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Aggregation effects on evaporation
and the air/water interface
of dodecyltrimethylammonium

hydroxide solutions

Abstract The system
dodecyltrimethylammonium
hydroxide (DTAOH)—water was
studied by surface tension, ion-
selective electrodes and evaporation
in an electrobalance. Results
confirmed earlier conclusions about
a stepwise aggregation mechanism in
DTAOH solutions. The aggregation
process started at a total concentra-
tion Cr = (2.51 + 0.10) x 10~ * mol
dm™?) which probably corresponds
to the formation of dimers. At Cy =
(1.300 + 0.041) x 10~ moldm 3
there was a change in the surface and
evaporation behavior, corresponding
to the formation of small, fully ionized
aggregates which grew with
increasing concentration. At Ct =
(1.108 + 0.010) x 10~ 2 moldm 3 the
formation of true micelles with
hydroxide counterions in the Stern
layer did not change significantly the
evaporation and adsorption behavior.
This means that between this con-
centration and Cy = (3.02 + 0.28) x

10”2 moldm 3, the changes in
structure were gradual. At the latter
concentration there was a sudden
change in the monolayer state at the
air/water interface, with a strong
surfactant desorption, and a major
change in evaporation behavior. The
changes are compatible with the
formation of few, large aggregates
reducing the total concentration of
kinetically independent solute units,
which in turn increased the activity of
the solvent. This phenomenon is in
agreement with literature
information. The reduction in the
evaporation rate of water was mainly
due to the reduction of the water
activity, caused by colligative effects.
The reduction of the effective area
available for evaporation had only

a slight effect in water evaporation.
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Introduction

In a previous paper, we have found that the combination
of surface tension and ion-selective electrodes measure-
ments enables the state of the adsorbed monolayer of
soluble surfactants to be studied [1]. We have also found
that the transformations in structure of aggregates in the
bulk phase affect the structure and properties of the

air/water adsorption monolayer and the evaporation
behavior of the solution. The aggregation behavior of
dodecyltrimethylammonium hydroxide (DTAOH) in
aqueous solution follows a stepwise mechanism [2]. The
several steps in the aggregation process have been studied
here to obtain new information about the phenomena
occurring at the surface and in the bulk.

We also studied the evaporation through the mono-
layer to confirm that soluble monolayers do not influence
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significantly the evaporation behavior of the solution, as
stated in literature [1, 3].

Experimental

The preparation of DTAOH solutions has been described
elsewhere [4]. The solutions were prepared by dilution of
the concentrated solution with double-distilled CO,-free
water. Much care was taken to avoid contamination by
atmospheric CO, in this work [2].

The statistical treatment of data was performed by the
least-squares method, using a Student’s ¢-distribution and
a confidence level of 0.90.

The surface tension measurements were performed
with a Du Noiiy (Kriiss) tensiometer, thermostatted at
250 +0.1°C.

Dodecyltrimethylammonium ion (DTA™) activity
measurements were performed with an ion-selective elec-
trode which has been described elsewhere [2]. OH™
activity was determined with an Orion glass electrode.
A CRIBBAB pH-meter and millivoltmeter was employed.
The treatment of potentiometric data has been described
elsewhere [2].

The evaporation rate measurements were performed in
a CAHN 1000 electrobalance, operating in a register range
of 1000 mg and an output potential of 10 mV. The pres-
sure was 101.325 kPa. The samples were measured at
25.0 +0.1°C, thermostatted with water circulation.
Known volumes of the solutions were poured into pyrex
cylindrical containers with a 2.9 cm internal diameter. To
avoid secondary Archimedes effects, a compensator con-
tainer was hung on the other arm of the electrobalance.
The thermocouple (Fe-constantan) was in contact with the
solution through a thin glass sheath. The electrobalance
measured directly the loss of weight of the solution with
time.

To determine the surface excess at the air/water inter-
face (I') the Gibbs adsorption isotherm in its general form
for multicomponent systems has been employed:

do = _Zrid:uia (1)

where ¢ is the surface tension (mN/m) and y; the chemical
potential of component i. The studied system had two
components in the phase rule sense: water and DTAOH.
The adsorbable species are OH~ and DTA™. Since the
temperature is constant, the system had only one degree of
freedom, that is, the concentration of one of its compo-
nents. We have taken the DTAOH concentration as the
degree of freedom. This gives

de = —TI'dy, (2)

with du = RTd(Ina), in which a is the activity of the
adsorbable component in the bulk phase. Only the mono-
meric form of the surfactant contributes to the surfactant
activity or chemical potential, and hence to the tension
reduction [5]. In the studied system, only free (nonmicel-
lized) DTA™ ions may adsorb at the air/water interface.
Micelles are not surface-active (6), and are excluded from
the interface region [7]. The adsorbable species has been
taken as the whole DTAOH molecule. Notice that in fully
ionized, not micellized salts,

Asaip = d+d - = (a+)2

and hence Inag, =In(a,)* =2Ina,. This is the origin
of the coefficient used in the Gibbs equation when the
adsorbable species is ionized (alternatively, it may be ex-
plained by equal adsorption of cations and anions in order
to maintain charge neutrality). The use of In ag,,, is com-
pletely equivalent to that of 2Ina, . In the usually stud-
ied systems, ¢ = ¢, = c¢_, and this situation leads to the
use of the latest form. In the system DTAOH-water,
[OH ] # [DTA"] at concentrations above the cmc. The
base DTAOH is strong enough to consider it as fully
ionized (pK, = 2.89) [3]. Then, the chemical potential of
the bulk unmicellized surfactant is

Hunmicellized species — Hionised surfactant — ,u?(mised surfactant
+ RT In dionised surfactant = ipra + RT Inapra-
+ pton- + RT Inaou- = pipra+ + pon-
+ RT Inagy-apra+ -
Then,
d:uunmicellized species — RT dIn don~dpTAt = 2dIn (ai) .

Then the prefactor in the Gibbs equation was included
in the definition of the activity of the adsorbable species.
We did not use the form 2dIn(a , ) because aoy- # dpra+
at concentrations above the cmc. Then,

1 do

I = —RTdma’ 3)

where a = agy- apra+ 1s the bulk activity of the adsorbable
species, doy- and apra+ being the activities of free (un-
micellized) OH~ and DTA™ ions.

The total surface concentration was computed by

CS = [DTAOH]freeé + Fa (4)

where o0 is the monolayer thickness. The value of
0 = 3.75 nm was taken as that of the dodecyltrimethylam-
monium bromide, which was determined from neutron
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reflectivity measurements by Lu et al. [8]. The surface area
per adsorbed molecule is

1

Amo ec = sar
" C'N,

)

N, being the Avogadro’s number.

Results
Surface monolayer

The activities of the free OH~ and DTA™ ions in solution
are shown in Fig. 1, together with the total activity a of
free DTAOH vs. the total surfactant concentration (Cy). In
Fig. 2, the surface tension vs. total concentration data has
been plotted, showing the concentrations at which differ-
ent steps of the aggregation process occur [2]. These
points will be discussed in detail in the Discussion section.

Fig. 1 Activity of (o) free DTA* (2) free OH ™ (o) free DTAOH vs.
total concentration of surfactant (Cy)
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Fig. 2 Surface tension vs. total concentration of surfactant
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Fig. 3 Surface tension vs. total activity of monomeric species
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Fig. 4 Surface excess vs. total concentration of surfactant

In Fig. 3 the surface tension is shown as a function of the
activity of free DTAOH. By using the Gibbs equation,
I’ was computed and plotted vs. the total concentration in
Fig. 4.

The values of A4,,,.c have been plotted in Fig. 5. Fig-
ure 6 shows the plot of ITA g1 vs. IT, where IT = 65 — o' is
the surface pressure. The ideal value kT = 4 mN nm?/m is
also shown.

Evaporation

The loss of weight (in kg per square meter per second) gave
curves following parabolic equations with the time having
the general form [9]
v=v,— Kt'?, (6)
where v and v, are the rate of evaporation at the time t and
the initial evaporation rate, measured in loss of mass per

square meter per second. The values of v, and K were
found by the least-squares linear regression method using
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Fig. 5 Area per molecule vs. total concentration of surfactant
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Fig. 6 Plot of ITAyoe. vs. II. The horizontal straight line at
kT = 4 mN (nm?)/m is the ideal bidimensional gas behavior

Eq. (5) and the experimental data, and they are shown in
Fig. 7.

Discussion
Surface monolayer

In Fig. 4 it may be seen that there is a monotonic reduc-
tion of the surface excess with increasing total concentra-
tion, showing very marked steps at concentrations A and
D, and a slight step at concentration B. The point A
(Cr =(2.51 + 0.10) x 10~ * moldm ~*) was of uncertain in-
terpretation in the process of aggregation, probably the
starting of dimers formation. Point B (Cy = (1.300 +
0.041) x 10* moldm ~?) corresponds to the formation of
small, fully ionized aggregates which grew with increas-
ing concentration. Point C (Cr=(1.108 + 0.010) x
10" 2 moldm ) corresponds to the formation of true
micelles (cmc) in which the counterions joined the micelle
surface, and point D (Cy=(3.02 + 0.28)x 10~ ? mol

CT/moI-dm'3

Fig. 7 Vaporization data for DTAOH aqueous solutions: (0) v,
O K

dm™?) corresponds to a change in the micelle structure
[2]. At low concentrations the increase in the bulk activity
with total concentration was more pronounced than that
at the surface. This reduced the difference between them,
giving a decrease of I with increasing total concentration.

In Fig. 5 it may be seen that at very low total concen-
tration, when only monomeric DTA* and OH ™ ions were
present, the surface area per adsorbed molecule (Ao1cc)
increased very slowly from 0.36 to 0.52 nm? near point B.
Between points A and B there was a desorption and A,
became 1.63nm?. This means that the aggregates had
a slight energetic advantage compared with the previous
monomeric and dimeric bulk structures. The complete
ionization of the polar headgroups minimizes the hydro-
phobic bound influence. For dimers, the hydrophobic
bound effect per methylene group is about half of the value
for micelles [10], and this energetic advantage might play
a role in the desorption near point B.

There was a gradual increase of 4, from B to
C (from 1.63 to 1.92 nm?) which indicates that the thermo-
dynamic stability of the aggregates increased slightly with
concentration (and with increasing size). At point C the
aggregates captured OH™ counterions, but remained
strongly ionized (z ~ 0.8) [2]. Between points C and D, the
increase in Ap... followed the previous tendency. The
ionization degree (x) decreased to about 0.6 at point D [2],
in which a change in the micelle structure occurred [2].
The change in structure was accompanied with a strong
desorption, Aec going to 27.1 nm?, followed by a grad-
ual decrease up to 18.1 nm? at the highest total concentra-
tion studied in this work (~0.2 moldm ~?3).

Figure 6 shows that the monolayer formed at concen-
trations below point B had a strongly nonideal behavior,
with A, values compatible with the bidimensional ex-
panded liquid state [11-13]. Frumkin [14] found this
type of nonideality in a series of fatty acid monolayers.
Lucassen-Reynders [15] suggested that this nonideality is
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mainly due to the interaction among hydrocarbon chains,
and nonideality is expected when the chains are close to
each other.

The other monolayers are compatible with strongly
nonideal bidimentional gaseous states.

The radius of the unmicellized trimethylammonium
headgroup was computed from data of Refs. [16—19] giv-
ing r = 0.2643 + 0.0040 nm. Using the hard disc model
[20] the excluded area per surfactant molecule was com-
puted by

AO = 277:}”2 5 (7)

giving A, = 0.4389 + 0.0066 nm?. This value is only
slightly smaller than the minimum value found in this
system, Apoec = 0.52 nm? and indicates that the lowest Cr
monolayer is probably the most compact possible. In
other systems it has been found that the polar headgroups
remained hydrated at the interface [21]. This means that
each polar headgroup had about 40 water molecules [22].

There was a series of simultaneous equilibria in the
system at Cp > A:

nDTA" + mOH~ = aggregates , (8)
DTA* + OH™ = monolayer . 9)

It is obvious that the increase in stability of the aggre-
gates will reduce the activity of free DTAOH, which in
turn will reduce the surface concentration, giving an in-
creased value of A,,qc. Thus, the changes in A,,,.. Which
occurred at points A, B, C and D were probably due to an
increased thermodynamic stability in the aggregates which
started to form at the mentioned points. The growing of
the bulk aggregates must be accompanied by a reduction
in hydrocarbon/water contact. Since in soluble mono-
layers there is some immersion of the hydrocarbon chains
into the water layer, ranging from 10% to 30% of the total
chain length [4, 21, 23-30], the increasing compactness of
the aggregates’ structure produced an increased energetic
advantage of the aggregates compared with the adsorbed
monolayer. This advantage rose gradually up to point D.
At that point there was a sudden increase in A,,... The
explanation is that at point D a major change in the
aggregates structure occurred, whereas at concentrations
below D, the changes were slight gradual modifications.
This conclusion is in agreement with previous studies on
this system [2].

It must be noticed that this situation is not common.
There are some determinations of adsorption at concen-
trations above the cmc, mainly obtained by neutron reflec-
tivity. For SDS, A e is constant and amounts 0.415 nm?
[31]. The same result was obtained by radioactive tracers
[32]. Sasaki et al. [23] found that this situation remained

unchanged up to about 20 mM and above this concentra-
tion A, increased. Tetradecyltrimethylammonium bro-
mide solutions showed a decrease in A,,,.. above the cmc
[7], but other measurements indicated an increase of
about 15% between the cmc and 3cme [33], similar to our
results below point D.

Evaporation

The reduction in the initial rate of evaporation v, may be
due to two different factors: one of them is an effect of
reduction of the effective surface of water exposed to evap-
oration, because of the partial coverage of the air/water
interface by surfactant molecules, the other is the reduc-
tion of water activity in the bulk, caused by the solutes.

Figure 7 shows a decrease in the initial evaporation
rate at low concentrations between A and B. This decrease
must be due to the increase of the bulk solute activity,
accompanied by a decrease in water activity. The adsorbed
surface layer did not have a noticeable effect, because of
the almost constant value of A, ... Since this value in-
creased slightly in the same concentration range, its effect
on v, might be the inverse of that observed.

Between B and C there was a slight decrease in v,
which means that the total bulk solute activity increased
with total concentration, but slower than at concentra-
tions below B. This phenomenon is explained by the
formation of aggregates, which reduced the number of
independent solute particles in solution.

At point D, v, increased with concentration. This in-
crease reflects the increase in water activity, because the
formation of large aggregates with low surface charge
significantly reduced the number of kinetically indepen-
dent particles in solution.

By use of the hard disc model, the area occupied by
a trimethylammonium headgroup was Acy,nt =
0.2195 + 0.0066 nm?. The surface available for water mol-
ecule is Apgrec. — A(cnyan+ per surfactant molecule, and
the area per water molecule is 0.097 nm? [34-39]. In this
system, the mole fraction of water at the surface increased
from 0.75 at point A to 0.95 immediately below point D,
increasing suddenly to 0.996 at point D and then decreas-
ing to 0.995 at the highest concentration studied. Then, if
the surface coverage were the only hindrance for evapor-
ation, the minimum value of vy might be 0.75 of the value
for pure water ((1.000 + 0.028) x 10~ > kg/m?s). It can be
seen in Fig. 7 that the minimum value of v, is about
1 x 107 ° kg/m?s at point C, in which it might be about
9.5x1x10"°kg/m?s if the surface coverage were the
main effect. The extra decrease in v, must be due to the re-
duction in water activity caused by the increase in the solute
concentration.
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The changes in slope at points A and B indicated
changes in the manner in which the increase of C affected
the activity of water. Between B and C, the formation of
aggregates reduced the rate of increase of the solute activ-
ity, and in turn this reduced the decrease in water activity.
The increase in v, above point D, changing the sign of the
slope, indicated that the type of aggregates changed, giving
fewer solute units and an increase of water activity. This is
consistent with a sudden increase in the aggregates’ size.

The variation in time of the evaporation rate (K) is
related to the rate of diffusion of molecules with enough
energy to evaporate, from the bulk to the surface, where
the initial evaporation created a deficit of molecules hav-
ing enough energy to evaporate [9]. The value of K is
(1.63 + 0.09) x 10~ 7 kg/ms*? in pure water. The reduc-
tion of K in surfactant solutions must be mainly due to
steric hindrance to the diffusion of water in bulk solution.
The evolution of K is almost parallel to that v,. Since K is
undoubtedly related to bulk solution properties, this
evolution reinforces the conclusion that the evolution of v,
is related to variations in bulk water activity, which is
useful to interpret the changes in the structure of surfac-
tant aggregates.

The effect of water activity changes on evaporation
rate seem to be much larger than that on equilibrium
vapor pressure. We have investigated other systems in
which no surface active components were present. As an
example, inverse micellar systems with Aerosol OT—
Water-n-heptane [40]. We found a large decrease in evap-
oration rate of heptane, following the changes in the struc-
ture of inverse micelles in bulk. We are carrying out
measurements on solutions of surface inactive electrolytes
and the preliminary data indicated the same.

The analysis of all the above information supports the
conclusion that DTAOH has a stepwise aggregation at
four different concentrations (A, B, C and D), which has
been found in previous work [2].

The presence of insoluble surfactant monolayers at the
air/water interface affects the rate of transfer of solute gas
molecules through the interfaces [41], reducing the evap-
oration of water [42, 437]. The reduction in mass transfer

through a surfactant monolayer may be 5-25% from that
of a clean surface of water [44]. Because surfactants reduce
the rate of vaporization of small drops, their use has been
proposed to reduce evaporation of fogs that protect crops
from frost damage [45]. The effect has been explained by
the solubility of water in the surfactant film and diffusion
trough it to the air/liquid interface [46]. In a very recent
work, Luckenheimer and Zembala [3] showed by osmo-
metry that soluble surfactant monolayers do not affect the
evaporation of water, except in the case of very compact
monolayers. We have found the same situation in aqueous
dodecanephosphonic acid solutions [1]. The results of this
work reinforce the conclusion that soluble monolayers do
not affect significantly the evaporation rate of water in
surfactant solutions, in comparison with the changes in
water activity due to colligative effects.

Conclusions

e The combination of surface tension and ion-selective
electrodes measurements enables the adsorption of sol-
uble surfactants above the cmc to be studied.

e This work supports the conclusion that DTAOH has
a stepwise aggregation at four different concentrations
(A, B, C and D), which has been found in previous work
[2].

e The changes in aggregate structures below point D are
gradual, whereas at point D there is a sudden change in
structure which is reflected in major modifications in
surface and evaporation properties.

e The reduction in the evaporation rate of water is mainly
due to the reduction of the water activity, caused by the
presence of solutes in bulk. The reduction in effective
area available for evaporation has only a slight effect on
water evaporation.
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