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Adsorption-induced reversible colloidal aggregation
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Reversible colloidal aggregation in binary liquid mixtures has been studied for a number of years. As the
phase separation temperature of the liquid mixture is approached the thickness of an adsorption layer around
the colloidal particles increases. Beysastsal. [Phys. Rev. Lett54, 2123 (1985; Ber. Bunsenges. Phys.
Chem.98, 382 (1994] have demonstrated experimentally that this adsorption layer is intimately connected
with the aggregation of the colloidal particles; however, no definitive theory has been available that can explain
all of the experimental observations. In a recent wgtkM. Petit, B. M. Law, and D. Beysens, J. Colloid
Interface Sci.(to be publishel] we have extended and improved the Derjaguin-Landau-Verwey-Overbeek
theory of colloidal aggregatiofE. J. W. Verwey and J. Th. G. Overbedkyeory of the Stability of Lyophobic
Colloids (Elsevier, New York, 1948 by taking into account the presence of an adsorption layer and by more
realistically modeling the attractive dispersion interactions using the Dzyaloshinskii-Lifshitz-Pitaevskii theory
[Adv. Phys.10, 165(1961)]. In the present paper we apply this theory to a lutidine-water mixture containing
a small volume fraction of silica colloidal particles. We demonstrate that the theory can quantitatively account
for many of the experimentally observed features such as the characteristics of the aggregated state, the general
shape of the aggregation line, and the temperature dependence of the second virial coefficient.
[S1063-651%98)10605-7

PACS numbegps): 82.70.Dd, 82.65.Dp, 64.70.Ja, 05.40.

I. INTRODUCTION a critical lutidine mass fractiom, (~0.29) and a critical
temperaturel; (=34 °C). Below the coexistence curve the
Colloids and the dynamics of colloidal aggregation haveliquid mixture is in the one-phase region, while above the
been of continuing interest for many decades. Colloidal socoexistence curve the liquid mixture phase separates into two
lutions and aggregates are extremely comnfery., latex phases, one lutidine rich and the other lutidine poor. The
paints and sogtand are therefore of great fundamental andpresence of the colloidal particles does not significantly alter
technological importancgl]. Colloidal particles are large in the shape or position of the coexistence curve. The light solid
comparison to atoms and molecules; they can therefore bée represents a typical colloidal aggregation line for the
more readily imaged and studied. They have provided severeolloidal particles in this mixture. If the colloidal particles
tests of our basic understanding of interacting partig®ls  possess a small surface charge densityl —2 uClcn?, the
the dynamics of fractal and nonfractal aggregate grd®h ~ aggregation line appears on the lutidine-poor side of the
and the freezing and melting dtolloidal) crystals[4,5]. phase diagraniFig. 1(a)]. For such a system at fixed com-
Most aggregation processes studied to date have been iposition, as the temperature is increased towards the coexist-
duced by either changing theH of the colloidal solution or ~ ence temperaturel.,, the colloidal particles acquire a
by adding salt to the colloidal solutid8]. In both cases the lutidine-rich adsorption layer of thickness which thickens
electrostatic repulsive interaction is significantly screened s@ith increasing temperaturgl2]. At the aggregation tem-
that the attractive dispersion interactions dominate, thugperatureT, the colloidal particles begin to aggregate and
causing aggregation. Frequently this aggregation process &entually, due to their greater density, fall out of the solu-
irreversible. The colloidal particles stick and form a fractaltion. The aggregation line represents the variatioii pivith
aggregate; the particles are in point contact at the globdubtidine mass fractiomn, . The aggregation line is asymmet-
minimum of the interaction energy. Reversible colloidal ag-ric with respect to the critical compositiorm{) and for a
gregation is a less common occurrence. In 1985 Beysens amiimber of systems is observed to extend to higher composi-
Esteve [7] observed thermally induced reversible colloidal tions thanm, [10]. Above the coexistence curve, in the two-
aggregation in a homogeneous mixture of 2,6-lutidine pluphase region, Gallagher, Kurnaz, and Map@} have ob-
water containing a dilute suspension of silica colloidal par-served that colloidal particles of small charge density are
ticles. Subsequent extensive studies of this sydi@hand  primarily confined to the lutidine-rich phase with very few
similar systems by many group8—11] have characterized a particles in the lutidine-poor phase. Additionally, the colloi-
number of intriguing properties for this type of aggregation.dal particles are not observed on the critical interface until a
In Fig. 1 we schematically show the phase diagram angarticular temperature, which they identify with the wetting
colloidal aggregation line for a mixture of 2,6-lutidine and temperaturel,,. For T<T,, the colloidal particles possess a
water in the presence of a small volume fractien10”3) of ~ zero contact angle with the critical interface. Abdlg the
silica or latex colloidal particles. The bold solid line on this colloidal particles are always observed at the liquid-liquid
diagram represents the two-phase coexistence curve for lutinterface and the contact angle is presumably finite.
dine and water, which possesses a lower consolute point with The intimate connection between the presence of the ad-
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FIG. 1. Schematic phase diagram of the 2,6-lutidine plus water system with a small volume fraction of charged colloidal particles. The
heavy solid line depicts the 2,6-lutidine and water coexistence curve with a lower critical consolute temfera4e C and critical mass
fraction of lutidinem.~0.29. The light solid line demarcates the colloidal aggregation line. The colloidal particles aggregate for tempera-
tures above this line(a) Small colloidal surface charge density~1—2 uClcn?. In the two-phase region the colloidal particles reside
primarily in the lutidine-rich phase. Below the wetting temperaflife(shaded regionno colloidal particles are observed at the critical
liquid-liquid interface.(b) Large colloidal surface charge density~-4 wClcn?. Above the coexistence curve the colloidal particles now
reside primarily in the water-rich phase.

sorption layer around the colloidal particles and the proceston, but induced in some manner by the presence of an
of aggregation has been confirmed by studying the correlaadsorbed layer. In the usual DLVO theory of aggregation
tion between adsorption and aggregation with the addition otolloidal particles begin to aggregate when the repulsive
Mg?2* ions to the solutiod13]. The process of aggregation electrostatic potential is partially or totally dominated by the
was observed to disappear with the disappearance of the laitractive dispersion interaction. Under certain circum-
tidine adsorption layer. Light scattering stud[d¢l] suggest stances, for partial domination, a secondary minimum can
that liquidlike bonds hold the colloidal aggregate togetherform in the total free energy as a function of distance and the
where each individual colloidal particle is free to rotate butcolloidal particles aggregate into a secondary minimum pro-
where the center-to-center separation distane8R. in the  vided a large repulsive barrier still inhibits the colloidal par-
aggregated statfl2]. R, is the colloidal core radius. If a ticles from aggregating to the global minimum that occurs at
cluster of aggregated particles is quenched to a temperatupmint contact{20]. The aggregates in this secondary mini-
below T, the cluster has been observed to fragment back tonum are held together weakly and they can frequently be
individual colloidal particles[15]. Beysenset al. [8] have redispersed into the suspension by a reversal of the solution
suggested that all of these observations are most consistecinditions. If the attractive dispersion interaction totally
with the aggregated particles being situated in a secondamjominates the repulsive electrostatic potential, the colloidal
minimum of the interaction free energy rather than the globaparticles aggregate to the global minimum in the free energy
minimum that occurs at point contact. that occurs at point contact; the aggregates stick to each
For colloidal particles possessing a large surface chargether irreversibly and can never be redispersed into solution.
densityo~4 uClcn?, the aggregation line is found on the The formation of a secondary minimum, which frequently
lutidine-rich side of the coexistence curyEig. 1(b)] and leads to reversible aggregation, is normally induced by in-
water is preferentially adsorbed around the colloidal particlesreasing the salt concentration or by decreasing the surface
[9]. In the two-phase region, above the coexistence curve, thegotential.
colloidal particles now reside primarily in the water-rich  The effect of an adsorption layer on the total interaction
phase. potential has never been taken into account in the DLVO
There have been numerous theoretical papers proposirtgeory. In[21] we have therefore modified and improved the
possible explanations for this thermally induced reversibleDLVO theory to include the presence of an adsorbed layer
colloidal aggregation. The various proposed physical origin@round the colloidal particles. We have also replaced the
for the aggregation phenomenon have included prewettingpproximate Hamaker representation of the attractive inter-
[16], capillary condensatiofl6], a percolation transition action by the more accurate Dzyaloshinskii-Lifshitz-
[17], critical fluctuationg 18], and a three-component phase Pitaevskii(DLP) theory of dispersion forcef23], which is
separation[19]. Unfortunately, most of these explanations known to give a more accurate representation of the attrac-
have not provided definitive predictions that could be com-tive interaction in real systems. We have found that under
pared directly with experimental results. certain circumstances the adsorption layer reduces the repul-
In a recent work21] we outlined a theory for adsorption- sive electrostatic potential and above a certain adsorption
induced aggregation that possesses many of the experimentayer thickness the colloidal particles aggregate. When the
features. In this paper we compare this theory explicitly withadsorption layers of two colloidal particles touch and coa-
experiment. The experimental observations have noted adesce the colloidal particles are situated in an “adsorption
interconnection between the presence of an adsorption layéubble” of different composition from the bulk. The differ-
and the process of reversible colloidal aggregation in certaient bubble composition possesses a different Debye screen-
binary liquid mixtures. Light scattering measurements moniing length from the bulk mixture and the colloids “feel” a
toring the development of the aggregate have determineldrge repulsion inside the adsorption bubble, which prevents
that the dynamics follows the conventional Smoluchowskiaggregation to the global minimum. This aggregation mecha-
dynamics of a compact obje¢tid]. The growth process nism is rather different from the secondary minimum idea
therefore resembles in many respects the Derjaguin-Landa(i20] in the normal DLVO theory. Before proceeding to de-
Verwey-OverbeeKDLVO) [22] theory of colloidal aggrega- scribe this theory for the interaction potential in more detail
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(Sec. llI) we first summarize the colloidal aggregation dy- various general kernelk(i,j). From Egs.(3) and (4) the
namics that obeys the generalized Smoluchowki diffusiorkernel describing Brownian aggregation is given by
equation(Sec. I). In Sec. IV we consider the 2,6-lutidine

plus water system in the presence of silica colloidal particles. K(i,j)=47D;R;, 6)
The colloidal solution parameters are defined in Sec. IV A,

the aggregation dynamics at fixed composition are consicwhere Dj;=D;+D; and the radius of interactioR;;~R;
ered in Sec. IV B, the aggregation line is examined in Sec+R;, with R; the radius of the-fold cluster. If the clusters
IV C, and finally the second virial coefficient is discussed inare fractal with fractal dimensiod; then

Sec. IV D. The paper concludes with a summary and discus-

. — +1d
sion of our resultgSec. \). Ri=Ryi Y (6)
and
Il. COLLOIDAL AGGREGATION DYNAMICS
If cs represents the initial number density of particles of D.— kgT )
monomer radiu®k; andF(r) is the two-particle interaction : GWMRlilldf'

potential at separation distance then the variation in the

density of particlex as a function of time and position is At |ate times ) and for a large average cluster skg)
described by the generalized Smoluchowski diffusion equagq. (4) exhibits dynamic scalin26]

tion [24]

— 2

— k
(9C 1 (9 (9C D11C dF Ck(t)’vk(t)z(ﬁ(m), (8)

Ao\ Pugr gt ar ) @
In the approximation where the mutual diffusion coefﬁcientWhere for the Brownian kemn¢Eq. (5)] the function
D, is given by the diffusion coefficient of two identical b(2)~exp( —A2) 9)
freely diffusing particlesD,;=D7;=2D;. In the initial

stages of aggregation all particles have the same r&lius for largez andA a constant. If ~| the characteristic Brown-
andD;=kgT/6m R, Whereu is the solution viscosity. In  jan aggregation time is given H25]

the stationary approximatiorv€¢/dt=0), which occurs after

a relaxation timeé~R3/D7, (~ 10 ms in our cageand in the 2 3u
absence of interactiongF(r)=0] the particles aggregate tBrown™ K(l,l)cS: 4kgTcs'
solely via diffusion. Equatior{1l) can then readily be inte-

grated once to derive the number of particles diffusingThis time corresponds to the time at which the total number

(10

through any closed surface towards a central parfi2 of clusters of particles has decreased by one-half.
. Thus far we have not taken into account the pair interac-
J=4mDR;Cs. (2)  tion potential F(r) between colloidal particles. Normally

F(r) consists of a screened electrostatic repulsive potential
If the particles coalesce on contact, the rate of decrease in thgr charged particles and an attractive dispersion energy due
number density ¢) of particles is then given bf25] to correlated dielectric fluctuatiori§]. If the repulsive po-
tential is dominant the aggregation process can be signifi-
3) cantly slower than the Brownian aggregation titgg,n-
The effects ofF(r) on the aggregation dynamics were dis-
cussed by Fuchi27]. For real particles the mutual diffusion
Equation (3) describes only the initial decrease in the coefficient between two monomels ; takes a more compli-
number of particles, each of sif. At later times cluster- cated form when the two colloidal particles are in close prox-
cluster aggregation can occur and E8) must be general- imity. The particles diffuse towards each other more slowly
ized to describe the formation of clustersloparticles with  the closer the colloidal particles are to one another because it
densityc,, becomes more difficult to push solvent molecules out of the
way due to the confining effects of the colloidal particles

c B

dcy Y . - ) themselves. This “hydrodynamic interaction” caudes, to
gt 2 2’1 K(i,j)cic; _Ckz«l K(i,k)ei, (4) decrease with decreasing separation distanegative to its
j=k—i value at infinite separation denoted by, [24,28. The spe-

o L cific expression forDq, [24] is complicated but can be
wherei +j=k and the kerneK(i, ) represents the rate co- readily evaluated numerically. The net effect of the pair po-
efficient for a specific clustering mechanism between clustergntial and the hydrodynamic interaction on the dynamics of

of sizei andj. The first term on the right-hand side corre- cojjoidal aggregation is to alter the aggregation time by the
sponds to the formation df-fold clusters from the coales- «stapjlity factor” W [24],

cence ofi- andj-fold clusters, while the second term repre-

sents the decrease in the numbekgbld clusters due to the tage= Wiarown: (1D
coalescence ok-fold and j-fold clusters. Van Dongen and

Ernst[26] have considered the properties of this equation fowhere
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(a) enters theFPL term, £,=3x 10" Hz, is well above the
response frequency of the heavy ions in solution.
In [21] we have demonstrated that to a good approxima-
tion these three terms are given by the following expressions.
At zero frequency 11=0) the DLP dispersion interaction

L

[ — between two colloidal particles is given by
R, d 1 d R,
(b) Z DLP kBT DLP
Fnzo(l)~?H(l,Rc+d)An:O, 14

where the effective Hamaker constaf{f is related to the
DLP surface free energyrpish.,—o between two planar

.

L

.

semi-infinite surfaces by
7
3 2 3 1 2
ADLP:87T| £DLP (15)
FIG. 2. (a) Schematic diagram of two interacting colloidal n=0 kgT planen=0-

spheres of radiuR;, with an adsorbed layer of thickneds sepa-
rated by a distance. (b) Schematic diagram of two semi-infinite  The geometric factoH (I,R.+d) in Eq. (14) has the form
planes 1, with adsorbed layers 3 of thickneksseparated by a

medium 2 of thickness. 4p? 4p? a(a+4b)

. H(a'b):a(a+4b)+((—;1+2b)2Jr (a+2b)?
mD_“eX,{i (12) (16
2 Dll I(BT

As discussed if21], the advantage of relating>-f [de-
and s=r/R;. The form of the interaction potentid#(r)  picted in Fig. 2a)] to Fosh. .-, [depicted in Fig. )]
therefore plays a key role in determining the aggregationhrough a geometric factor is that the effects of an adsorbed
dynamics. layer can more readily be incorporated into the term
Fpianen—o- The approximation represented by E#4) has
Ill. THE INTERACTION POTENTIAL  F(r) been demonstrated to be accurate to within 10— J@%,
which is sufficient for our requirements. For the two plane

molge?fr:)?t:]he; (;,;(I)I(r)l?c[jzall]in\;\éeragggﬁ d;\éilggfrd) gnghﬁg\r;tiltcal half spaces 1, each with an adsorbed layer 3 of thickdess
P separated by medium 2 of thickndss

is influenced by the presence of a pure lutidine layer of thick-

nessd surrounding a charged colloidal particle in a lutidine KT [+

plus water mixture. The model is more general than this }-Sléze,nzo(l)zll_f dyy In[1—A$,(d)%e2%2],

specific example and could be applied to the influence of any mJo

type of adsorption layer on the general stability and charac- (17)

teristics of a colloidal solution where adsorption of a surfacewhere

active minority component can occur. The primary factor

that alters the colloidal dynamics is the different Debye

screening lengths in the adsorbed layer and in the bulk solu- c(d)y=—"—"

tion. The Debye screening effect has the most influence on 1+ASASe 2

the behavior of the repulsive potential. The existence of this

Debye length in the adsorbed layer is the cause for the re- o €(0)si—€j(0)s;

versible colloidal aggregation in the lutidine-water system as ij =m (19

the adsorption thickness increases. AR

In Fig. 2(a) we show two colloidal particles with a pure gnd

lutidine layer of thicknessl where the distance between the

lutidine covered colloids it and the center-to-center separa- s?=y?+\p2. (20

tion distance isr =2R.+2d+1. In the figure the colloidal

particles each have a core radiusRyf. The total free energy The effects of ionic screening have been incorporated

of the interaction is composed of a sum of three terms through the Debye screening length;, while the symbol

€,(0) represents the static dielectric constant in medium
F=FPLh+ FRLD+ Felec (130  Note that the Debye screening length in the adsorbed layer
Ap3 will in general differ from the Debye screening length in

where FRLE is the zero-frequency DLP dispersion interac-the medium separating the colloidal particles,.

tion, F%E is the finite-frequency DLP dispersion interaction,  The finite-frequency r§>>0) DLP dispersion interaction

andF®'®Cs the screened electrostatic potential. Each colloi-between two colloidal particles takes a similar form

dal particle has a surface charge densityraind is screened

by counterions. Only the termBPLf and F&'®¢ are influ- FDmekB_TH“ R,+d)ADLP 21)

enced by this screening because the lowest frequency that n>0" g v n>0>

2In

ds

W=2 ?

N

A& 1+ AS g 2s3d
23 31 (18)
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where the effective Hamaker constafi-{ and the free en-
ergy between two semi-infinite planar surfacg§;F. -0
are related by an equation similar to Ed5),

grl? <
A0 = T anen=0= 2 In(&nl. 0, (22)

with

(6 @)= [ ax i 1- 25007

+1In[1— A,y (d)%e ]}, (23
R dsgx
A23+ A3lex;{ — W)
A (d)= dsx (29
1+ A23A3lex;{ - —)
Ip
similarly for A,,(d), where
_ Ej/Sj_Eij/ Sj_Sjr
T Ajj= , (25)
Ej’Sj+Eij’ Sj+Sj’
s;=\Vp°—1+¢le; p=x/b,, (26)
27kgT c én
=nN—7—, = b,=—/. 2
gn 5 fl 2|\/€—2 n gl (7)

In these equations;=¢;(i¢,) represents the frequency-

dependent dielectric constant at the imaginary frequeéégy
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TABLE I. Dielectric parameters for silica and 2,6-lutidine.

Wiy Wy
Material  &(0)  &q, g,is  (10%rad/s  (10% rad/9
Silica? 381 3581 2.098 1.88 2.033
Lutidine 7.33 242 217F 5.65 1.3¢

#Data taken froni30].

bReferencd56].

Using the method of calculation {132].
9The C-H stretch infrared frequency frof&7].
®From a Cauchy plot using the data frdiv].

The Debye screening lengths in the adsorbed layer and in the
bulk medium are given, respectively, by

63(0)EokBT

Ap3= T572e2n

€,(0) egkgT

)\DZZ 2 2 il
2Z%e°nf

wherenf is the anion or cation concentration in the solvent
medium andh is the corresponding concentration in the ad-
sorbed layer.

In the following section we will observe that the total free
energyF(r) not only plays an essential role in determining
the aggregation behavior through the stability fadtofEq.
(12)] but is also important in determining the behavior of the
second virial coefficient that describes corrections to the
ideal gas behavior of the colloidal particles, below the aggre-

(32

and

(33

[30]. As noted above, the Debye screening length does ndiation temperatur@, .

enter the expression fdtoLf .

For the situation depicted in Fig(@ assuming a symmet-
ric Z-Z electrolyte with a high surface charge density
Ap2,Ap3<<R;, the electrostatic repulsive free energy be-

tween the colloidal particles is given (2]

Felec=327¢,(0) egR:(kgTy/Z€)IN[1+exp —1/\p,)],
(28

with

y=tanH Zey(d)/4kgT], (29

IV. COMPARISON WITH EXPERIMENTS
ON LUTIDINE PLUS WATER

In this section we will compare the theory of the previous
sections with the experiments on charged colloidal silica par-
ticles in the system 2,6-lutidine plus water. This system has
been the most well characterized and studied thus far.

A. Colloidal solution parameters

Many materials parameters are required in the calculation
of F(r) andW. The frequency-dependent dielectric constant

where s(d) is the potential at the interface between the ad-is often modeled using the Ninham-Parsegian f¢&1]

sorbed layer and the bulk mediural]. To a good approxi-
mation

2kgT
)=

1+tanH Zey(0)/dkgT]exp(—d/\p3) )

M T=tant Zey(0)/akgT Jexm — /N p3)
(30

evis_l

1+ (&l wy,)?

€0+~ Eyis

GO L a2

: (39

wherew;, and w,, represent the most important absorption
frequencies in the infrared and ultraviolet range respectively,
€o, is the dielectric constant in the far-infrared region, and

where ¢(0) is the surface potential at the surface betweerg ,_ is a constant determined by a procedure givefi3].
the colloidal particle and the adsorbed layer, which is relatedrhe absorption frequency,, can be estimated from the

to the surface charge densityby
2

o
+ 4n63(0)60kBT) ' (31)

keT
Y(0)=sgn o) Zcosh 1( 1

refractive index data at various wavelengths using a Cauchy
plot [30,32. In Table | we list the dielectric parameters for
silica and for 2,6-lutidine. A similar but more general form is
assumed for watdi33]



57 ADSORPTION-INDUCED REVERSIBLE COLLOIDA . .. 5787

TABLE Il. Dielectric data for water taken frorfb8|.

Microwave Infrared Ultraviolet
OMw Wiy Yir Oyy Yuv

(10" rad/9 Cyw  (10%rad/9 Ci (10%rad/9 (10 rad/9 Cuw (10% rad/9

0.9875 76.89 0.31904 1.42857 0.227 1.26098 0.03919 0.07748
1.04828 0.73514 0.577 1.51925 0.05700 0.13369
1.39771 0.15359 0.425 1.73195 0.09233 0.23396
3.03851 0.14250 0.379 1.97503 0.15562 0.31144
6.38087 0.07936 0.850 2.26369 0.15224 0.44969

2.81062 0.27114 0.95105

12 C stant =9.5) over a wide range of lutidine-water composi-
1 |

177 > 5. (35  tions for a small fixed colloidal volume fractiof86]. For
foi 122 1+ (& w)*+ y1él o] water solutions the concentration product is always constant
[37]

e(ie)=1+

The parameter€,, w,, andvy, are listed in Table I, where

the oscillator strength€, must satisfy the zero-frequency [H"][OH ]=10"* mol&* L2 (39

sum rule

and therefore with apH=9.5,[H"]=1.9x 10" ions/n?®

and[OH ]=1.9x10? ions/m and therefore by electrical

6(0):1+C1+|22 Ci=81 (38 neutrality[L*]=1.9x 107 ions/m?. Hence the ion concen-
- tration in the bulk solution is

12

for water.

The dielectric constant for a lutidine-water mixtui £)
at frequencyé can be calculated from the lutidine (i&)]
and water] ey(i £)] dielectric constants using the Clausius-
Mossotti equatior32]

f(ex(1£))=Q[ b f (e (1£))+ (1= ) f(ew(i§))], -

nf~[LT]=[OH ]=1.9x 10?? ions/nT, (40)

independent of lutidine concentration. For a lutidine mass
fractionm_=0.25 the Debye screening length in the solution
Ap2=31.2 nm[Eq. (33)].

TABLE lll. Material parameters used in this paper.

Solution parameters
solution viscosityu~2.0 cp at 30 °(34]
x—1 lutidine mass fractionn, = 0.25 (value assumed in
f)=277 (38) Secs. IVBandIVD
temperaturel ~T,=307.15 K

¢, is the volume fraction of lutidine, and the fractional vol- ~PH=9.5 (independent of compositici86])
ume change on mixing is assumed to be negligitfde=(1). ionic valencez=1

Numerous materials parameters are required in the calcu- cation or anion concentratiomf~1.9x 10°2 ions/n?
lation to describe the lutidine-water solution, the adsorption (independent of composition
layer, and the colloidal particles. For convenience these pa- Debye screening lengthp,=31.2 nm form =0.25
rameters are collected in Table lll; they will each be dis-
cussed at the appropriate time. For the viscosity of this mixAdsorption layer parameters
ture as a function of composition, required in the calculation lutidine volume fractiorv, (layen=1 (assumg
of the Brownian diffusion timeig,o,n, We have assumed a  cation or anion concentratiam~7.6x 10°* ions/n? for
typical value of u~2.0 cp at 30 °C[34], where we have m_=0.25 andv (layen=1
ignored the temperature and composition dependences of theDebye screening lengthp;=8.4 nm form; =0.25 and
viscosity. The divergence of the viscosity due to critical fluc- v (layen =1
tuations is in general quite small compared to the back-
ground viscosityf 35]. Colloidal parameters

The Stder colloidal particles used by Beyseasal. in colloidal radiusR.~ 100 nm
many of their experiments possess surface hydroxyl groups colloidal concentratiort,~5x 1011 cm™2 (typical)
that undergo a surface dissociation in the lutidine-water mix- surface charge density~0.1 OH /nn? [59]
ture that leaves the surface negatively charged and releases aractal dimensiord; =3 [14]
H ™ ion into solution. Lutidine ) is a weak base because of hard-sphere second virial coefficieBs=1x 101
the lone pair of electrons on the nitrogen group; the idns mL/mole for R;.=100 nm
therefore hydrogen bond to the lutidine to form a complex Brownian aggregation times, .= 3u/4kgTcs=0.7 s

ion (CH,),CsH3N:H™, which we will denotel :H™ or more stability factor assumed for aggregatigv= 500
simply L*. The pH for this solution is approximately con-

where
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40
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1 (nm) -20 1 1 L
0 10 20 30 40

FIG. 3. Contributions to the colloidal interaction free eneFgy
as a function of the separation distarcéetween two colloidal 1 (nm)
particles form_ =0.25 and adsorption thicknesls=20 nm, where
F,=F (solid line), FP:F (dotted ling, FPLY (dashed ling and
Fe'e¢ (dash-dotted ling

FIG. 4. Variation of the total colloidal free ener@fyas a func-
tion of the separation distantdor various values of the adsorption
thicknessd=5 (solid line), 10 (dotted ling, 15 (dashed ling and

. . . .20 nm(dash-dotted ling The lutidine mass fraction is constant at
The parametef, which determines the ion concentration . _ (25 4

in the adsorbed layer, is difficult to measure. We will assume -

that as a function of the scattering vectprto study in detail the

temperature variation of the lutidine layer thicknessur-
— _ 41) rounding Stber colloidal particles for a lutidine mass frac-
(No. of moles of lutidine in layer/unit vol tion m_=0.23, colloidal densityc,~1.1x 102 cm™3, and
. colloidal radiusR.~ 78 nm. The lutidine layer was modeled
=¢L(m|xture) (42) as a simple slab of pure lutidine surrounding the colloidal
¢ (layen particle; it varied from~2 nm, 1.7 °C belowl , to ~13 nm

) . o just belowT,. From Fig. 2 in[12] we determine that the
where ¢, is the volume fraction of lutidine and the second lutidine thickness increased approximately as

equality (42) can readily be proved. In this paper we gener-

ally assume that the adsorbed layer consists of pure lutidine d=3.74AT 1% nm, (43

and thereforep, (layer)=1; consequently the ion concentra-

tion in the adsorbed layen~7.6x10% ions/m’ for m,  where AT=T,—T with T,~T,—0.375°C. At tempera-

=0.25 and the Debye screening length in the lutidine adsorptures aboverl, a flocculated phase formed at the bottom of

tion layer\p3=28.4 nm[Eq. (32)]. the cell where the center-to-center particle separation dis-
tancer was found to be

(No. of moles of lutidine in mixture/unit vol

B. The free energy of interaction and the aggregation

dynamics at fixed composition r/R;=3.0+0.3 (44)

The various contributions to the total free energy can nowor Staber colloidal particles of varying sizeR( varied be-
readily be calculated from Eq&L3)—(33). In this subsection tween 65 nm and 200 niiThe bonds between particles were
we consider the free-energy contributions and the aggregahought to be liquidlike.
tion dynamics for a fixed lutidine mass fraction afi_ In order to compare our model with experiment we must
=0.25 and a fixed colloidal concentration ofs  examine the stability factow [Eq. (12)] that occurs in the
~5x 10" cm 3. These values are similar to those used inaggregation time,qq [EQ. (11)]. The Brownian aggregation
the experiments of Beyserst al. In Fig. 3 we showF, time [Eq. (10)] is readily determined to bég,q,n=0.7 S
Foth, FRLo, andFe'®C as a function ofl for d=20 nm.  (using the parameters in Table)llin Fig. 5 we showV as
Previously we have demonstrat¢@l] that the dispersion a function ofd. W exhibits a precipitous drop fat~10 nm
energy termsF2LE and FRLE are not very sensitive to the and then levels out to a constant value-00.6 correspond-
value ofd; in contrast,F¢'¢ is extremely sensitive to the ing t0 ta94~0.5 s ford=15 nm. We can readily understand
value of the adsorbed lutidine layer thicknesdn Fig. 4 we  the region wher&V is constant by an examination of Fig. 4.
show the variation of~ for a wide range ind where the In this regiond>\p; and the repulsive barrier has been
variation is primarily determined by the behavior Bf'®¢  screened out, thus inducing aggregation; the dispersion terms
with d. For smalld (~5 nm) there is a very strong repulsive do not depend significantly od [21]; the shape of~(r)
barrier that inhibits aggregation, while with increasihghis  therefore does not vary much in this region and consequently
barrier progressively decreases until éo+ 20 nm the repul- W is constant. In order to determine when one would observe
sive barrier has fallen to a peak barrier height of the order ofiggregation we must decide on a valueWéror correspond-
the thermal energygT and aggregation can readily occur. ingly t,q4, at which aggregation would be observable. Ag-

For temperatures below the aggregation temperafyre gregation would not be observed for a value Wf-1000
Gurfein, Beysens, and Peri{dt2] used static light scattering corresponding td,,,~ 12 min (because the system is slowly
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105« , , T . In order to estimate the approximate interaction free energy
3 3 F between the two colloidal particles we repeat the original
3 3 calculation where now the adsorption layer is abseht (
10t E m =025 =0) and the solvent is pure lutidine with a Debye screening
L ] length of A\p,=8.4 nm. Figure 6 shows the results of this
w £ E calculation. We also show on the same figure the shape of
102{ E for slight variations in the bubble composition. There is a
L 1 high repulsive barrier between the colloidal particles where
0 E E the maximum peak height 45kgT. The stability factorW
107 F 3 =5.6x 10° and the particles will not aggregate to point con-
: = L L . tact. Instead there will be a competition between this repul-
0 10 20 30 40 sive barrier and the energy of the bubble that surrounds the

colloidal particles. The bubble energy will act like an attrac-
tive force that attempts to confine the colloidal particles in
FIG. 5. Stability factoW as a function of the adsorption layer order to minimize the surface area. It is difficult to calculate
thicknessd for m_ =0.25. In this paper we assume that aggregationthe bubble energy; however, a reasonable estimate of the
is first observed wheiv=500, which corresponds to an aggrega- separation distance between colloidal particles might be
tion thicknessd, gy~ 12 nm(denoted by the arrowfor this compo-  whereF~kgT. This corresponds to a center-to-center sepa-

d (nm)

sition. ration distance of =2.8R;, which is compatible with ex-
_ o _ perimental observations for the flocculated sf&iq. (44)].
stirred to prevent gravitational settlipghowever, aggrega- Broide, Garrabos, and Beyselrist] used the time depen-

tion would be observed fow~100 corresponding tb,q,  dence of the turbidity to classify the various regimes of ag-

~1 min. Therefore, we will somewhat arbitrarily choose gregation for systems that were quenched from an initial

W=500 as the value at which aggregation first occurs. Thisemperature below, to a final temperature abovg,. From

value forW occurs for a lutidine adsorption layer thicknessthe rate at which the turbidity increased, which is a measure

dagg™~12 nm(Fig. 5 in reasonable agreement with experi- of the aggregation rate, three distinctly different aggregation

mental observations wheuk,q,~13 nm[12]. We note that regimes were observed. In regin®, where T,<T<T,

for this value ofd there is still a large repulsive barrier for +0.1 °C, the aggregation rate increased rapidly; in region

the total free energyr (Fig. 4 where the barrier height (ii), where T,+0.1°C<T<T.,—0.1°C, the aggregation

~13KgT. rate reached a plateau and was constant independent of tem-
According to our model, the colloidal particles will start perature; in regiofiii ), whereT,,—0.1 °C<T<T,,, the ag-

to aggregate whed=12 nm. What happens when the luti- gregation rate increased slightly with temperature. The ag-

dine adsorption layers of two colloidal particles come intogregation dynamics was studied in detail only in regfon

contact? The colloidal particles will be separated by a centemwhere static light scattering at various scattering vectors was

to-center distance of approximately=2R.+24 nm where measured as a function of time. These measurements were in

the medium between the colloidal particles is essentiallyaccord with the dynamic scaling behavior of E(®.and(9)

pure lutidine rather than a lutidine plus water mixture. Do thefor a Brownian kernel. They determined that the mean radius

colloidal particles continue to approach each other until pointf the aggregat® varied as

contact is made or are the colloidal particles kept apart at

some finite distance? We now imagine that the colloidal par- RIR;~ (t/tg)'3, (45

ticles are contained within a small “bubble” of pure lutidine

that is immersed in the lutidine-water solutifig. 6, inset. ~ Where R, represents the monomer radius of particles that
make up the aggregate amgl is the characteristic growth

60 : time. They also determined that the mean aggregate mass
varied as

M~t. (46)

Equations(45) and (46) imply that

]
f
'.a
o
[=)
I

M ~ R, (47)

whered;= 3. In this equatiord; is the fractal dimension; a
fractal dimension of 3 implies that the colloidal aggregates
'200 2'0 4'0 6'0 8'0 100 are compact and not fractal, namely, the bonds that hold the
colloidal particles together are fluidlike, which enables the
1 (nm) colloidal particles within the aggregate to rotate relatively
FIG. 6. Variation of the total free enerdywith separatiot for ~ freely. Broideet al.[14] found that ifR; in Eq. (45) is taken
two colloidal particles €) inside a lutidine “bubble” (), whichis ~ to be equal to the colloidal radilR;, thent, would be 5
surrounded by the lutidine-water mixtugeW) (see the ins¢t The  times larger than the Brownian characteristic time given by
curves represent various bubble compositions where= 1.00  Eq. (10). During rapid aggregation the aggregation time is
(solid line), 0.95 (dotted ling, and 0.90(dashed ling similar to the Brownian limit; Broidest al. therefore hypoth-
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esized that perhag®, =5°R, so that the average separation BT
distance between colloidal particles would $8.4R.. . Such 12 k ]
a separation distance would then be consistent with the floc- i 1
culated phase separation distafq. (44)] and would imply nr )
that this separation between colloidal particles is determined 10 | .
at the very beginning of the aggregation process rather than dagg (nm) 9l ]
at late times when the aggregate is sizable and has settled to

the bottom of the sample cell. This picture is compatible with 8 i ]
our model for the aggregated state as encapsulated in Fig. 6. 7 -
The colloidal particles can rapidly increase their separation 6 . | |

distance within the bubble, by increasing the bubble size, 0 0.1 0.2 0.3 0.4
because the characteristic diffusion time for lutidine to dif-
fuse into the bubble is smal~60 us).

The physical origins for the three aggregation regitiigs FIG. 7. Variation of the aggregation thicknesg,, with lutidine
(i), and(iii ), which exhibited different characteristic aggre- mass fractionm_. The criterionW=500 was used to determine
gation rates, could not be identified fit4]. From Eq.(11)  Yagg for €achm.
for t,4q @and Fig. 5 forW we can now surmise the origins of
these three regimes. It seems probable that the adsorpti
layer thickness around an individual colloidal particle will
still be described by Eq43) even abovd ,. This is because
although the thickness influences= and causes aggregation
aboveT,, the form ofF in no way influences the value df

The value ofd should merely be determined by the lutidine- . .
water composition and the distance frofa,. Region (i) enon is the same adsorption phenomenon observed at the

where the aggregation rate increases rapidly with increasingurfaces of small colloidal particles. We expect that the ad-

temperature undoubtably arises from the sudden decrease grption thickness! will have a similar ma_gmtude o bo_th
W with increasingd (Fig. 5. Aggregation is first observed situations becausg<R. and therefore studies of adsorption

whend~12 nm and the plateau W occurs whend~15 at semi-infinite planar surfaces should prove useful in con-
nm; therefore, from Eq(43) we can estimate the width of verting thed,g, measu_rem(_ants in Fig. 7 to temperature in
region (i) to be~0.07 °C, which is in reasonable agreementorder that an ag_gregatlon Il_ne can be reconstructed: Perhaps
with observationg14]. Similarly, region(ii), the plateau re- the most extensive adsorpt|on data collected at varying com-
gion where the aggregation rate is constant, most probabl ositions is that qf Schmidt and MOIdOVMO.]' who usgd .
corresponds to the region whevé is constant with a value rewster angle elllp_sometry to _study adsc_)rptlon at the liquid-
of ~0.6 corresponding to an aggregation tityg,=0.5 s. vapor surface of mixtures of |sopr0panol-(()3H7QH) and
The most difficult region to identify is regiofiii ), vshere the perfluoromethylcyclohexa}ne ¢Eid. The adsor.p_non curves
aggregation rate increases slightly. A possible explanatiofé\’ere A\‘/er.y f'i\sym(;netn(; with respectt tohthebcrltlcalbcompgslla—
for region (iii) is that this region could mark the onset of a lon. tsr:ml ar adsorp 'Otr;] asymrtne rg4as_rheen 0 servet y
transition from an adsorption film to a prewetting fifag];  any other groups on other syste[88,42. The componen

the slight structural change in the film could cause a changI!,h""tb poséstehsses tfhe IovAvgst Sl:rfacg en(Trgy [()jrefetrer:jtlall); ad-
in shape td~ that would register as a change in the stabilitys.Or s at the surlace. Adsorption 1S on'y understood exten-
factor W. s!\{ely at the critical compositiop43]. At off—crltlcal compo-

The process of fragmentation of the colloidal aggregateg't'ons’ although a theory does exigdl], it has never been

: d with experimental results. Hirtz, Bonkhoff, and
has also been studigd5]. The system was prepared by compare ’ . :
quenching abovd,, allowing the aggregates to grow, and F|ndenegg{42] have developed a phenomenologl.cal theory
then a certain time later quenching beldy. The fragment- for adsorption that appears to represent the experimental data

ing of the aggregates was monitored by measuring the S,[(,i,“v(\:/ell. We will take a very simplistic approach to the analysis

light scattering at various scattering vectors. We will noto.f adsorption, p_rlnC|paIIy because we mainly see_k a _quahta—
tive understanding of the shape of the aggregation line. We

describe the fragmentation of the aggregate in detail her refore assume that the dielectric profil) that mimics
such processes are many-body processes and cannot rea : . : P
adsorption behavior a distancéom the surface can be

be studied using the theoretical methods described in thi ) ;
paper. modeled using an exponential decay

gmperature below the coexistence temperature one needs to
now the adsorption thickness as a function of temperature
for varying compositions.
Adsorption at semi-infinite planar liquid-vapor and liquid-
solid surfaces of binary liquid mixtures has been studied in
many different system39—424. Undoubtably this phenom-

—z/d

€(2)=(es— ex)e “Tadst €y, (48)

C. The aggregation line where €, is the surface dielectric constard, is the bulk

As a prelude to determining the shape of the aggregatiofiquid dielectric constant, and, 4 is the effective adsorption
line we have calculated the stability fact@v for varying  thickness. This profile, which is required for the analysis of
compositions and then from the criterion thWee=500 deter-  the ellipsometric data, does not correctly take into account
mined the aggregation thicknedg, 4 at each composition. In  the power-law divergence that is known to exist at small
Fig. 7 we have plotted, 44 as a function of the lutidine mass distances for critical liquid mixturefg}5]. However this pro-
fractionm . In order to be able to convert this thickness tofile has the nice property that it possesses the same effective
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thickness for a given relative adsorption for both the slab 20
profile (used in the analysis of the light scattering datad
the exponential profildused in the analysis of the ellipso- 16
metric data. We believe that Eq48) will give qualitatively
correct behavior as a function of composition and tempera- dags 12 L
ture. Brewster angle ellipsometry measures the ellipticity (nm)
that is described by the Drude equatiei] g

ve1+ezJ[E(Z) €1][e(z)— 2]dz7 49) W

€(2) L

which is valid for adsorption thicknesses that are thin com-
pared to the wavelength of lighin&633 nnj used in the
experiment. In this expressiogy represents the optical di-  F|G. 8. Adsorption thickness,s for the lutidine-water mixture
electric constant of the substrate against which the adsorgiotted as a function of the composition variabke=(m,
tion occurs, for a liquid-vapor surfaces(=1). Normally = —m,)/m, at various values oA T=T.,— T: 0.1 °C(open squarés

€(z) — e,<€, is a good approximatiofd7] and for strong 0.2 °C (solid diamondyg 0.4 °C (open circlel 0.6 °C (solid tri-
adsorption, which occurs when the surface energies of thengles, 0.8 °C(open diamonds 1.0 °C(solid circles, and 2.0 °C
two components differ significantly, the preferentially ad- (open triangles See the text for a description of hoslyys was
sorbed component is completely saturated in the first layedletermined from the data of Schmidt and MoldoVé0]. The

[48]. Then, from Eqs(48) and(49) smooth solid lines represent an approximate fit to the data.
_ 7 Vl+e, gation line with respect to the critical compositiom, can
P~ 6—2(65— €2)dads (50)  now be attributed to the asymmetry in the adsorption behav-

ior as a function of compositiofFig. 8).

and the adsorption thicknedgys can readily be determined. N N
From an analysis of the ellipsometric data of Schmidt and D. The second virial coefficient
Moldover [40] we have determined the variation of the ad-  For temperatures beloW, additional information can be

sorption thicknessl,qs as a function of the reduced compo- extracted from the stat|cally scattered light extrapolated to
sition zero scattering angle; the structure factor of such a measure-
ment, determined in the dilute colloidal limit, gives a mea-
_ M~ Me (51  Sure of the second virial coefficie®, [51]. B, provides
me corrections to the ideal gas law and is related to the interac-
tion potentialF(l) between two colloidal particld&2]

for constant values oAT=T_,— T, wherem_ is the mass
fraction of the preferentially adsorbed component andis

its critical mass fractiof49]. We expect the general shape of
these curves to be fairly universal independent of the particu-
lar system chosen with perhaps a multiplicative constant, re- 36
lated to the ratio of the correlation length amplitudes, rescal-

ing the thickness scale. In Fig. 8 we pldtys for the

lutidine-water mixture determined from the adsorption thick-

ness calculated from the Schmidt and Moldover data scaled 35
by &5, (LW)/ &, (IP), where the lutidine-water correla-
tion length amplitudeZ,, (LW) = 0.25 nm[50], while the T (°C)
corresponding amplitude for isopropanol-
perfluoromethylcyclohexane &, (IP)=0.19 nm[40]. From 34
Figs. 7 and 8 we can construct an estimate of the aggregation

line. Assuming thatl=d,qs, then fromd, (Fig. 7), for a

particularm_, we can use the smooth solid lines in Fig. 8 to

determine the temperature differentg— T, . The resulting 33
aggregation line phase diagram is shown in Figdashed 0.1
line); the shape and position of this line would not change

significantly if aggregation was assumed to occur wki¢én

=250. It looks remarkably like the experimental measure- g 9. phase diagram and aggregation line for 2,6-lutidine and
ments for this systerfopen circle3[10]. We cannot expect yater containing Steer colloidal particles. The coexistence curve is
precise quantitative agreement between theory and eXpeldicated by the solid line, while the dashed line is an approximate
ment because of the approximations used in the ellipsometri@construction of the colloidal aggregation liigee the text for
and light scattering analysis and also because the aggregatiggtaily. The aggregation line is asymmetric with respect to the
temperature is very sensitive to the presence of any impurieritical compositionm, (indicated by the arroyv The experimental
ties in the liquid mixturd 10]. The asymmetry in the aggre- aggregation datéopen circlep are from[10].

BZ(T)=27TNAJ [1—e FUkeT]|2g], (52

in
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Eq. (53), B,=1x 10 mL/mole for R;=100 nm. At small

10 ' ' ' values ofAT the shape oB, is very sensitive to the cutoff
s | 4 parametef i, .
6 - -
V. SUMMARY
109By | ]
(mL/mole) A quantitative theoretical explanation for adsorption-
2 | 8 induced reversible colloidal aggregation, in certain types of
binary liquid mixtures, has been lacking since its observation
0r 1 by Beysens and Este in 1985[7]. In another worK21] we
2 ! . . extended the traditional Derjaguin-Landau-Verwey-
00 05 10 15 20 Overbeek theory for colloidal aggregati¢®2] by modeling

AT (°C) the attractive potential using the more realistic

Dzyaloshinskii-Lifshitz-Pitaevskii theory for dispersion in-

. FIG. 10. Variation of the second virial Coef'fICIeB§ as a func- teractlons[23] and by |nc|ud|ng the effects Of an adsorbed
tion of AT=T,,—T for m_=0.25. For temperatures far belol,  |ayer in the attractive and repulsive potentials. We demon-
the c.oIIO|daI partlcles_a(_:t approx!mately like hard spheres Bpd strated that the primary effect of the adsorbed layer was to
acquires a value that is in approximate agreement with(3). As — rqq,ce a Debye screening length within the adsorbed layer

the temp_erature is increased towarids the repulsive potential is Aps, Which in general differed from the Debye screening
progressively screened amd, decreases and eventually changesIength in the bulk solutionp,. This screening length pre-

sighs when the attractive dispersion interactions dominate. The

change in sign o8, is dependent upon the value assumed for thedomlnantly influenced the electrostatic repulsive potential

cutoff lengthl .- = 0.1 (dotted ling, 0.2 (dashed ling and 0.3 nm and progressively screened this potential as the adsorption

(solid ling), while for larger values oAT the value ofl ,;, is un- thicknessd increased. . . .
important and the various curves cannot be distinguished. We have extended these calculations in this paper to other

aspects connected with adsorption-induced colloidal aggre-
. , _ ) ) gation and where possible compared theory with experimen-
whereN, is Avogadro’s number, is the separation distance | gpservations. The most detailed experiments have been

between the adsorbed layéfsg. 2), andl i, is a molecular  herformed on mixtures of 2,6-lutidine plus water containing
cutoff at small distances that terminates the unphysical infisigyer colloidal particles for a Iutidine mass fraction,

nitely degp attractive WeII._ For temperatures We_II_ below the_q o5 The theory indicates that the decreasing repulsive
aggregation temperatut, is expected to be positive corre- parrier with increasing adsorption layer thicknesss the

sponding to a repulsive barrier, where for noninteractingyimary cause for the observation of colloidal aggregation.

hard spheres of radilR, We find reasonable agreement between theory and experi-
ment for the adsorption thicknesdgy, at which aggregation
3 first occurs. The theory is able to explain the reason for the
:167TNARC (53) fluidlike bonds between the colloidal particles in the aggre-
2 3 ' gated state where the average center-to-center colloidal sepa-
ration distance is approximately three times the colloidal
radiusR.. The shape of the stability fact®¥ with increas-
As T, is approached the repulsive barrier will decrease anghg d (Fig. 5 explains the separation in the aggregation dy-
the attractive interactions, which cause the aggregatiomamics into a rapidly varying aggregation rate whérele-
should become more dominant. Sufficiently closeTtpthe  creases precipitous[yegion(i)] and a region with a constant
second virial coefficienB, is expected to change sign. For aggregation rate whel® is constanfregion(ii)]. A detailed
the 2,6-lutidine plus water system with charged polystyrenestudy of region(i) should prove a profitable area for future
latex colloidal particles Kurnaz and Mahgi3] observed the  experimental research because the precise variation of the
change in sign 0B, at a temperature-1.0 °C belowT.,,  aggregation rate with temperature is closely connected with
where for their systenT.,—T,~0.6 °C. Far fromT, they  the shape of the total free enerByvia Eq.(12). The theory
measured a value fd@, that was a factor of F0times larger  has also provided an explanation for the asymmetric shape of
than would be expected according to E§3). The origin of  the aggregation line with respect to the critical composition
this high repulsive barrier is not understood. (Fig. 9); the asymmetric shape is related to the adsorption
In Fig. 10 we showB, calculated using the model in Sec. asymmetry that has frequently been observed at semi-infinite
Il for F(I) for various values of the cutoff parametgr,,  binary liquid-substrate surfacef39,40,43. The thermal
[54]. In the calculation the lutidine mass fractiom =0.25  variation of the second virial coefficieR, (Fig. 10 is simi-
and Eq.(43) was used to convert from adsorption thickndss lar in shape to the experimental measuremgsss and also
to AT=T.—T. The shape 0B, is very similar to the ex- gives agreement with the hard-sphere valkeg. (53)] for
perimental measuremeris3] and a change in sign f@, is  temperatures sufficiently far below the aggregation tempera-
noted for sufficiently smalAT; however, the absolute mag- tureT,.
nitude for B, disagrees significantly with the experimental There are still a number of unresolved problems. In the
measurements. The calculated curves Bgrare relatively  Introduction we noted a surface charge effect where for
insensitive to the precise value byf;, for sufficiently large  small colloidal surface charge densities the aggregation line
AT and their magnitude approaches the value predicted bgccurred on the lutidine-poor side of the phase diadr@ig.
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1(a)] while for high colloidal surface charge densities it oc- medium using static light scattering. This is a many-body

curred on the lutidine-rich side of the phase diagrfdfiy.  problem and therefore cannot be readily handled with the
1(b)]. In these two cases the adsorbed layer consisted aéchniques used in this paper; however, a computer simula-
lutidine or water, respectively. This surface charge effection with the potential energy of the interaction given in Sec.

may be related to the solubility of the colloids; from the ||| between the colloidal particles may be able to determine

discussion in[20] we speculate that perhaps colloids with whether or not this potential is consistent with the experi-

large surface charge densities are more soluble in solvents glantal observations of fragmentation.

higher static dielectric constant. Such an effect would deter- \y/e expect adsorption-induced aggregation to be quite

mine the composition of the adsorbed layer and hence alsgommon in nature and to occur in situations where surface
the positioning of the aggregation line on the phase diagranctive minority or impurity components have an enhanced
van Duijneveldt and Beyserjd3] demonstrated an intimate so|ypility for charged species, relative to the bulk solution,
conne(.:tlon. between the lutidine layer th|ckne§s and the agt s giving rise to a different Debye screening length in the
gregation line. They observed that when Rgions were  agsorption layer. If these charged species are of opposite sign
added to solution, by the addition of small amounts oftg the colloidal surface charge then the repulsive potential
Mg(NOQs),, the formation of an adsorbed layer of lutidine yjj| pe screened and aggregation may occur for a sufficiently
was suppressed and even reversed into the formation of ffick adsorption layer of the order of a few nanometers. This
layer of water for sufficiently large amounts of the salt. At phenomenon could be the explanation for some puzzling ex-
the same timeT,— T, decreased with increasing salt con- perimental result§55] where evidence for an additional at-
Cel’ltl’ation and decreasing Iutidine |a.yer thiCkness and thﬁactive interaction was obtained in a regime where the re-

reversible aggregation completely disappeared with the diSpuIsive potential was expected to dominate.
appearance of the lutidine adsorption layer. At this time it is

difficult to quantitatively interpret this phenomenon using

our adsorpuop-lnduce_d model of aggregation because no de- ACKNOWLEDGMENTS
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