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A study has been made of the critical flocculation temperature (c.f.T.) of polystyrene latex
particles in aqueous solution (2 A/ NaNOj). in the presence of various molecular weight fractions
of poly(vinyl alcohol)(PVA). There is a strong dependence of the c.f.T. on panicle volume fraction
and an even stronger dependence on polymer concentration. At very low polymer concentrations
bridging flocculation is thought to occur. At monolayer coverage of the polymer, the c.f. T. greatly
exceeds the O-temperature of the polymer molecules in solution. With further increase in polymer
concentration, the c.f.T. appears to follow the cloud point behavior of the polymer in the con-

tinuous phase.

INTRODUCTION

The temperature at which a sterically
bilized dispemon flocculates has been de-
fined by Napper (1) as the critical floccula-
tiontemperature (c.f.T.). and he has demon-
strated a close relationship between the
c.fT. and the theta (g)-temperature of the
stabilizing polymer Chains in free solution
0, 2). In most of Napper's studies the mo-
lecular weight (Af) of the stabilizing chains
has been high (generally >10%), and the
chains have been attached terminally to the
surface (i.e., single point anahoring). Recent
studies have indicated, however, that the
correlation between the c.f.T. and the 6-
temperature is weakened if the stabilizing

are of low M (3, 4), or there is muUi-
Pont anchorFng (5). Studies on aqueous
Nystyrene latex particles stabilized by an-
chored polyCethylene oxide) chains of M
~ 750and 2000 (3yTand also on poly(meihyl
'liethacrylate) latex particles stabilized by
anchored poiydimethylsiloxane chains of M

To whom correspondence should be addressed.

= 7000 and dispersed in /i-alkanes (4). have
shown that flocculation und.er much, better
than g-conditions occurs and, moreover, the
c.f.T. was found to be dependent on the
volume fraction. < of the particles. This
latter finding has not been reported in any
of Nappefs studies.

A thermodynamic interpretation of the re-
sults for these pseudo, “two-component™
systems has been presented by one of us
(3). This is justified since the flocculation
was found to be reversible and reached an
equilibrium state; indeed, a temperature-
particle concentration phase diagram could
be established (3). Thus, not only could a
critical flocculation temperature b6 detected
for a given (j), but also a given critical floc-
culation volume fraction (c.f.<") could be de-
termined for a given T. An explanation for
the difYerent behavior between low a*d_high
niolecular weight stabilisers was given (3)
interms of the interparticle interaction (free)
energy minimum. In the case of high
molecular weight chains, where the seg-
mental mixing term in the steric intei”ction
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comes into play in advance of the elastic
term (2), there is a sudden, rapid change
in Gnjin on passing through the ~-condition.
With low molecular weight chains, on the
other hand, because of the much higher av-

- erage segment density in the adsorbed layer,

there will be relatively little interpenetration
.of two interacting layers, and so the elastic
term is the dominant term and any changes
in the segmental mixing term are considera-
bly masked. Thus, Gn,in changes smoothly
with temperature, and these changes are
controlled more by subtle variations in ad-
sorbed layer thickness with temperature
than by changes in the

course, these two types of behavior are lim-
iting cases and one can expect a steady tran-
sition from "low M" to "high M behavior

* as the nature and size of the stabilizing mo-

ieties are varied. The point LSi_the_IQwer

" M, the less one can fxpfct to find any

correlSion between the c.f.T. apd-tbe 6-
temperature.

Dobbie el ciL (5) have shown that one can
observe c.f.T.s well in excess of the 0-tem-
perature (i.e.. stability in worse-than-d-sol-
vents) if multiple-point anchoring of the
polymer to the surface is occurring. The sys-
tem studied was an aqueous polystyrene la-
tex. stabilized by an adsorbed polystyrene/
poly(ethylene oxide) block copolymer (PEO
molecular weight ~ 50.000). At high cover-
ages the c.f.T. was close to the tf-tempera-
ture, and the flocculation was reversible.
At low er coverages, however, a region was
observed where the c.f.T. greatly exceeded
the O-temperature; this effect was particu-

m larly marked when the polystyrene surface

contained a high concentration of undisso-
ciated carboxylic acid groups. It was sug-
gested that at low coverages the PEO chains
fold back onto the surface, resulting in a
loop and train configuration, rather than a
single extended tail. It was also suggested
that the polymer-surface interaction is
largely controlled by hydrogen bonding be-
tween the surface carboxylic acid groups
and the ether oxygens of the PEO chains.

This adsorption mechanism has recently
been confirmed in this laboratory (Bristol)
(6). At low surface coverage, therefore, the
adsorbed layer thickness is relatively small
and again there will be little interpenetration
of adsorbed layers during particle interac-
tions, so here too one can expect the inter-
action to be controlled primarily by the elas-
tic term, with a subsequent weakening of
the correlation between the c.f.T. and the
O-temperature.*

In this paper we extend these studies in
order to determine the effect g f*arti” voi-
ume fraction”~gd polym er®ncentrati”™ on
the c.f.T. for a dispersion stabilized,”ad -
sorbed polymer jpver a widfi_molecular
weight range. The system chosen was an
aqueous polystyrene latex plus poly(vinyl
alcohol) (PVA) adsorbate. in 2 M NaNO,.
PVA was selected since the adsorption of
this polymer onto polystyrene particles at
25°C has been extensively studied by us in
earlier papers (9% 16). and, in the preceding
paper (I1). the temperature dependence of
the adsorption and adsorbed layer thickness
are reported. In preference to pure water.
2 M NaNO.-, was used, in order, first, to
eliminate electrical double layer effects and.
second, to reduce the .solubility of PVA in
water, such that the ¢.f.T. values fell within
aconvenient range for study (iji water ajgne-
the c.f.T. values would exceedjhejiorntal
boiling point of water).

EXPERIMENTAL

Materials

All the water used was doubly-distillej

from an all-Pyrex apparatus; NaNOs
Ba(N03)2were BDH AnalaR grade and usd

* An alternative explanation in terms of the si”

cantly lower segment density in loops, as opposed
tails, has recently been offered by Smitham and

(7). The lower segment density means that one  *
go to temperatures in excess of 0 to achieve »
value of the energy minimum. Cmn- Bagchi (8)
also given an interpretation of stability in
Ihan-0-solvents in terms of his so-called
model."



.« supplied. The polystyrene latex was pre-
pared by dispersion polymerization of sty-
rene (ex BDH: redistilled under vacuum)
at 70°C using potassium persulfate as initia-
tor (12-14). Electron microscopy gave a
mean particle radius of 105 £ 3 nm. The
latex was extensively dialyzed against water
before use.

The poly(vinyl alcohol) narrow molecular
weight fractions used were those described
inan earlier publication (9). They were pre-
pared using a G.P.C. separation technique
(9) from a sample of PVA 88-10 45.000).
The fractions used in this work were PVA
4000 (Q). PVA 8000 (O). PVA 17.000 (M).
and PVA 52.000 (G).

Cloud Points

The cloud points of aqueous solutions of
PVA 52.000 were determined in ~ A
NaNO,, over the concentration range 0-0.5%
(WAV), by turbidiometry using an SP 600 Pye-
Unicam spectrophotometer with a specially
constructed thermostattcd cell-housinp. the
cloud point was taken as the temperature
at which the optical density first increased,
on raising the temperature in 0.5°C incre-
ments, at intervals of 30 min.

miocculafion E.xpcrimcnis

The technique has been described in de-
elsewhere (3). Samples of varying par-
ticle volume fraction (i.e.. 6 = 10“’to 10*~)
chosen PVA concentration were al-
lowed to equilibrate in 2-. 10-. or 40-mm
optical cells as appropriate. The electrolyte
Ancentration was then adjusted to 2 M
NaNO:,.” No flocculation of any of the dis-
Arsions was observed at this stage. The
ptical cells were then placed in the thermo-
atted cell-housing of a Pye Unicam SP

‘n-everti*™" adsorption of PVA onto polystyrene is

Wn »h a first approxima-
eailirt | adsorbed is un-
ahhou h of 'eieclroiyte at ihis point.
sortwH changes in the ad-

layer thickness.

so T/-C 90

Fig. 1. A typical n{=d log rid log X) versus T
plot to establish the c.f.T. 4=9 x 10-*; M = 17,000:
[PVA] 400 ppm.

600 spectrophotometer. The temperature
was raised in selected increments (PC close
to the c.f.T.). After each temperature in-
crease the samples were allowed to stand at
the new temperature for 30 min and then
a turbidity (r)-wavelength (\) scan was car-
ried out over the range A= 400-600 nm.
As shown in previous publications (3, 15).
this is a sensitive technique for detecting
low levels of flocculation, since the slope.
n. of a log r-log A plot is very sensitive to
small changes in the average particle size
in the dispersion. A typical n vertus T plot
for locating the c.f.T. is shown in Fig. 1;
it can be seen that there is a sharp break
in the plot at the c.f.T.

In order to check that one is indeed ob-
serving flocculation of the particles and not
some artifact associated with the polymer
solution in the continuous phase, some di-
rect observations were made using a light
microscope equipped with a hot-stage.
There appeared to be a direct correlation
between the c.f.T. observed turbidiometri-
cally and that observed visually.

A few measurements ofthe c.f.6, at 25RC.
were made by adjusting the electrolyte con-
centration for a series of different  valu'es
and plotting n, measured at some chosen
time interval, against log 6 (15).

RESULTS AND DISCUSSION

Cloud Points and 0-Temperature
in2 M NaNOti

The cloud point data for PVA 52,000 in
2 A/ NaNO;i ~re shown in Fig. 2. According



FtG. 2. The cloud point temperature versus the
polymer concentration, for PVA 52,000 in 2M
NaNO:,.

to Cornet and vun Ballegooijen (16). a plot
. of the reciprocal of the cloud point versus
the logarithm of the polymer concentration,
extrapolated to pure polymer, gives the re-
ciprocal of the fMcmperature. Such a plot
for the data in Fig. 2 does not lead to a
good straight line, but the fl-tempeniture is
estimated to be 25 + 5“C. in reasonable
agreement with that quoted by Napper (17)
for PVA in 2 M NaCl (i.e.. 25 = SX).

FloccuUilion Sttulic.s

Long et ol- (tS) have demonstrated the

two values of (>(> It can be seen that
a steady value of n is reached within 1 day;
this indicates that flocculation has reached
an equilibrium state. Due to the close den*
sity match between the particles and the
continuous phase, the eventual settling into
two separate “phases,” i.e., singlet phase
plus a floe phase (3), takes much longer
(-weeks), and careful thermostatting is
required.

Figure 3b shows the n versus log <>plot
for the same system at / = 17 hr (i.e., at
equilibrium). The is at 8.0 £ 02
X 10"" Attempts to locate the for
the higher molecular weight fractions were®
unsuccessful. Initially, it was thought that
this was due solely to the fact that as a result
of the increase in adsorbed layer thickness,
the energy minimum. Gmin' was reduced to
such an extent that the cf<MS would be
above == 10-\ i.e.. outside the range that
can be conveniently covcred by light scat-
tering or turbidimetric techniques. How-
ever. the situation is not as simple as this,
since it seems that the conditions under
which flocculation occurs depend critically
on the polymer concentration used, as well
as on the volume fraction of the latex par-
ticles.

This point is illustrated in Fig. 4. This
shows the c.f.T. data as a function of log

~existence of a c.f.cfr for the system: aqueous
polystyrene latex plus an adsorbed alkyi
" ethylene oxide condensate (CiaEw) in 100
M m.\V/ Ba(Cl)2. Indeed they showed that the
‘ ¢.f.d) moves to lower v ues~TTie larger the
Article size an”.lience. the deeperthe mini-
mum. in the interparticle interaction
energy curve (15). One would expect similar
trejid” if one keep's the artlge_"e Ix~d
and changes'the adsorbed-laYgrihickrmss,
i.e.. varies the polymer molecular weight.
One objeaive ofthesTTtudies was to test
this hypotfiests.
In Fig. 3 the results are shown for the la-
tex plus PVA 4000 (at 400 ppm); Fig. 3a
demonstrates the time dependence of n at

Fig. 3. (@) /i as a function of time (/) for two
different particle volume fractions. <1 +. 8.0 x IO m
0. 9.2 X 10w (b) n versus log if) at t = 17 hr-
= 4000; [PVA) * 400 ppm. 30 mM Ba (NOj)a
both cases.



Fig. 4. ¢.f.T. versus log <for different concentra-
tions of PVA 8000: 7. 10Q0 ppm; O. 400 ppm: X,
IG00ppm: 2 M NaNOs in each case.

9 for the latex plus PVA 8000 at various
initial PVA concentrations. The expected
decrease in the c¢.fT. with increasing log
<J, as observed, for example, in the experi-
ments of Cowell (3), referred to above,
occurs only at low PVA concentratinns
(-100 ppm). Moreover, ifone were to extrap-
olate the 100 ppm curve to 7' —20°C, then
one would obtain a c¢.f.0 value for PVA 8000
atthis concentration at 0 > 10", in line with
the remarks made in an earlier paragraph.
However, at PVA concentrations around
400 ppm and above, the c.f.T. appears to
increase with log & Clearly one can no
longer interpret this behavior In terms of
the phase separation of a pseudo, "two"-
component system, i.e., polymer-covered
BSrticles + solvent (aqueous electrolyte).
At these higher concentrations of PVA, a
significant amount of the polymer remains
in the continuous phase after adsorption
luilibrium has been achieved. We thus
Mye, effectively, a pseudo, 'sthree”-com-
"onfiPt system. Cowell et al. (3) have also
considered similar systems.

Similar results to those given in Fig. 4
*o PVA 8000 were obtained for PVA
nO0O and PVA 52,000, i.e., above a cer-
frinitial polymer concentration the c.f.T.
Mreases with Top §> rather than decrease;
N78-5). At a given <5 the c.f.T. decreases
With increasesirTM.

Fig. 5. c.f.T. versus log for different PVA frac-
tions in the “plateau regions ' of the isotherms (8),
i.e.. 400 ppm PVA concentration: O. PVA 8000;
X. PVA 17,000; V. PVA 52.000; 2 M NaNOg in each
case.

In Figs. 6 and 7 results are given for the
c.f.T. as. aTunction of PVA concentration
(up to ca. 4000 ppm), at fixed $¥>values, for
the latex plus PVA 8000 and plus PVA
52,000, respectively. Both figures show sim-
ilar features:

(a) An initially sleep rise inthe c.f.T., with
total initial PVA concentration to a maxi-
mum value. In some cases this approaches
100°C, i.e., more than 70°C above the 6-
temperature of PVA in 2M NaNO.-,. (b) A

Fio. 6. c.f.T. versus total PVA concentration for
PVA 8000. at different particle volume fractions
(). 0. 3.83 X 10-*; #, 3.19 x 10"" x. 9.18 x 10"
2 M NaNOj in each case.
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Fig. 7. c.FET. versus total PVA concentration for
PVA 5”000 at different particle volume fractions
«(,): 0.3.83 X ID-":». 319 x 10-; x. 9.18 x 10"
2 M NaNOr, in each case.

fall in the c.f.T. beyond the maximum
toward a limiting value, i.e.. -65 + 5°C
for PVA 8000 and -40 * 3°C for PVA
52.000. . .

Region (a) is presumably associated with
the build-up of the adsorbed layer toward
monolayer coverage. The mode of aggrega-
tion here is most probably bridging floccula-
tion (2). It is significant in this respect that
the maximum in the c¢.f.T. occurs at a higher
PVA concentration for PVA 8000 than for
PVA 52.000.

The maximum in the c.f.T. probably cor-
1responds to monolayer coverage of the par-
| tide surface, with the polymer adsorbed in
a loop and train type of conformation. T"s
situation would be similar to the "mujtipoint
anchoring" situation discussed by Dobbie
et cil. (5). Thus', again in this case one would
not expect any correlation between the
c.f.T. and the o-temperature, since the elas-
tic term in the steric interaction dominates
the mixing term, as discussed in the Intro-
duction.

Reynnd the PVA concentration corre-
tpnTTdinp to the maximum in the c.f.T. mul-
.TT~r aH”orntion of PVA at the surface is
prnhable. There is evidence for multilayer
adsorption of PVA onto polystyrene latex

particles from the work discussed in the pre-

ceding paper (11);" this would hold both

for PVA 8000 (c.f.T. maximum 200-500

ppm) and PVA 52,000 (c.f.T. maximum 50-

200 ppm). It is not clear what the confor-

mation of the polymer molecules in a mul-

tilayer would be, but, intuitively, one might

expect the outer layer to be somewhat sim-

ilar to the random coil, solution conforma-

tion. This being the case one might have

expected the c.f.T. to fall to the fl-tempera-

ture as was found by Dobbie et al. (5) in

their studies. This is not the case here, how-

ever. The c.f.T. can be seen to level off with

increasm£PV A concentration (Figs. s and

7)'at temg”atures greatly in excess of the

fl-teISF~A~re  (ca. 25°C). Furthermore,

tTierels some indication that the c.f.T. may

go through a minimum with increasing PVA

concentration in this region. Withjncreasmg

(), at initial PVA concentration, the

c.f.T. increases. This is presumably because

PVA concentralion is de-

creasing. All this strongly suggests that the

Adulation behavior observed is indeed

connected with the pre.sence of polymer in

the continuous phase. If one. in fact, com-

, pares the c.f.T. data for the latex plus PVA
[ 52.000 (Fig. 7) with the cloud point data
for the same polymer (Fig. 2). then one can

\ see that the c.f.T. of the latex (at the lowest
W studied-’) corresponds fairly closely to th
tioud point of the polymer solution in the

continiwua phase. (As was pointed out u

the Experimental section, experiments wen

carried out to ensure that with the turbidw

metric method, used for assessing the c.f.T.

one is actually observing flocculation, an

not just the phase separation of the poU

A Unfortunately, adsorption data at PVA
tions beyond about 600 ppm were difficult to est
lish (11). because one is then measunng the s
difference between two increasingly larger num
(i.e., the initial and equilibrium bulk concen
tions). ceeu

*j.e.. where the inilial calculation ol I'Vft
not be too different from the equilibrium conc«
tration in the continuous phase.



r) As far as the authors are aware, such
~'correlation has not been reported before.
Just as the phase-separation of the poly-
mer solution is reversible to tempera-
ture changes, so the flocculation behavior
nopears to be reversible also. Thus, if a
dispersion is flocculated by healing to above
the c.f.T., then it was found that redis-
pcrsion occurred on cooling below the ¢.f.T.
Moreover, the stability/flocculation bound-
ary lines shown in Figs. 6 and 7 may be
crossed “horizontally” as well as “verti-
cally.” To confirm this point a latex dis-
persion at 0=3.19x 10~" containing
pVA 800 at 200 ppm in 2 A/ NaNOj, was
heated at 85°C; it remained stable. How-
ever, when the PVA concentration was in-
creased to 1600 ppm at this temperature
(85*C), the dispersion flocculated, i.e.,
the flocculation boundary line was crossed.
Flocculation of sterically stabilized parti-
cles by the addition of free polymer to the
continuous phase has been previously re-
ported by us (3, 18, 19). However, the
systems used in those studies were poly-
styrene particles having terminally an-
chored, short poly(ethylene oxide) (PEO)
chains. Such systems seem to behave
differently from those in which PVA is
physically adsorbed to the polystyrene
particles. For example, as pointed out in
the Introduction, the c.f.T. of the systems
with terminally anchored PEO (in the ab-
sence of free polymer) lies below the 6-
temperature of the stabilizing polymer,
rather than above it, as in the present
studies; If free polymer is added to systems
“here the O-temperature exceeds the c.f.T.
Aen, obviously, the c.f.T. must always be
reached before the cloud point of the poly-
mer solution in the continuous phase, since
the O-temperature corresponds to the
experimental cloud point (in the

~unit of infinite M).*

*It is interesting, in this connection, that in some
Ptliminary experiments (20) in which physically
*Arbcd. homopolymer PEO » 300.000 at 500
A~ has been used instead of PVA, the c.f.T.

The flocculation observed with the an-
chored-PEO systems when free polymer is
added to the continuous phase occurs at
much higher concentrations of polymer
than those reported in this work, and it
would seem (3) that the critical polymer
concentration in that case corresponds ap-
proximately to that concentration at which
overlap of the polymer coils in the solution
phase begins to occur. Thus, for example,
the minimum concentration of PVA (M
= 45,000) required to achieve flocculation
of the latex particles carrying terminally
anchored PEO-750 chains at 25°C was
found to be 1% (70,000 ppm), i.e-., much
greater than the concentration range studied
in the present work. Clearly, the mechanism
for the flocculation is different in the two
sets of experiments, although in both cases
the systems can be regarded as pseudo,
“three”-component ones, and the floccula-
tion behavior observed is reversible.

In conclusion, it is clear that the stabilityy
flocculation behavior of dispersions stabi
lized by polymer adsorbed from solution,
and in which free polymer remains in the
continuous phase, is more complex than
for those systems in which the stabilizing
polymer chains are terminally anchored to
the surface and there is no free polymer
in the continuous phase. For the former
class of systems the conditions (e.g.,
temperature) under which flocculation is
achieved may depend critically not only on
the particle volume fraction, but also on
the polymer concentration (for a given
molecular weight). There would seem to be
a particularly strong dependence of the
c.f.T. on polymer concentration, when the
c.f.T. of the particles, in the absence of
polymer in the continuous phase, greatly
exceeds the corresponding O-temperature of
the polymer. Here the c.f.T. behavior
closely parallels the cloud point curve for

occurs at temperatures much less than the corre-
sponding cloud point of the polymer in NaNOa solu-
ticm.



<

the corresponding polymer solution, as the
concentration of free polymer is increased
beyond that corresponding to completion of

the

initial monolayer coverage of the

particle surfaces.
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The surface areas of amorphous mixed oxides of silica with alumina, ferric oxide, and titania
have been measured by adsorption of ethylene glycol, water, and nitrogen. Surface areas from
ethylene glycol adsorption give improbably high values. Isotherms of water adsorption indicate
microporosity and estimates of the external surface area from water adsorption are similar to
areas from nitrogen adsorption. An estimate of surface areas from potentiometric titration curves
is made and compared to the areas from the other measurements. The area determined by titration
falls between the areas from water and nitrogen adsorption. It is concluded that the most meaning-
ful estimation of surface areas of hydrous amorphous oxides is obtained by considering an external
surface area measured by nitrogen adsorption and an internal pore volume obtained from analysis

of the water adsorption isotherm.

INTRODUCTION

Amorphous materials generally have
irge surface areas in the range 50-1000 m-/
, have a considerable pore structure which
; frequently microporous (1-3), and con-
lin appreciable quantities of water which
re both ad.sorbed onto the surface and in-
orporated into the structure. These char-
‘teristic.s make the meaning of the term
surface area" difficult to specify except
nder well-defined conditions. Assignment
fa specific surface area to amorphous ma-
irials should be related to the purpose for
hich the surface area is to be used and
ill depend on the method used for the area
etermination to a greater extent than for
iystalline minerals. There isa considerable
terature on the surface properties of amor-
hous oxides, but much of il considers the
irface area to be well defined, rather than
fnajor source of uncertainty (4-6). The
~rface areas of synthetic amorphous oxides
been measured by a variety of meth-
including adsorption of water (7). nitro-
(4,8), and polystyrene (9). and examina-
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tion by electron microscopy (10) and low-
angle X-ray diffraction til, 12). Surface
areas estimated from electron microscopy
have generally provided little information,
both because of the lack of any identifiable
primary particles and the porous nature of
the material. These methods have also been
used on natural amorphous silico-aluminas
(13) that occur in soils, often termed "allo-
phane": in addition, the adsorption of glyc-
erol. ethylene glycol, ethylene glycol mono-
ethyl ether (1, 14), and long chain organic
molecules (15) have been used. Often there
is little agreement between the different
methods.

A distinction can be drawn between sam-
ples that have been prepared entirely at low
temperature and those that have been sub-
jected to calcination. The former samples,
which usually include allophane, tend to be
microporous (1-3) and to show areas from
water adsorption that are greater than those
by nitrogen adsorption (3. 16). Calcined
samples on, the other hand, are rarely con-
sidered to be microporous (17), generally
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