of error bar, there is no
compelling reason to believe that P' should be Ising-like.
A possible explanation for the apparent increase in P
could be a crossover from bulk (0.325) to surface (0.8)
critical behavior [23]. However, this inference has to be
corroborated further both experimentally and theoreti-
cally.

The system MW provides an instance to examine the
stability of colloids in a field space (in this case the X, T
plane) for a fixed CMF. Figure 6 shows the behavior of
silica collids for CMF =0.27 (guided by the fact that it is

nearly the extremum of the lower half of the Aocculation
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FIG. 6. The reentrant flocculation (f) and bulk coexistence
(b) boundaries for CMp =0.27, cb =0.003, and d =346 nm. The
continuous lines are generated using the best-fit parameters in
Eq. (2).

line as is evident from Figs. 4 and 5) and cs =0.003
(d =346 nm) in the X, T plane. As in the case of the
bulk-coexistence phase boundary, the Qocculation bound-
ary does terminate in a similar fashion marked by a dou-
ble flocculation point (DFP). DFP defines the limit of
Qocculation of colloids in this mixture.

In order to deduce the actual shape of the bulk-
coexistence (curve b) and flocculation (curve f) boun-
daries, the measured TF's and T,„'s corresponding to the
upper and lower halves (superfixed as U and L) for
different X's were fitted to the equation

T T=A (X—X—)

DISCUSSION

Figures 4—6, coupled with Fig. 3 build a vivid picture
of the existence of a Q.occulation surface covering the

The suffix Y is F in the case of flocculation (f) and cx for
coexistence (b) boundaries, A

&
and A2 are their ampli-

tude and exponent, and X denotes the limiting value of
X (0.1435 and 0.157 for flocculation and bulk coexistence,
respectively).

The best-fit values of the parameters for the bulk-
coexistence boundary are 3,=91.8+1.6 and
32

=0.508+0.040, demonstrating its true parabolic
(=0.5) shape. The continuous line b in Fig. 6 is generat-
ed using these parameter values. In the case of Qoccula-
tion boundary, the best fit yielded 3& =60.7+0.9 and
A2 =0.368+0.016. This indicates a clear deviation from
that of the bulk phase boundary. The continuous line f is
generated by these best-fit parameters.

MP- (L) poor section of the coexistence surface. In the
case of MW the Qocculation line is not meeting the MP-
poor side of the coexistence curve. In an attempt to ra-
tionalize this observation, we examined the behavior of
the colloids in the two-phase region for AT&=18.46 K
and cb =0.003. We observed that the silica spheres were
nearly confined to the MP-rich phase at all temperatures
in the two-phase coexistence region. Such a behavior is
expected only when the system is in the complete wetting
regime [4]. This suggests that the entire closed loop
coexistence region for this AT~ refers to complete wet-
ting.

Apparently, the Qocculation process is related to the
ability of the bulk mixture to form either a layer of a new
phase or a large concentration profile around the spheres.
The asymmetry of the Qocculation line with respect to
the bulk coexistence curve suggests that a mere reduction
of the spatial dimensionality of the Quid between the
spheres cannot explain the phenomenon. Thus the basic
question whether the triggering stage involves a single
sphere (prewetting) or more spheres (capillary-
condensation-like) remains unanswered. The overall
shape of the dome of Qocculation temperatures reQects
some features of capillary condensation [7—11].

CONCLUSION

A systematic study of the Qocculation of silica colloids
in 2,6-lutidine plus water and 3-methylpyridine plus wa-
ter plus heavy water shows that the most relevant param-
eter which controls the Qocculation temperature is the
impurities in the mixture. Different tests indicate that
these impurities could be the remnants of colloid syn-
thesis or the one generated by the dissolution of the silica
in the mixture.

For a fixed characteristic of the colloids (d and cb), we
established the existence of a Qocculation dome covering
one section (pertaining to the side which is poorer in the
component that wets) of the bulk-coexistence surface in a
multidimensional field space. The shape of this dome
differs distinctly from that of the bulk-coexistence sur-
face. Furthermore, the Qocculation of colloids occurs as
the coexistence surface is approached by varying any
convenient thermodynamic field (Xand T in this case).
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