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Coacervation (liquid/liquid separation) takes place in aqueous solutions containing short chain 
tetraalkylammonium (TAA) and silicate ions when other ions (Na+, Br) are present. The TAA bromide 
is predominantly present in the upper layer and the sodium silicate is mainly present in the lower layer. 
The coacervation can be described using the activity coefficients of the two separate salts and a Redlich- 
Kister type excess Gibbs free energy. Since part of the Gibbs free energy is dependent on the enthalpy 
of hydrophobic hydration of the TAA ions, the driving force for coacervation is ascribed to a mismatch 
of the hydration layers around the silicate and TAA ions. 

Introduction 
In the early literature coacervation (separation into two 

aqueous phases) was mostly reported to occur in the 
presence of colloids. These colloids are usually proteins 
or macromolecules, as gelatin or casein with sulfates,' but 
coacervation can also take place in ionic systems. Ac- 
cording to Kruyt2 two types of coacervation are observed: 
simple and complex coacervation. Coacervation is called 
simple coacervation when the phase separation is induced 
by the nonionized groups in the solute molecules. This 
type of coacervation is a kind of segregation, since it is 
characterized by a water deficit in the total system. Upon 
dilution the coacervate disappears. Complex coacervation 
is induced by the interactions between ionized groups. It 
occurs when a second colloidal species is added to a solution 
of a charged colloid, which is oppositely charged to the 
one being added. The charges on the macromolecules 
induce the formation of salt bonds. Voorn3 described 
complex coacervation of polyelectrolytes in terms of 
electrostatic interactions and entropy. In both coacervate 
types lyophilic colloids are involved. 

Coacervation can take place also in aqueous solutions 
of low molecular organic solutes. The coacervation in 
aqueous solutions of organic ionic compounds has been 
studied by Mugnier de Trobriand et al. and Lucas et aLk9 
They found that aqueous solutions of tetraalkylam- 
monium (TAA) halides of sufficient chain length separate 
into two aqueous layers at  high concentration and that 
these coacervates can be used for the extraction of inorganic 
ions and ion complexes such as U022+. Coacervation in 
these systems was thought to be due to simple coacervation. 
They supposed that the demixing was caused by the limited 
amount of water. At high concentrations, formation of 
dimers and micelles of TAA ions was assumed to take 
place. The amount of water in hydration shells around 
the dissolved species diminishes and the water coming 
free can be used to dissolve other ions. In this way two 

(1) Pauli, W. Kolloidchem. Beih. 1912, 3, 382. 
(2) Kruyt, H. R. Colloid Science; Elsevier Publishing Co.: Amsterdam, 

(3) Voom, M. J. Complex coacervation. Ph.D. Thesis, Utrecht, 1956. 
(4) Mugnier de Trobriant, A. M.; Lucas, M.; Steigman, J.; Hwang, L. 

(5) Mugnier de Trobriant, A. M.; Lucas, M.; Steigman, J.; Hwang, L. 

(6)Mugnier de Trobriant, A. M. Centre #Etudes Nucl6aires de 

(7) Lucas, M. J.  Znorg. Nucl. Chem. 1970, 32, 3692. 
(8) Lucas, M. J. Znorg. Nucl. Chem. 1971, 33, 543. 
(9) Lucas, M. J. Znorg. N u l .  Chem. 1971,33, 1883. 

1949; Volume 11, pp 243-256. 

J. Znorg. Nucl. Chem. 1979, 41, 1214. 
J. Phys. Chem. 1987,82,418. 

Fontenay-aux-Roses, Rapport CEA-R-5009, 1979. 

kinds of regions are formed, one with the quaternary 
ammonium compound and one with the other salt. 
Quantitative support for this theory was not advanced 
however. Other ionic systems in which coacervation takes 
place are surfactant systems. Several investigators have 
studied the solution properties of a number of coacervating 
anonic and cationic soap systems extensively.2J0J1 These 
systems are mainly classified as simple coacervation. 

Thalberg et al.12-1s investigated coacervation by inter- 
actions between polymers and oppositely charged sur- 
factants. Because of the electrostatic interactions and the 
interactions between the hydrophobic parts of the polymer 
and the surfactant, a special phase separation behavior 
occurs. Although only one type of polymer is present, this 
is an example of complex coacervation in ionic systems. 
This might lead to the conclusion that coacervation in 
systems of TAA bromide-sodium silicate-water could be 
due to complex coacervation, since dissolved silicate ions 
can be considered partially as a small type of inorganic 
polymer and the quaternary ammonium ions mostly have 
surface active properties. 

We found coacervation in solutions containing sodium 
silicate and quaternary ammonium bromide starting from 
tetramethylammonium (TMA). Previously reported 
datak9 refer only to quaternary ammonium ions with larger 
alkyl groups. In the present paper the formation of a 
coacervate is reported in TMA bromide solutions with 
sodium silicate salta but not with other sodium salts (Cl-, 
B r ,  Nos-, Sod2-) up to saturation. No coacervation was 
observed by us for systems which contain sodium bromide- 
sodium silicate, TMA bromide-TMA silicate, TMA bro- 
mide-sodium bromide, or TMA silicate-sodium silicate. 
For coacervation to occur in aqueous solutions containing 
small chain TAA and silicate ions, the presence of 
additional ions appears to be necessary (in our case, sodium 
and bromide). These phenomena suggest that interactions 
between TAA and silicate are the cause of the demixing 
behavior. In viscosity measurements'* a distorted ion 
cloud was found in solutions of TMA silicates. This 

(10) Vaesiliades, A. E.; Cohen, 1. J. Am. Oil Chem. SOC. 1962,39,246. 
(11) Economou, P.; Cohen, I.; Libackyj, A. J. Phya. Chem. 1962,66, 

(12) Thalberg, K.; Lindman, B. J. Phys. Chem. 1989,93, 1478. 
(13) Thalberg, K.; Lindman, B.; Karletrdm, G. J.  Phya. Chem. 1990, 

(14) Thalberg, K.; Lindman, B. Langmuir 1991, 7, 277. 
(15) Thalberg, K.; Lindman, B.; Karlstrdm, G. J. Phya. Chem. 1991, 

(16) van der Donck, J. C. J.; Stein, H. N. Langmuir, in press. 

1829. 

94,4289. 
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indicates the presence of an additional interaction between 
these ions which can be the leading cause of the coacer- 
vation. In the present paper the distribution of the ions 
between the two layers wil l  be discussed and the coacer- 
vation will be described in thermodynamic parameters. 

Theory 
For a description of coacervation two questions arise: 

(i) how are the ions distributed over the two aqueous layers 
and (ii) in what concentration range does the demising 
take place. 

The distribution can be expressed in terms of the 
distribution coefficient used by Mugnier de Trobriant and 
Lucas4-9 

D = c,/q (1) 

In which D is the distribution coefficient and cu and c1 are 
the concentrations in upper and lower phases, respectively. 

For the description the concentrations of all compounds 
(in this case six, viz. TU+,  BR-, Na+, SiO2, OH-, H2O) 
must be known in all phases (two). This does complicate 
the understanding of the system. The system can be 
simplified to three compounds by treating the system as 
a ternary system of two salts and water. The salts should 
be formed by the ions which show comparable distribution 
over the two layers. Because of the formation of two 
aqueous layers, coacervation can be regarded as a mixture 
of two partially miscible fluids. Therefore theories about 
partial miscibilitywill be used to describe the coacervation. 

Demising phenomena can be described with the Gibbs 
free energy of solutions. The coacervation is caused by an 
excess Gibbs free energy, GE. From viscosity measure- 
mentals it is known that a repulsion between TAA and 
silicate ions is superimposed on the electrostatic attraction. 
Therefore the physical interpretation of the excess Gibbs 
free energy is thought to be an interaction between the 
TAA and silicate ions. The excess Gibbs free energy can 
be described with the Redlich-Kister equation (eq 21.l' 

GE = x93(Eo + ( ~ 2  - ~3)El + ( ~ 2  - ~ 3 ) ~ E 2  + ... ) (2) 

In the first instance only two terms are taken into account. 
The Gibbs free energy can be written as 

G = xlp: + x#: + x+: + RT(xl In x1 + x2 In x2 + 
x3 In x3j + ~93(Eo + ( ~ 2  - ~3)El) + GY (3) 

A physical interpretation of the parameters EO and E1 in 
this equation will be given in the discussion section. In 
this equation pio is the thermodynamic potential of species 
i in the standard state (e.g., at an activity of l), Xi is the 
molar fraction, and GY is the contribution of the activity 
coefficients. Molar fractions are usually referring to 
nonelectrolytes. In the present work the molar fractions 
have to be defined such as to take into account the 
dissociation of the electrolytes. The molar fraction 
becomes 
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on the line through the mid points of the conodes.l8 In 
ternary systems the analytical criteria for the binodal are 
more complicated than for binary systems. By treating 
the system as a quasi-binary system it is easier to define 
these criteria. For reducing the ternary system to a binary 
system, we draw a tangential on the L1-L2 binodal line 
passing through the plait pdint. The tangential concerned 
is regarded as a line from the binary mixture of components 
1 and 2 with molar fraction x2 = x2,o to the binary mixture 
of 1 and 3 with molar fraction x3 = X3,O. This line can be 
described in parameter form 

x1 = 1 - x2,0 + i(x2,0 - ~3,o); 

In this description i is the distance parameter with values 
between 0 and 1. 

On that line the second derivative of the G function to 
the composition coordinate is zero at the plait point because 
the plait point is on the spinodal. For lines parallel to the 
tangential but at higher electrolyte concentration, two 
bending points in the G curve are found. At lower 
electrolyte concentrations no bending point is present in 
the G curve. Therefore the second derivative must have 
an extreme at the plait point and the third derivative hae 
to be zero too. 

After substitution of the composition in parameter form 
(according to eq 5)  in eq 3, E1 can be determined with the 
help of the third derivative of the Gibbs free energy and 
the plait point 

x2 = (1 - i ) ~ ~ , ~ ;  
x3 = ix3,0 (6) 

(4) 

nj is the amount of compound i present (in moles) and vi 
the number of ions in one mole i. 

The parameters EO and E1 in eq 3 can be found from 
the plait point as follows: The plait point is often situated 

(17) Redlich, 0.; Kister, A. T. Ind. Eng. Chem. 1948,40, 346. 

In this equation XI, 2 2 ,  and x3 are the molar fractions in 
the plait point. x2,o and X3,O have been defined previously; 
d3GW)ldi3 is the third derivative of the contribution of 
the activity coefficienty to the Gibbs free energy. The E1 
calculated with eq 6 can be used to calculate the EO from 
the second derivative of the Gibbs free energy: 

2 3 0 2  d2Gy(i) 2 
(x2,0 - x3,0)2 x2,0 , 

EO X1 x2 3c3 RTdi' - 
RT= '('2,#3,0) 

El 
(6x3x2,0(x2,0 + '3,O) - 2x2,#3,0(2x2,0 + X3,0))m 

2(x2,#3,0) 
(7) 

When the values of Eo and E1 are known, all important 
constants of eq 3 except for the contribution of the activity 
coefficients are known. The contributions of the activity 
coefficients of the separate salts to the Gibbs free energy 
can be incorporated in several ways. The best way is 
splitting the activity coefficients into their various con- 
tributions: 

log Y~~ = + BI + R(mi) (8) 
In this equation, I is the total ionic strength, mi is the 
molality of component i ,  A is the Debye-Hockel limiting 
slope, B takes into account the effects of incomplete 
hydration, and R(m3 is an additional function which 
describes other contributions to the activity coefficient, 
such as association. The Debye-Hockel effect and the 
contribution of incomplete hydration are dependent on 

(18) Robbins, L. A. Liquid-liquid extraction: In Perry, R. H., Green, 
D. W., Maloney, J. O., Eds.;Perry's Chemical Engineers' Handbook, 6th 
ed.; 1984; p 166. 
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the total ionic strength. The residual function R(mi) can 
approximately be considered as dependent on the molality 
of component i only. The complete contributions of the 
activity coefficients to the Gibbs free energy can be 
expressed as 

3 

GY = 2 . 3 0 3 R T ~ { - ~ i ( A $ ’ ~  + BiI + Ri(mi))) (9) 

The Debye-Hiickel limiting slope is theoretically known. 
By using literature activity coefficients theB and R values 
can be determined. 

Experimental Section 
Materials used were as follows: sodium silicate solution, den 

Hertog, 10.1% NaOH, 27.8% Si02; sodium hydroxide, Merck, 
Pro Analysi; sodium hydroxide, Merck TitrisolO.1 M and 1 M; 
dumtetzaphenylborate, JanwnChimica, 98%;TMA bromide, 
Merck, >99%; TMA bromide, Janssen, >99%; tetraethylam- 
monium (TEA) bromide, Merck, >99% ; tetrapropylammonium 
(TPA) bromide, Janssen, >98%; TPA bromide, Merck, >99%; 
silver nitrate, Merck Titrisol, 0.1 M silicium tetrachloride in 
sodium hydroxide, Merck Titrisol, 1 g/mL; nitric acid, Merck, 
65%; ammonium heptamolybdate, Merck, Pro Analpi, >W%; 
twice distilled water. Silicate and their aqueous solutions will 
be indicated by their metal ion to silicon molar ratio. Thus, a 
2:l sodium silicate has a Na:Si molar ratio of 2:l. 

Procedure for the Determination of Distribution Coef- 
ficients. Coacervates were prepared with constant TAA bro- 
mide/sodium silicate ratio but different water contenta. The 
coacervates were shaken overnight at 25 OC. The phaees were 
separated and the density was determined by weighing a known 
volume. TAA and bromide concentrations were determined using 
an Orion autochemistry system 940/960. For the TAA concen- 
tration apotentiometric titration with sodium tetraphenylborate 
and a TAA-sensitive electrode, developed by Holten and Stein,19 
was used. The bromide was determined by a potentiometric 
titration with silver nitrate and a Phdips bromide sensitive 
eledrode (IS 550). Sodium concentrations were determined with 
AES (Perkin-Elmer 4995 AA spectrophotometer). Silicate 
concentrations were determined with the molybdate method. 
The following procedure was used for the molybdate methodF 
1 mL of silicate solution (0-50 mg/L SiO2) was added to 2 mL 
of molybdate Solution (8% ammonium molybdate, 4% sodium 
hydroxide) and 1 mL of nitric acid (20 % 1. A yellow compound 
was formed. After 13 min the extinction was measured at 370 
nm with a Zeiss spectrophotometer MM12, PMQ II. 

Procedure for the Determination of the Binodal. The 
binodal was determined with a titration procedure. An amount 
of quaternary ammonium bromide was dissolved in an amount 
of sodium silicate solution, with known concentration, until a 
coacervatewas formed. Thestirred coacervate wasopaque. Water 
was added until the opaqueness disappeared. The limit of the 
coacervation region at a given TAA bromide/sodium silicate ratio 
was taken to be that composition where coacervate becomes 
transparent upon addition of one droplet of water. By weighing 
the solution the amount of added water was determined. By 
addition of new quaternary ammonium bromide to that solution, 
a coacervate was formed again and water was added until the 
coacervate disappeared. This method was repeated several times. 
A large part of the binodal can be determined in this way. AU 
experiments were carried out at room temperature. 

This procedure was performed with several kinds of sodium 
silicate solutions and TAA bromides. For TMA bromide five 
sodium/silicate ratios were used, 0.82:1, 1:1, 1.51, 21, 3:1, and 
for TEA and TPA bromide a 2 1  sodium/silicate ratio. 

The silicate solution was prepared by adding sodium hydroxide 
(Merck Titrisol) to a sodium Silicate (den Hertog) solution until 
the desired aodium/silicate ratio was obtained. 

Results 
In Figure 1 the distribution coefficients are shown of 

coacervates of TMA bromide and sodium silicate with 

192 

van der Donck and Stein 

(19) Holten, C. L. M.; Stein, H. N .  Analyst 1990,115,1211. 
’ (20) Kato, K. Anal. Chim. Acta 1976,82,401. Truesdale,V. W.; Smith, e. J. Analyst 1975,100,797. 
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Figure 1. Distribution coefficienta of TMA bromide and sodium 
silicate (21). 

WATER 

35% TMABr 35% Na,,SiO, 

Figure 2. Experimental (+ titration method, c] distribution) 
and calculated binodal (-) of the coacervate TMA bromide 
sodium silicate (0.821). 

WATER 

30% TMABr 30% NaSil 
Figure 3. Experimental and calculated binodal of the coacervate 
TMA bromids-sodium silicate (1:l). Symbols as in Figure 2. 

sodium to silicate ratio of 2:l .  The distribution coefficients 
of the other systems investigated show comparable be- 
havior. 

A complete analysis of the two coexisting layers was 
carried out in order to express the compositions of these 
layers in molar fractions of TAA bromide, sodium silicate, 
and water. With the titration procedure the binodal can 
be determined and the intersection point of the line 
through the midpoints of the conodes and the binodal 
yields the plait point. In Figures 2-6 the data on binodal 
compositions are shown. The straight lines are the line 
through the midpoints of the conodes and the tangent on 
the binodal in the plait point. From this tangent and the 
position of the plait point, the Eo and E1 are calculated 
with eqs 6 and 7 .  In Table I the positions of the plait 
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absence of other ions. (c) On phase separation, TAA and 
silicate ions are found predominantly in different liquid 
phases. Statement a indicates a special type of interaction 
between TAA and silicate ions as the important factor for 
coacervation. This may be a repulsion or an attraction. 
Statement c implies that there is a decrease in Gibbs free 
energy on separating a mixture of TAA, silicate, Na+, and 
BF ions into pairs TAA + BF and Na+ + silicate. This 
means that the special type of interaction between TAA 
and silicate ions is repulsive rather than attractive. Such 
a repulsion is superimposed on the normal attraction 
between oppositely charged ions: coacervation occurs only 
when other ions are present for compensation of the charges 
on TAA and silicate ions, respectively. This is in agreement 
with viscosity measurements.16 

In the thermodynamic description the contribution of 
the activity coefficients has to be taken into account. For 
the activity coefficients of the TAA bromide literature 
data were provided by Wirth21 and Lindenbaum and 
Boyd.22 Activity coefficients of sodium silicates are not 
available. As an approximation activity coefficients of 
other sodium salts were used reported by Robinson and 
Stokes.23 For the sodium silicate with a sodium/silicate 
ratio of 21, activity coefficients of sodium sulfate were 
used because of the resemblance between silicate and 
sulfate in charge and structure. For the sodium silicates 
with ratios 0.821 and 1:l activity coefficients of sodium 
chloride were used. In the solutions of sodium silicate 
with ratio 0.82:l the total charge on the silicates is lower 
than in sodium silicate (1:l ratio) solutions. In view of the 
Debye-Hockel limiting slope being proportional to Iz+z-J 
and the average charge of the silicate ions being -0.82 in 
this particular case, the Debye-Hockel limiting slope for 
this ratio should be multiplied with this charge. The B 
andR terms were estimated by the sodium chloride values. 

Figure 7 shows an example of the contributions of the 
activity coefficients and the second and third derivative 
along the tangential through the plait point for TMA 
bromidesodium silicate (ratio 2:l) as calculated according 
to eq 9. At  the plait point the activity coefficient of TAA 
bromide was calculated as 0.22 and for sodium silicate a 
value of 0.06 was obtained. For other systems comparable 
values were calculated. 

In this figure the place of the plait point is shown by the 
vertical line at i = 0.55. The values of the second and 
third derivative are used to calculate EO and E1 from eq 
6 and 7. This kind of calculation is performed for all 
coacervates. 

Of course taking the activity Coefficients of sodium salts 
other than sodium silicate gives only an approximation of 
the contribution of the activity coefficients to the Gibbs 
free energy. Nevertheless, this taking into account the 
activity coefficients approximately is better than ignoring 
them. 

When the Eo and E1 are known the binodals can be 
calculated. For most coacervates the calculated binodal 
gives a satisfactory comparison with the experiments. 
Deviations are seen in Figures 4 and 5 for TMA bromide 
and TEA bromide 2:l sodium silicate coacervates. For 
these systems the binodals found with the titration method 
are at much higher water contents at the TAA bromide 
side of the diagram than the composition of the upper 
layer. This is ascribed to the fact that the systems are 
considered to be ternary systems. This implies the 
assumption that the cations and anions assigned to a 

WATER 

25% TMABr 25% NaSil 

Figure 4. Experimental and calculated binodal of the coacervate 
TMA bromids-eodium silicate (21). Symbols as in Figure 2. 

WATER 

25% NA,SiI 25% TEABr 

Figure 5. Experimental and calculated binodal of the coacervate 
TEA bromids-eodium silicate (21). Symbols as in Figure 2. 

WATER 

25% TPABr 25% Na,S 

Figure 6. Experimental and calculated binodal of the coacervate 
TPA bromids-sodium silicate (2:l). Symbols as in Figure 2. 

points and the calculated values of the Eo and E1 are listed 
for the coacervates investigated. 

Discussion 
In all cases the quaternary ammonium bromide was 

mainly dissolved in the upper phase and the sodium silicate 
was present in the lower phase. The system can be 
described as a ternary system TAA bromide/sodium 
silicate/water. As is to be expected the distribution 
coefficients show a tendency toward unity at higher molar 
fractions of water. 

The driving force for coacervation can be evaluated from 
the following facts. (a) The presence of both TAA and 
silicate ions is necessaryfor coacervation. This has, strictly 
speaking, been shown only in the case of TMA but is 
probable also for TEA and TPA as cations. (b) No 
coacervation is found in TAA silicate solutions in the 

(21) Wirth, H. J. Phys. Chem. 1967, 71, 2922. 
(22) Lindenbaum, S.; Boyd, G. E. J. Phys. Chem. 1964,68,911. 
(23) Robinson, R. L.; Stokes, R. H. Electrolyte solutions, 2nd ed.; 

Buttarwortha Scientific Publications: London, 1959. 
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Table I. Plait Points and Constants of the Excess Gibbs Free Energy 
sample plait point excess constants 

TAA Br Na/SiOl ratio XI water x2 TAABr xg Na,Sil Eo, kJ/mo12 El, kJ/molS 
TMA 0.82:l 0.8505 0.0284 
TMA 1:l 0.8652 0.0393 
TMA 2:l 0.8725 0.0356 
TEA 2:l 0.9082 0.0272 
TPA 2: 1 0.9311 0.0173 

-0.10 

-0.40 

-0.70 

-1.00 ' I 

0.00 0.20 0.40 0.60 0.80 1 .oo 

Figure 7. Contributions of the activity coefficients along the 
tangential on the binodal through the plait point for TMA 
bromide-sodium silicate (21). 

Figure 8. Possible quaternary and quinary representations of 
the investigated systems. 

particular electrolyte distribute themselves over the 
coexisting phases in the same way; the titration method 
gives the binodal for the ternary systems. The compo- 
sitions of both layers are not ternary, however, and the 
deviations from the ternary model can be described by 
two different methods (see Figure 8). Alternatively, the 
system can be considered as a quaternary system of water, 
TAA bromide, sodium hydroxide, and silica (model i, see 
Figure 8a). Deviations from the ternary system can result 
if different sodium/silicate ratios exist in the upper and 
lower phases, respectively. The average charge of the 
silicate ions in the upper layers is different from that in 
the lower layer, but the TMA and the bromide are 
distributed in exactly the same way within both layers in 
this description. The system can also be considered as a 
quinary system of water, TAA bromide, TAA silicate, 
sodium bromide, and sodium silicate (model ii, see Figure 
8b). Deviations from the quinary system can occur when 
sodium ions are exchanged by TAA ions in one of the 
layers. The mean charge of the silicate ions is the same 
in both layers, in this model. 

The influence of these processes is most clearly evident 
from the distribution coefficients. If demixing occurs 
according to the ternary system TAA bromide-sodium 
silicatewater, the distribution coefficients of TMA would 
equal those of bromide and the distribution Coefficients 
of sodium would equal those of silicate in model i; the 
distribution coefficients of TAA and bromide should have 
the same value, but the distribution coefficients of sodium 
and silicate may however be different. In process ii all the 
distribution coefficients may be different. A simple test 
exists of whether or not the description as process ii may 
be applied. If the distribution coefficients of TAA are 

0.1211 43.15 13.43 
0.0955 32.89 17.87 
0.0919 29.06 19.72 
0.0646 38.35 52.54 
0.0516 37.61 141.02 

larger than those of bromide, the distribution coefficients 
of silicate should be larger than those of sodium. The 
difference between the amount of TAA and bromide 
present in one layer should be compensated by a com- 
parable additional amount of silicate or sodium ions. In 
process ii the hydroxide should be distributed in the same 
way as the silicate, since the average charge of the silicate 
is assumed to be equal in two coexisting phases. However 
there is no reason why the silicate and the hydroxide should 
distribute the same way. In most cases the distribution 
coefficients of TMA and bromide are different. This shows 
that process i is inadequate, whichsuggests, that the system 
should be treated according to process ii at least. For 
coacervates with TEA and TPA the test does not exclude 
process ii, but the difference in TAA and bromide 
concentration is not equal to the difference in sodium and 
silicate concentration. From the electroneutrality con- 
dition the concentrations of hydroxylic ions can be 
calculated. In most cases different silicate/hydroxylic 
ratios for the two layers are found, which suggests that 
process ii in itself cannot completely describe the phe- 
nomena but that a combination of processes i and ii should 
be considered. In these coacervates the formation of 
double ring silicate ions, as reported by Hoebbel et al.,24-26 
interferes with processes i and ii. As double ring formation 
occurs mainly in the upper layer, the distribution coef- 
ficients of silicate are in those cases larger than those 
corresponding to the monomers. Therefore both processes 
i and ii and the formation of double ring silicate ions 
influence the deviations from the ternary systems TAA 
bromide-sodium silicate-water. The predominant for- 
mation of double ring structures in the upper layer strongly 
suggests that this double ring formation is promoted by 
the interaction between hydrophobically hydrated regions 
around alkyl chains and hydrophobically hydrated regions 
around di-O-Si= groups (to be distinguished from 
hydrophilically hydrated d i - O H  or Si-0- groups). 
This will be treated in more detail in a separate paper.27 

The excess Gibbs free energy is approximated with the 
Redlich-Kister equation (see eq 2). This equation is 
usually employed for nonelectrolytes but can be used for 
electrolyte solutions when interactions are considered that 
are not primarily electrostatic. It has been remarked that 
the coacervation is caused by an interaction between TAA 
and silicate ions. These ions are found predominantly in 
different phases, electrostatic interactions cannot be the 
cause of coacervation, and therefore the Redlich-Kister 
equation can be applied. 

In many cases the excess enthalpy and entropy have the 
same sign while the absolute values of the interaction 
enthalpy and the excess entropy (more strictly TsE) are 
about the same. However in some mixtures of polar and 
apolar compounds the excess entropy can be very small 
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or even negative, while the excess enthalpy is positive.28 
This is considered to be due to the formation of networks 
of hydrogen bonds. In our case we are dealing with 
hydrophobically and hydrophilically hydrated ions, and 
it is likely that these hydrated regions are still present in 
the mixtures. If so HE will be positive because in a mixture 
a part of the sodium ions near silicate ions is replaced by 
TAA ions, and part of the bromide ions near TAA ions are 
replaced by silicate ions. The positive HE is then caused 
by the larger average distance between cations and anions 
in the mixture, than in the separate solutions of sodium 
silicate and TAA bromide. It is likely that in this case sE 
will be small in absolute sense. Therefore the excess 
enthalpy will be regarded as the main component of the 
excess Gibbs free energy. This is in agreement with the 
model of strictly regular solutions as described by several 

Several factors influence this interaction 
enthalpy: the type of TAA ion; the sodiumlsilicate ratio. 

The interaction enthalpy can be divided into compound- 
compound interactions. The EO describes the interaction 
between one TAA with one silicate ion and the E1 is a 
mixed interaction of three ionic units: one term describing 
the interaction between two TAA ions with one silicate 
ion and one term describing the interaction between one 
TAA ion and two silicate ions. 

In Table I the EO and E1 are shown. For the coacervates 
containing TMA bromide the EO decreased and the E1 
increased with increasing sodium/silicate ratio. In a 
relative sense, the decrease in EO is more pronounced than 
the increase of El. On the basis of the interaction between 
the ions leading to coacervation, this can be explained as 
follows: 

At high sodium/silicate ratio the silicate ions will be 
present predominantly as monomers with a relatively large 
charge (1.5-2 unite) per silicate ion. This charge can be 
compensated by sodium and TMA ions. When a large 
amount of sodium is present, the charge compensation of 
the silicate ions will occur predominantly by the sodium 
ions. At  small sodium/silicate ratios charge compensation 
of the silicate ions will be to a larger extent by TMA ions. 
Therefore the main contribution to the excess Gibbs free 
energy, the EO, decreases with increasing sodium silicate 
ratio. 

In the proportionality constant E1 the average charge 
per silicate ion is reflected If the silicate is doubly charged, 
the three ionic interaction will be more pronounced than 
when the silicate is predominantly singly charged. In the 
case of sodium/silicate ratio 2:l the interaction between 
two TMA ions and one silicate ion will be dominant over 
the interaction between one TMA ion and two silicate 
ions. At lower sodium/silicate ratios the domination will 
be less and the E1 will be smaller. 

For the different TAA ions EO is nearly constant. The 
E1 however does increase with increasing chain length. In 
Figure 9 the E1 is shown as a function of the square of the 
enthalpy of hydrophobic hydration, which were calculated 
by He~vels land.~~ A linear relation is found. This shows 
that the interaction between two TAA ions and one silicate 
ion is the major contribution to the E1 for these coacervates. 
The E1 values considered here are those of coacervates 
with sodium/silicate ratio 2:l. As we found for the TMA 
coacervates with increasing sodiumlsilicate ratio the 
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Figure 9. Correlation between the E1 of T U ,  TEA, and TPA 
and the square of enthalpy of hydrophobic hydration.n 

contribution of the first term of the E1 is of increasing 
importance over the second term for 2:l sodium silicate. 
The deviations from the line can be due to the errors both 
in the E1 constant and the enthalpy of hydrophobic 
hydration. The connection between the enthalpy of 
hydrophobic hydration and the E1 suggests that the 
hydrophobic hydration of the quaternary ammonium ions 
is of particular importance in the coacervation. 

Conclusions 

Coacervation occurs in solutions of TAA bromide- 
sodium silicate-water. The TAA bromide exists predom- 
inantly in the upper layer, and the sodium silicate is present 
mainly in the lower layer. The TAA bromide was nearly 
stoichiometrically distributed between the two layers. For 
sodium silicate, deviations are found. 

Coacervation can be described using activity coefficients 
of the two separate salts plus an additional excess Gibbs 
free energy. The first two terms of the Redlich-Kister 
equation are used to describe the excess Gibbs free energy. 
Experimentally determined binodals coincide well with 
calculated ones. Inaccuracies in this description are caused 
by deviations from the ternary model and from the 
formation of double ring silicate structures. One of the 
terms of the excess Gibbs free energy is linearly dependent 
on the square of the enthalpy of hydrophobic hydration 
of the TAA ions. 

The coacervation is ascribed to the following mecha- 
nisms: TAA ions are hydrophobically hydrated, while 
silicate ions are hydrophilically hydrated. The structures 
of the hydration layers are different and the layers cannot 
overlap. Coacervation can occur in solutions which 
contain, besides TAA and silicate ions, an additional cation 
(e.g. sodium) and anion (e.g. bromide). At  higher con- 
centrations the TAA and the silicate ions migrate apart 
and the respective electrical charges will be predominantly 
neutralized by the other ions present. The sodium will be 
preferentially in the vicinity of the silicate, while the 
bromide will be preferentially in the vicinity of the TAA. 
This leads to two different microstructures. At  sufficiently 
high concentrations, coalescence of these different mi- 
crospheres will occur and macroscopic phase separation 
results. 
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