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The precipitation phase boundary for mixtures of sodium dodecy! sulfate (NaDS) and dodecylpyridinium
chloride (DPC) 1s determined over a wide range of concentrations. The phase boundary is composed
of 2 monomer--precipitate equilibrium curve, where no micelles exist in solution, and two branches (one
NaDS-rich and one DPCl-rich) where monomer, micelles, and precipitate exist in equiibrium. A model
is developed to predict the precipitation boundary by combining regular solution theory, to calculate
monomer—micelle equilibrium, with a solubility product relationship between surfactant monomer con-
centrations, to calculate monomer-precipitate equilibrium. Results from the model are shown to work
well, except in regions where coacervate formation occurs. An empirical modification to the model 1s
used to account for coacervate formation so that all experimental phase boundaries can be descnibed
quite well. The model can also predict the amount of precipitate that will form in any NaDS-DPCI
mixture and the results are shown to agree well with experimental measurements.  © 1988 Academic

Press, Inc.

INTRODUCTION factant mixtures are also of interest in phar-

Considerable work has been done on the
interactions between large organic 1ons with
opposite charge in solution. Some of the most
important systems include surfactant-dye,
surfactant-polymer, and anionic—-cationic
surfactant mixtures. Surfactant-dye interac-
tions are of interest in pharmaceutical appli-
cations where many formulations contain dyes
for colorants and surfactants for preservation,
solubilization, and stabilization purposes (1-
4). Surfactant-dye mixtures have also proven
useful in several areas of analytical chemistry
(5) including determination of the critical mi-
celle concentration for surfactants (6). Surfac-
tant-polymer systems have been investigated
for application i enhanced oil recovery (7-
9 and have also found use 1n hair rinses and
conditioners (10-12). Anionic—cationic Sur-
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macy (13) and analytical chemistry (14-17),
as well as wastewater treatment (18), textile
wetting, and detergency (19).

Precipitation 1S a common phenomenon
that can occur 1n all of the anion—cation mix-
tures mentioned above, although 1n most cases
precipitation is undesirable because it renders
the surfactant ineffective in solution. To un-
derstand precipitation in systems such as these,
1t 1s necessary to account for processes such as
micellization and coacervate formation, which
can also occur in solution. In addition, 1t 1s
important to examine a wide range of anion
and cation concentrations so that sufhicient
information 1s gathered to provide complete
phase boundaries.

To date, the precipitation of anionic sur-
factant (20-23) and anionic-nonionic surfac-
tant mixtures (24, 25) with simple inorganic
cations has been successfully modeled. In this
paper, the same type of approach will be used
to develop a model for the entire precipitation

186

Journal of Colloid and Interfuce Science, Vol. 123, No. 1, May 1988



SURFACTANT PRECIPITATION 187

phase boundary of an anionic-cationic mixed
surfactant system. This anionic-cationic mix-
ture 1s the simplest of the systems introduced
here because both species are surface active
and their solution chemistry is well defined
(1.e., mixed micelle formation). In surfactant-
dye and surfactant-polymer systems, however,
one component 1s not surface active, so smaller
aggregates (5, 26, 27) or pseudomicelles (1)
may form which may be more difficult to ac-
count for. It should be possible to modify the
model presented here to include these types
of interactions so that a more gencralized
model would result.

EXPERIMENTAL
Materials

The anionic surfactant used is sodium do-
decyl sulfate (NaDS), obtained from Fisher
Scientific, which was recrystallized twice from
a 50/50 mixture of water and ethanol then
dried under vacuum with low heat. The cat-
tonic surfactant is dodecylpyridinium chloride
(DPCI) which was received as technical grade
from Pfaltz and Bayer. This was recrystallized
threc times from an approximately 80/20
mixture of petroleum ether and ethanol and
the crystals were dried under vacuum with low
heat. Neither surfactant showed a minimum
in surface tension curves and no impuritics
were observed using high-performance liquid
chromatography with a conductivity detector.
The NaCl (Fisher certified) was used as re-
cetved and the water was distilicd and deion-
1zed.

Methods

To determine a point on the precipitation
phase boundary, a series of solutions were
prepared (1in 100-ml volumetric flasks) cach
containing a constant amount of NaDS, 0.15
M added NaCl, and varying amounts of DPCI.
Surfactant solutions can remain supersatu-
rated for long periods of time before precipi-
tation 1s complete (22); therefore, all solutions
were cooled to force precipitation to occur.
The solutions were then placed in a water bath

at 30.0 £ 0.1°C, shaken periodically, and al-
lowed to cquilibrate for at least 4 days before
determinations were made. If a solution was
outside of the precipitation region, crystals
would dissolve so that the solution became
isotropic. If crystals remained in solution after
equilibration, the initial solution composition
was considered to be inside the precipitation
region. Using this procedure, the boundary of
the precipitation region could be determined
and 1n all cases, for a given NaDS concentra-
tion, the concentration of DPCI that deter-
mined a point on the boundary was accurate
to within +10%.

Sceveral techniques were used to detect the
presence of precipitate in solutions. In most
cases, the phase boundary can be determined
accurately by simple visual inspection. How-
ever, at low concentrations, where only a small
amount of precipitate forms, it 1s very difficult
to see any crystals. A 4 mW helium neon laser
(Spectra Physics) was used to obtain more ac-
curate phase boundaries by passing the beam
through a scrics of solutions. At an observation
angle of 90° to the incident beam, scattering
of the beam was clearly evident in some so-
lutions, indicating the presence of small par-
ticles (21, 28).

Another technique used to determine the
location of the phase boundary at low surfac-
tant concentrations was a dodecyl sulfate an-
10on sclective electrode (Roth Scientific) which
responds only to free anionic surfactant ions
in solution. When clectrode response (relative
millivolts) is plotted versus increasing DPCI
concentration for a series of solutions with
constant NaDS, a break occurs at the Jowest
DPCI concentration where precipitate 1s pres-
ent. Similarly, a UV spectrophotometer
(Bausch and Lomb) was used to detect mo-
nomeric dodecylpyridinium cations in solu-
tion. Therefore, for a serics of solutions with
constant DPCI and increasing NaDS concen-
tration, a break in the plot of absorbance (at
255 nm) versus NaDS concentration indicated
the solution 1n which precipitation first began
to occur. In these experiments, suspended
particles must be climinated because they will
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cause erroneously high absorbance readings.
This is accomplished by centrifuging each so-
lution for 30 min and allowing them to re-
equilibrate at 30°C for 24 h before absorbance
1S measured.

Surface tension measurements were used to
determine the critical micelle concentration
(CMC) of each pure surfactant in 0.15 M NaCl
by a break in the curve of surface tension ver-
sus logarithm of surfactant concentration. A
DuNuoy ring tensiometer (Central Scientific)
with a platinum-iridium ring was used and
all the necessary precautions were taken to
maximize accuracy (29). Solutions were al-
lowed to equilibrate at 30°C until surface ten-
sion readings stabilized. Equilibration times
ranged from 15 min for concentrated solutions
to 3.5 h for dilute solutions.

An elemental analysis of the dodecylpyri-
dinium-dodecyl sulfate precipitate was per-
formed by Huffman Laboratories (Wheat
Ridge, CO). The sample was prepared by fil-
tering crystals from several solutions, washing
with cold water to remove excess NaCl, and
drying under vacuum with low heat.

THEORY

When small amounts of anionic and cat-
ionic surfactants are added to an aqueous So-
lution, they completely dissociate and exist
only as ionic monomers. As surfactant con-
centration is increased, micelles begin to form
when the CMC is reached. If the monomer
concentrations of anionic and cationic surfac-
tant exceed the solubility product, precipitate
will form. There are two basic equilibria,
therefore, that must be considered in solutions
of anionic—cationic surfactant mixtures:
monomer-micelle equilibrium and mono-
mer-precipitate equilibrium. The schematic
diagram in Fig. | demonstrates this point.

As shown in Fig. 1, the anionic and cationic
surfactants can be present in three environ-
ments: as monomer (unassociated molecules);
incorporated in mixed (anionic plus cationic)
micelles: and as precipitate. The counterions
(Na* and CI7), which have been excluded from
Fig. 1 for clarity, can be bound onto the micelle
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F1G. 1. Schematic diagram of basic equilibria in system.
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surface or present as unassociated 1ons in so-

lution.
The formation of precipitate can be repre-

sented by
DS~ (aq) + DP' (aq) = DSDP (s),

where DSDP represents the salt that 1s formed
from a 1:1 reaction between dodecyl sulfate
anion (DS”) and dodecylpyridinium cation
(DP") in solution. This reaction can be de-
scribed by a simple solubility product between
the 10ns,

Ksp o [DS_]xno:t[DP+]rnonf2i> [1]

where K, is the solubility product, [DSiilion
and [DP']mon are the anionic and cationic
surfactant monomer concentrations, respec-
tively, and /. is the activity coeflicient in so-
lution. The extended Debye—Huckel equation
proposed by Davies (30) is used to estimate

s
log f» = —0.5139|z,z_]
x {(VI/(1 + V1) — 0.31}, [2]

where I is the ionic strength. X
-~ .4/ v /‘;
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The purpose of the model 1s to calculate
where the precipitation phase boundarics arc
located, 1.e., at which concentrations only an
infinitestmal amount of precipitate 1s present
in solution. On the boundary, thercfore, all
surfactant can be assumed to be present In
mixed micelles or as monomer. An overall
material balance on each surfactant yields

C’NaDS = [DS_Jmon h [DS—]mic [3

DP*uon + [P Inic, 4]

L

CD PCl —

p—

where Caaps and Cppa represent the tota
concentration of NaDS and DPCI in solution,
respectively, and the concentration of each
surfactant 1n mixed micelles 1s given by
[DS_]mic and [DP+]miC.

In order to calculate the monomer concen-
tration of each surfactant, it 1s necessary to
model the monomer-micelle equilibrium. In
general, the composition in the monomer will
be different than the micellar composition
(surfactant-only basis). Regular solution the-
ory has been widely used to model this equi-
librium 1n surfactant mixtures (24, 31-35) and
will also be used here. By assuming the mi-
celles are a surfactant psecudo-phase and ap-
plying regular solution theory,

Lent”, &1 GU Lt

” ’r_""\ ' &

[DS—]mon P i
S
= XpsCMCpsexp{(l — Xps)’W/RT} [5]

[Dlﬁ]mon
= (i XDS)CMCDPCXP{(XI)S)2 W/RT}, (6]

where CMCps and CMCpp are the CMC val-
ues of the pure surfactants, NaDS and DPCI,
at the same electrolyte concentration as the
mixed surfactant system of interest, W is the
interaction parameter, R 1s the 1deal gas con-
stant, and 7 1s the absolute temperature. The
mole fraction of surfactant in the micelles, Xps
(and Xpp = 1 — Xps), 1s on a surfactant-only
basis so that

){DS = [DS_]mic/{[I)Sw]mic + [DP+]mic}- [7]

All samples in this study have 0.15 A added
NaCl which 1s assumed to be swamping clec-
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trolyte; i.e., counterions (Na* and Cl7) added
to solution from the surfactants are negligible
compared to the added NaCl. This simplifics
the model 1in that CMCps and CMCpp can be
assumed constant for all solutions. In addition,
the fraction of the total counterions bound
onto the charged micelles 1s considered insig-
nificant due to swamping NaCl. Ionic strength
calculations, however, do include surfactant
concentrations so

I=0.15 + Cnaps + Copal, 18]

where 7 1s in molarity.

In general, 1t may not be possible to use the
stmplifications allowed by swamping clectro-
lyte, for instance when no NaCl 1s added. In
such systems it would be necessary to modecl
CMCps and CMCpp as a function of unbound
electrolyte (24, 34) which would also require
an understanding of counterion binding on
the mixed anionic—cationic micelles (36, 37).

When phase boundarics are determined ex-
perimentally, the total concentration of onc
of the surfactants 1s an independent variabie.
So, 1f Chaps 18 set, the dependent variable of
interest 1s the total concentration of DPCI re-
quired to cause precipitation. It K,, W/RT,
CMCps, and CMCpp are known, Equations
[1]-[8] can be solved simultancously for Cppcy,
[DS_]mona [DPJ‘-]mona/;ca [7 JYDSa [DS—]l‘niCa and
DP " ]mic. Therefore, the model developed here
can be used to predict the precipitation phase
boundary.

RESULTS AND DISCUSSION

Composition of Precipitate

- Elemental analysis of the precipitate formed
between NaDS and DPCI in solution 1s given
in Table I. The S/N mole ratio was determincd
to be 1.0 which confirms a reaction stoichi-
ometry of 1:1; however, i1t 1s puzzling that
0.86% Na was found 1n the precipitate. The
Na here 1s probably not {rom NaC(l left on the
crystals because Cl 1s virtually absent. At the
same time, it does not seem likely that copre-
cipitation of NaDS is occurring because this
would increase the S/N mole ratio. Several
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TABLE |

Analysis of Precipitate Formed between NaDS and
DPCI in Solution

Element Calculated® Found
C 67.85 67.81
H 10.71 10.78
O 12.47 12.23
N 2373 2478
N (dup.) 2.64
S 6.24 6.08
S (dup.) 6.25
Na None 0.86
Cl None 0.11

¢ Weight percent based on 1:1 complex.

other workers have determined the composi-
tions of similar systems and also concluded a
[:1 complex was formed (17, 38, 39).

Precipitation without Micelles Present

At low surfactant concentrations, where
micelles are not present, it is possible to de-
termine the solubility product, K,, from pre-
cipitation data. Under these conditions the
monomer concentrations in Eq. [1] are equal
to the respective total concentrations of each
surfactant. One can further manipulate Eq. [1]

to Obtiiin ’ /“’\*\ % N

-

'd
9 i 2
log Cppar = —log Cnaps + 10g(Kp/f2).  [9] “/L[@ 10" 2-

In this region, surfactant concentrations are

cannot detect surfactant concentrations below
approximately 5 X 107° M. Surface tension
measurements and laser scattering experi-
ments proved to be the most useful techniques
to determine onset of precipitation when vi-
sual determination was limited. Although sur-
face tension is usually used to determine for-
mation of micelles (CMC), it can also be used
to detect precipitate or coacervate formation
(2, 40). Figure 3 shows surface tension as a
function of total surfactant concentration in '
a NaDS-DPCI mixture when the mole frac-
tion of NaDS is held constant at 0.990 (sur-
factant-only basis). The concentration at the
break in this curve corresponds to a point on
the phase boundary shown in Fig. 2.

It seems appropriate at this point to mention
another reaction that can occur in mixtures
of large organic ions with opposite charges:
ion pair formation. This can be represented
by

Kip = [DS"DP*)/{[DS Jmon[ DP Jmon > [10]

where K, is the ion pair constant and BDSEDERS
represents the soluble ion pair which 1S con-
sidered to be a charged entity (unlike precip-

YISUAL
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so low they essentially do not affect ionic /
strength, because of swamping NaCl, so /. can |

J

(mol/L)

o PRECIPITATE

be considered to have a constant value (0.758).
Therefore, from Eq. [9], precipitation data
should give a straight line with a slope of —1
and from the intercept it is possible to calculate
K,. Experimental results are given 1n Fig. 2
where K, is calculated to be 2.24 X 1071 A~

From Fig. 2 it is evident that at these very
low surfactant concentrations it 1s not easy to
detect the actual location of the precipitation
boundary. Visual determination is limited be-
cause it is very difficult to see less than 3 X 107°
M formed precipitate. Analytical instruments
such as a surfactant selective electrode or UV
spectrophotometer are limited because they
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F1G. 3. Detection of precipitate formation using surface
tension measurements.

itate) held together by both hydrophobic and
clectrostatic interactions. Tomlinson (1) has
presented 1on pair association constants for
several systems and a value of 9.61 X 10° (mole
fraction basis) can be obtained from data re-
ported by Mitsuishi (41) on the NaDS-DPCI
system. Using this number, and by combining
Egs. [1] and [10], the 10on pair concentration,
[DS"DP*], is calculated to be 4.0 X 107% M
and should be constant along the entire phase
boundary. This value seems too large consid-
ering that if this much i1on pairing occurred in
these solutions, the precipitation boundary
would not extend below 4.0 X 107% M for ei-

ther surfactant. However, from Fig. 2, the

phase boundary is linear to about 2 X 107% M
and precipitate can be detected down to |
X 107% M NaDS. Therefore, in this study, ion
pair formation will be neglected. There 1s no
doubt that 10on pairing can take place; however,
1t 1s probably more important in dye-surfac-
tant systems of opposite charge where pscu-
domicelles can form.

Supersaturation i1s also a very important
consideration 1n determining the concentra-
tion at which precipitate begins to form (42).
In surfactant systems with inorganic counter-

1ons, it has been clearly shown that precipi-
tation boundaries change as a function of time
(22). In mixed surfactant and surfactant-dyc
systems, observations confirm that solutions
can remain clear for long periods of time, even
days, before precipitate begins to form (2, 17,
26, 38). This problem can be avoided if sam-
ples are cooled so that precipitate is forced to
form (as discussed under Experimental) and
then solutions are allowed to equilibrate at the
temperature of interest. Much of the precipi-
tation and ion pairing work that has been done
has neglected to deal with the problem of su-
persaturation.

Precipitation with Micelles Present

The CMCs for the pure surfactants with
0.15 M added NaCl were measured: CMCpyg
=7 X107 Mand ENICsp = 4.0 % 107 M.
Using the value of K, determined in Fig. 2
and with W/RT = —8.62 (which will be dis-
cussed later), Egs. [1]-[8] were solved simul-
tancously to give the calculated precipitation
boundaries with micelles in solution. The re-
sults are shown in Fig. 4. ,

From Fig. 4 it 1s evident that as the mono-
mer--precipitate line approaches the CMC of
either pure surfactant, drastic changes occur
in the solutions. These sharp breaks along the
phase boundary correspond to the points
where micelles begin to form in solution. From
these points, the precipitation boundary ex-
tends as two branches; one branch i1s DPCI-
rich and the other 1s NaDS-rich. Along the
DPCl-rich branch of the phase boundary, cal-
culations from the model are very close to the
experimental data. However, the calculated
precipitation boundary for the NaDS-rich
branch shows substantial deviation from ex-
perimental measurements, which 1s no doubt
related to coacervate formation.

Coacervation refers to the formation of
small droplets 1n solution which are rich in
surfactant. These coalesce over a period of
time so that the original solution separates into
two 1sotropic liquids: one is rich 1n surfactant
and therefore usually viscous, and the other
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F1G. 4. Complete precipitation phase boundary with predictions using regular solution theory.

contains little surfactant. Figure 4 shows that
in some of the solutions studied here only
coacervate forms, while in other solutions both
coacervate and precipitate form; 1.e., the pre-
cipitation boundary hes within the region
where coacervate may form. Indeed, in some
sofutions 1t 18 dithcult to determine the pres-
ence of precipitate due to turbidity caused by
coacervate that has not settled out of solution.
In addition, there 1s a narrow range of solution
concentrations, close to the precipitation
boundary and within the coacervate region,
where there seems to be a transition from vis-
cous coacervate to oily precipitate to crystal-
line precipitate.

Coacervation has been thoroughly investi-
pated in systems similar to the one studied here
and 1t 1s generally believed to be caused by the
erowth of micelles to very large sizes (2, 43—
46). Interestingly, in a study of micelle ag-
gregation numbers for a mixture of NaDS
and dodecyltrimethylammonium chlornde
(DTAC), the DTAC-rich micelles showed only
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a moderate increase 1n size as the precipitation
boundary was approached, whereas the NaDS-
rich micelles showed a dramatic size increase
(47). This 1s consistent with the results in Fig.
4 where coacervation only occurs along the
NaDS-rich branch.

Although coacervation 1s a very important
topic in interactions between large organic 1ons
of opposite charge (1), the focus of the work
here will be on precipitation. In order to gain
more understanding about the precipitation
phase boundary and why 1t has two branches
extending from the monomer—precipitate line,
Eqs. [1], [5], and [6] are combined to give

Ksl)/./ i = (Aps — 4’\,%)S)CMCDSCNICDP
X CXD{[I — 2(‘-/\,[)5 - ;\/:[2)3)] ”,/IQT} [l l]

Since f, 1s practically constant, and all other
parameters are constant, only one value of
(Xps — Xbs) will satisfy Eq. [11]. This means
there are two values of Xpg (one DPCl-nich and
one NaDS-rich) that occur on the precipitation

..‘;—-“——-.___..A-.- O - -
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phase boundary where micelles are present and
furthermore, if /'3 is essentially constant, these
values of Xps are constant along cach branch.
This can be explained in more detail by con-
sidering monomer—micelle equilibrium.

The CMC for a mixed surfactant system can
be considered as a type of phase boundary be-
tween monomer and micelles with specific
compositions. Figure 5 shows this boundary
for micelle formation along with the mono-
mer-precipitate boundary calculated from Fig.
2. Points A and B in Fig. 5 show where the
monomer-micelle boundary intersects the
monomer—precipitatc boundary. These points
represent where monomer, micelles, and pre-
cipitate are in equilibrium. Point C represents
a solution on the monomer-micelle boundary
that could never exist. Precipitate would form
in a sample at this point so that equilibrium
concentrations of surfactant remaining in so-
lution will never exceed the monomer—pre-
cipitate line and no micelles would remain in
solution. Point D represents a solution 1n
which no precipitate will form because the
monomer concentrations are below the pre-
cipitate line determined by K,. At concentra-
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FIG. 5. Monomer-micelle and monomer-precipitate
phasc boundaries.
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tions slightly greater than point D, but still
below the precipitation line, only monomer
and micelles exist in solution. Therefore, for
any solution to be on the precipitation phasc
boundary and contain micelles, it must have
the monomer concentrations existing at points
A or B and a corresponding micelle mole frac-
tion given by monomer—micelle equilibrum.

For example, at point A the monomer con-
centrations of cach surfactant are equal to the
total concentrations since it is on the phasc
boundary. Therefore, Copar = [PP Jmon = 3.0
% 1073 M and Craps = [DS Jmon = 1.3 X 107’
M, which gives a monomer mole fraction
(surfactant-only basis) of 4.3 X 107 for NaDS
at point A. Equation [11] can be solved to
show that the corresponding mole fraction in
the micelle is Xps = 0.124 at this point. These
mole fractions are constant along the cntire
DPCl-rich branch of the precipitation phase
boundary in Fig. 4 (assuming that the change
in ionic strength is neghigible).

If Cppcy is increased by 4.5 X 107% M above
point A, then to remain on the precipitation
phase boundary, Cnaps must be increased 6.4
X 1073 M (so Xps = 0.124) and all added sur-
factant forms micelles becausc the monomer
concentrations must remain constant. An in-
crease from 3.0 X 107310 3.45 X 107 M is a
small change for the total DPCI concentration
as seen in Fig. 4, but an increase from 1.3
X 107710 6.4 X 107> M is a tremendous jump
in the total NaDS concentration. Of course, a
similar argument can be made for the NaDS-
rich branch of the phase boundary beginning
at point B. This accounts for why drastic
changes are seen at the two points on the phase
boundary when micelles begin to form.

If total DPCI concentration is increased
above the DPCl-rich branch of the phase
boundary, and Cnaps is held constant, precip-
itate cannot form. This is due to a change n
micelle composition, from added DPCI, which
in turn affects the monomer composition. The
monomer concentrations are now below the
monomer-precipitate line (represented Dby
point D in Fig. 5) so that precipitate cannot
form at these surfactant concentrations. In

Journal of Colloid and Interface Science, Vol. 123, No. I, May 1988
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because there are only two monomer com-
positions where monomer, micelles, and pre-
cipitate are in equilibrium; so, from regular
solution theory, there are two corresponding
values of Xps. However, in the vicinity of the
calculated NaDS-rich branch, where the model
fails, monomer-micelle equilibrium is affected
by micclles growing in size and eventual coac-
crvate formation at higher DPCI concentra-
tions. When DPCI concentration is increased
until precipitate begins to form, it represents
the point where monomer concentrations in-
tersect the monomer-precipitate line (as dis-
cussed from Fig. 5). For this specific monomer
composition, there is a corresponding micelle
composition and coacervate composition
(when present), which should be constant
along the entire precipitation boundary.
Therefore, the mole fraction of DS~ that is
aggregated as micelles and coacervate, X,
can be represented by

Xbs = [DS  Jage/ {[DS Jagg + [DP'lage},  [12]

where [DS7],,, and [DP"],, represent the
concentrations of each surfactant that are ag-
gregated, either as micelles or coacervate. In
this work, Xs 1s assumed to be constant al-
though, strictly speaking, it 1s only a constant
when (1) the amount of surfactant present in
micelles is insignificant compared to the con-
centration of surfactant in coacervate, and/or
(11) the composition in the micelles is approx-
imately the same as the coacervate composi-
tion.

It 1s possible to determine the value of
in",s for each branch of the precipitation

boundary using the experimental data in Fig.
4. At high concentrations essentially all of the

- surfactant is present as micelles or coacervate:

1.c., the monomer concentrations are negli-
gible so [DS™ Jagg = Cnaps and [DP+]agg = Cpbpci.
Using this fact, with Eq. [12] and data in Fig.
4, X{5s 1s calculated to be 0.107 for the DPCl-
rich branch. This is very close to the value of
Xps that was calculated using regular solution
theory, which is not surprising because Eq. [12]
reduces to Eq. [7] when coacervate is not pres-
ent. From data for the NaDS-rich branch,

X{5s 1s found to be 0.620 which compares to
0.876 calculated using regular solution theory.

To be consistent, the material balances (Egs.
[3] and [4]) should now be written as

CﬁNaDS B [DS—]mon il [DS—]agg []%]
C'I)I’CI ot [DP*H]mon + [Drﬂ}agg [14]

By combining Eqgs. [13] and [14] with Eq. [12],
upon rearrangement it can be shown that

CDPCI = [Dp+]mon
iy (1 T XI,SS)(C'YNaDS B [DS“—]mon)//\;;F)S- [15]

This equation, therefore, can model both
branches of the precipitation boundary when
the appropriate values for X, [DS ]mon, and
[DP" ]mon are used for each branch. The results
arc shown 1n Fig. 6.

It should be stressed that monomer con-
centrations uscd in Eq. [15] are taken to be
the points where each branch intersects the
monomer—precipitate line (points A and B in
F1g. 5, as discussed earlier). This assumes,
however, that monomer concentrations are
constant along each branch of the boundary,
which may not necessarily be truc for the
NaDS-rich branch due to micellar growth and
coacervation. This 1s not an important con-
sideration, though, becausc any error in
[DS ™ Jmon 18 Insignificant compared to Craps
which 1s usually a much larger number. Figure
6 shows that Eq. [15] fits the data well for cach
branch of the precipitation boundary (Eq. [9]
1s still used for the monomer-precipitate line).
It 1s interesting to note that the phase boundary
between coacervate formation and clear so-
lution, in Fig. 6, can be described very well
when a value of 0.773 1s used for Xis. Dubin
and Davis (53) describes a similar result for a
surfactant-polymer system where coacerva-

tion occurred only within a certain range of

mole fractions.

Prediction of Total Precipitate Formed

With the entire precipitation boundary suc-
cessfully modeled, it is possible to calculate
how much precipitate will form in any mixture

Journal of Colloid and Interface Science, Vol. 123, No. 1, May 1988
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FIG. 6. Comparison between precipitation data and calculations from empirical model.
of NaDS and DPCI in solution. The concen- Crnups — Copc
tration of each surfactant remaining in a so- e N
= [DS7luor — [DP e = D, [19]

lution after precipitation will be given by the
equilibrium location on the phase boundary.
To calculate the path by which a solution
reaches the phase boundary, one can write
equations that apply at any time during pre-
cipitation,

CvNaDS o [DS“]unr i [DS—]PN [16]

[DP" June + [DP o, [17]

C[)P(‘l

where [DS ]unr and [DP*'],, represent the
concentration of each surfactant that is un-
reacted, and, [DS7],, and [DP*],, are the
concentrations of each surfactant that have

reacted to form precipitate. Furthermore
[DS Ty = [DP*]p = [DSDP]  [18]

because the reaction stoichiometry has been
shown to be 1:1 (DS™:DP"). Combining Egs.
[16]-[18] gives
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where D 1s the concentration difference be-
tween unreacted surfactants which will be a
constant along the entire precipitation path-
way. Figure 7 shows curves of constant D
superimposed on the precipitation phase
boundary. Therefore, for any mixture of NaDS
and DPCI 1nside the precipitation region, as
precipitate forms, the solution concentrations
will change along a curve of constant D as
shown 1n Fig. 7 and equilibrium concentra-
tions of surfactant remaining in solution (after
precipitation 1s complete) are given by the
point of intersection between the appropriate
concentration difference curve and the phase
boundary. These type of curves have also been
used 1n precipitation of anionic surfactants
with inorganic cations (21, 54).

It 1s possible to explicitly calculate the
amount of precipitate that forms by expanding
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material balance Eqgs. [13] and [14] to include
precipitate: |

CNaDS S [DS-]mon s [DS_]at,g + [DSDP]
[20]

C[)PC! e [DP+]mon ot [DP*-]agg it [DSDP]

These are substituted into Eq. [12] to yield
[DSDP] =7 {X’{)S(CDPCI - [DP.*—]mon)

-+ (Xi'_‘)g e l)(CYNaDS oG [DS—]mon)}/
(2XBs — 1), [22]

which is only valid if there are micelles present
after precipitation; i.e., the precipitation path-
way intersects either the NaDS-rich or DPCI-
rich branch of the phase boundary. If there are
no micelles after precipitation then the con-
centrations of aggregated surfactant in Egs.
[20] and [21] are zero. These arc combined
with Eq. [1] to give

Ksp/j‘i = (CNaDS o [DSDP])
X (Copcr — [DSDP]).  [23]

ThCI‘CfOI'C, if CNaDS e CDPCI =D>6.0X 10_4
M then Eq. [22] can be solved to determine
[DSDP] USiI‘lg )(?_")S = 0620, [DS_-]mon = 6.0
X 107 M, and [DP*]pmon = 6.5 X 1077 M.
Equation [22] is also used when D < —3.0
X 1073 M where X&s = 0.107, [DS Jmon = 1.3
X 1077 M, and [DP"*]jnon = 3.0 X 1077 M. At
all values of D between these, Eq. [23] can be
used to calculate the amount of precipitate that
forms.

Predictions from Eqs. [22] and [23] for sev-
eral NaDS-DPCI mixtures are summarized 1n
Table II and experimental results are shown
in Fig. 8. To determine [DSDP] experimen-
tally, solutions were centrifuged after precip-
itation and allowed to reequilibrate at 30°C.
Supernatant was removed and diluted to be-
low the monomer-precipitate line and con-
centrations of DP™ were determined using a

Journal of Colloid and Interface Science, Vol. 123, No. I, May 1988
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TABLE 1l

Comparison between Predicted and Measured Amounts of DSDP Precipitated

STELLNER ET AL.

Total concentration

Measured concentrations

in solution® after precipitation Predicted
from model Path shown
Cora Cnups [DP)oa + [DP]ags [DSDP] [DSDP] in fig. 8
0.800 1.000 0.004 0.796 0.798 E-E*
1.000 1.000 0.011 0.989 0.980 F-F*
2.000 1.000 0.944 1.056 1.000 G-G*
6.000 5.000 0.744 5.256 5.000 H-H*
4.000 5.000 0.945 3.055 3.367 I-1*
10.000 4.000 6.250 3.750 35592 J-J*
1.400 1.000 0.331 1.069 0.999 K-K*

a All concentrations in 107° moles/liter.

UV spectrophotometer and standard solu-
tions. The amount of precipitate that forms
can be obtained from the difference between
Cppey and the measured equilibrium concen-
tration of DP" (after precipitation). Table Il
shows there i1s good agreement between pre-
dicted and measured [DSDP] values.

CONCLUSIONS

Mixtures of NaDS and DPCI react 1in so-

lution to form precipitate over a wide range
of concentrations. When no micelles are pres-
ent in solution, this reaction can be modeled
by a simple solubility product between the to-
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tal surfactant concentrations. When micelles
are present, monomer concentrations arc used
in the solubility product expression and the
monomer-micelle equilibrium can be de-
scribed using regular solution theory. From
this approach, it can be shown that there are
only two monomer compositions (one NaDS-
rich and one DPCl-rich) where monomer, mi-
celles, and precipitate can exist in equilibrium.
Furthermore, these monomer compositions
and the corresponding micelle compositions
ar¢ constant along each branch of the precip-
itation phase boundary. The model that is de-
veloped predicts precipitation data quite well
except in the case where coacervate also forms
in solution.

To predict precipitation boundaries when
coacervate 1s present, an empirical model is
developed. In this case, the monomer com-
position where precipitation occurs corre-
sponds to specific micelle and coacervate
compositions which are assumed to remain
constant along the precipitation boundary.
Using this fact, combined with a material
balance for each surfactant, an equation
1s developed which calculates precipitation
boundaries with or without coacervate present.
In addition, a simple extension of this ap-
proach provides an explicit equation which
predicts the amount of precipitate that forms
in any NaDS-DPCI mixture so that the cqui-
librium surfactant concentrations (after pre-
cipitation) can also be determined.

It 1s hoped that this work can be extended
to other mixtures of large organic ions with
opposite charge such as surfactant-dye and
surfactant-polymer systems. This would re-
quire a thorough understanding of surfactant-
poor regions where micellization does not oc-
Cur over a narrow concentration range, if at
all. Supersaturation may also prove to be a
very important consideration in obtaining
phase boundary data for all of these systems
but it has not yet been thoroughly investigated.
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