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Mutual diffusion coefficients for 2-(diethylamino)ethanol (2) in water (1) were experimentally obtained by the
Taylor dispersion technique fromx2 ) 0 to ≈ 0.2, atT ) 298 K andT ) 303 K. Viscosities and surface tensions
were measured in the entire composition range using capillary viscometry and ring tensiometry, respectively.
Viscosities were measured at the above temperatures, and surface tensions were measured at intervals of 5 K in
the temperature range from (283 to 303) K. Information about intermolecular interactions, hydration modes, and
solute aggregation is provided through the combined study of the observed changes in diffusion coefficients,
viscosities, and surface tension with composition. Conclusions obtained are compared with those taken from
volumetric and optical properties for the same system.

Introduction

Thermophysical properties of aqueous mixtures of aminoal-
cohols have received considerable attention in the recent
literature1-9 in view of their application in removal of acidic
gases, such as carbon dioxide and principally hydrogen sulfide,
from process gas streams in the petroleum and natural gas
industries.

In connection with that important application, the knowledge
of different equilibrium and transport properties and their
variation with composition and temperature is useful to extend
our understanding of molecular interactions in solution, which
in conjunction with molecular models is essential to either
predict other properties or improve the design of gas-treating
processes.

On the basis of density, ultrasound speed, and refractive index
measurements reported in previous studies,10-12 we obtained
apparent and excess partial molar properties for the binary
mixture water+ 2-(diethylamino)ethanol (DEEA). In this work,
we present experimental data on mutual diffusion coefficients,
dynamic viscosities, and surface tension. Diffusion studies in
aqueous systems were found to be a sensitive measure of
changes in the water structure induced by solutes.13 Effects of
association can also be inferred from the observed changes in
mobility of the dissolved species.14,15In this work, the combina-
tion of measured diffusion coefficients with dynamic viscosity
data allowed us to derive correlation lengths, giving additional
information regarding intermolecular interactions operating in
the water-rich region. On the other hand, viscosity data
combined with densities lead to the evaluation of the volume
of solvent bound per unit mass of solute giving information
about volume changes connected with the hydration process as
a function of temperature. Finally, the concentration dependence
of the surface tension of the aqueous DEEA solutions was
analyzed at several temperatures. On the basis of these data,
the relative Gibbs adsorption isotherm was used to evaluate the
critical aggregation concentration as well as the energetic and

surface-packing efficiency. Exploring further correlations be-
tween surface and bulk properties of these aqueous solutions,
composition dependences of surface entropy,SS, and enthalpy,
HS, have also been obtained.

Experimental Section

Chemicals.2-(Diethylamino)ethanol, CAS number 100-37-
8, was a reagent-grade product supplied by Merck (99 % quoted
purity) and was used without further purification. Its purity was
tested by density measurement,d ) 879.50 kg‚m-3 at T )
298.15 K andd ) 884.14 kg‚m-3 at T ) 293.15 K. Literature
values reported for the same temperatures2 are d ) 879.54
kg‚m-3 andd ) 884.20 kg‚m-3, respectively.

High purity water of grade 1 (ISO3696:1995(E)) from a
Milli-Q system supplied by Millipore was used to prepare all
solutions.

Measurements.Mixtures were prepared by mass using a
Mettler AX 205 balance measuring within( 0.01 mg. Buoyancy
corrections were applied. Care has been taken in the solutions
preparation to prevent evaporation. Special vessels were used
as previously described.16

Kinematic viscosities,ν, at atmospheric pressure were
measured using 6 Ostwald type glass capillary viscometers (sizes
A, B, and C) made by Cannon and 3 Ubbelohde type glass
capillary viscometers made by Schott-Geräte (sizes 0c, 0a, and
I). Flow times were measured by a photoelectric detector
(ViscoClock made by Schott) using infrared light gates with a
resolution of 0.01 s and a reproducibility of( 0.04 %. The
temperature has been set to within( 0.003 K using a Tamson
thermostat (TMV 40) and measured with an uncertainty of(
0.02 K, with a semistandard Pt100, using a multimeter (Keithley
196). Both thermometer and multimeter have been calibrated
in the ITS-90 scale.

The Ostwald viscometers were calibrated at the experimental
temperatures by a step-up procedure based on water satisfying
ISO3696:1995(E) requisites for grade 1, using kinematic viscos-
ity values from ISO/TR3666:1998(E), while the Ubbelohde
viscometers belonged to an NP EN ISO/IEC 17025 accredited
calibration laboratory and were calibrated using both a step-up
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procedure and Cannon viscosity standards. Viscometers of sizes
A and 0c were directly calibrated with water at two different
temperatures, while other sizes were calibrated with 2 oils whose
viscosities were more than 50 % apart. The viscosity of each
of those oils was established by measurements with both
viscometers of the previous size. Calibrations were further
verified using a set of oil-based calibration standards supplied
by Cannon Instrument Co. so as to exclude the presence of
surface tension effects in the step-up procedure. Dynamic
viscosities were calculated using the working equation

whereF andη are the density and dynamic viscosity, respec-
tively, t is the flow time, andk is the viscometer constant. As
a supplemental test for the presence of surface tension effects,
the experimental values measured for 298.15 K were obtained
using all nine different viscometers of both Ostwald and
Ubbelohde types. The Ostwald type viscometers are generally
preferred to avoid surface tension effects, but measurements
made with Ubbelohde viscometers showed agreement within
experimental uncertainty, indicating the absence of surface
tension effects. No signal of calibration artifacts was detected
on the viscosity curves. The viscosity values for 303.15 K were
obtained using just the six Ostwald viscometers. For each
composition, the most suitable viscometer was chosen to avoid
the need for the introduction of Hagenbach corrections. This
selection was based on the evaluation of the Hagenbach constant
for each viscometer to establish the minimum flow time ensuring
an uncertainty in measured flow time higher than the Hagenbach
correction. The estimated uncertainty for viscosity data depends
on the essay with the median being 0.33 % (k ) 2) and the
average being 0.45 % (k ) 2), not taking into account the
uncertainty on the viscosity of water. Densities were calculated
from experimental values reported in refs 10 and 11 by least-
squares fitting of the data to fifth degree polynomial equations.

Mutual diffusion coefficients,D12, were measured by the
Taylor dispersion method using an apparatus that has already
been described elsewhere.17 Some improvements have been
introduced, namely the replacement of the previous detector by
a new differential refractometer (Waters, model 2410). To ensure
that the instrument operated in accordance with the supporting
theory, experiments were carried out at various flow speeds.
Results demonstrated optimal experimental conditions for flow
rates conducing to diffusion times of about 15 ks. Mole fraction
differences between injected solutions (x2 + ∆x2) and carrier
solutions (x2) were in the order of 0.007 or less. To ensure that
the measured diffusion coefficients were independent of the
initial concentration difference, solutions of different composi-
tions were injected into each carrier. ReportedD12 values were
determined from 3 to 5 replicate dispersion profiles. The median
of the reproducibility of the method for the whole set of mean
D12 values was found to be( 1 % and the uncertainty of the
mutual diffusion coefficients is estimated to be in the order of
2 %.

Surface tensions,γ, were measured by the ring method, with
an interfacial tensiometer, Kru¨ss K8, equipped with a 20 mm
diameter platinum-iridium ring. A F6 Haake thermostat has
been used to circulate water through the tensiometer thermostat
vessel to maintain the temperature constant to within( 0.1 K.
The temperature was measured with a mercury in glass
thermometer with an uncertainty of( 0.3 K, calibrated against
a standard platinum resistance thermometer (SPRT), calibrated
by the National Physical Laboratory in the International
Temperature Scale ITS-90. Each surface tension value reported

was an average of 4 to 8 measurements, and the repeatability
was found to be( 0.02 mN‚m-1. The accuracy of the measured
surface tension values for pure water was found to be 0.5
mN‚m-1 and 0.03 mN‚m-1, at the lower and higher tempera-
tures, respectively. The uncertainties were found to vary from
1.4 % atT ) 283.15 K to 0.1 % atT ) 303.15 K.

Results and Discussion

Viscosities.Dynamic viscosities for the aqueous solutions of
2-(diethylamino)ethanol atT ) (298.15 and 303.15) K are
reported in Table 1 and are shown in Figure 1 as a function of
DEEA mole fraction,x2. Results obtained by Mather and co-
workers6 are also shown in the this figure. Clearly both sets of
results match fairly well.

Viscosity deviations from the additive rule, representing the
weighted mean viscosity of the pure components, were calcu-
lated using the following expression:

η/F ) kt (1)

Figure 1. Composition dependence of the viscosity for the water (1)+
2-(diethylamino)ethanol (2) system at two temperatures:b, this work atT
) 298.15 K;2, this work atT ) 303.15 K;O, ref 6 atT ) 298.15 K;∆,
ref 6 atT ) 303.15 K. Full lines represent polynomial fitting equations.

Table 1. Experimental Viscosity Valuesη12 for the Binary System
Water (1)+2-(diethylamino)ethanol (2)atT ) (298.15 and 303.15) K

T/K ) 298.15 T/K ) 303.15

η12 η12 η12 η12

x2 mPa‚s x2 mPa‚s x2 mPa‚s x2 mPa‚s

0.00000 0.890 0.24008 13.418 0.00000 0.794 0.24980 10.478
0.01005 1.201 0.25302 13.843 0.01005 1.062 0.26736 10.836
0.02016 1.536 0.26736 14.240 0.02016 1.333 0.27008 10.859
0.03000 1.949 0.27008 14.252 0.03976 2.025 0.28008 11.046
0.04005 2.421 0.28008 14.548 0.05015 2.464 0.29002 11.207
0.05946 3.473 0.29002 14.764 0.06028 2.899 0.30033 11.246
0.06152 3.510 0.30219 14.985 0.07004 3.354 0.35001 11.498
0.07026 4.128 0.34998 15.430 0.08051 3.860 0.39965 11.471
0.08762 5.181 0.39992 14.977 0.08982 4.289 0.43299 11.121
0.09008 5.347 0.45066 14.581 0.11005 5.269 0.49950 10.243
0.11005 6.615 0.50007 13.447 0.12003 5.728 0.54983 9.382
0.12003 7.243 0.55038 12.285 0.13008 6.216 0.59971 8.485
0.13008 7.863 0.60012 10.959 0.14007 6.673 0.64986 7.581
0.14007 8.511 0.65141 9.672 0.15113 7.151 0.70009 6.746
0.14830 8.960 0.70005 8.576 0.16025 7.537 0.74978 5.970
0.16025 9.677 0.75077 7.471 0.17038 7.965 0.79999 5.299
0.17038 10.258 0.80013 6.597 0.18969 8.687 0.84995 4.701
0.19047 11.306 0.85076 5.743 0.19985 9.003 0.90003 4.196
0.20040 11.763 0.90009 5.063 0.21042 9.393 0.94999 3.742
0.21042 12.222 0.95009 4.494 0.22000 9.709 1.00000 3.375
0.22000 12.662 1.00000 4.010 0.23006 9.979
0.23006 13.043 0.24008 10.256

∆η ) η12 - (x1η1
/ + x2η2

/) (2)
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whereη12 is the viscosity of the binary mixture,x1 andx2 are
the mole fractions of water and DEEA, andη1

/ andη2
/ are the

viscosities of pure water and pure DEEA, respectively. The
number of experimental points and their internal consistency
led us to choose a Redlich-Kister (R-K) equation of the form

to correlate∆η data. The numbern of the Ak coefficients in
this equation was fixed by testing the statistical significance of
including each further term using theF test at a 95 % confidence
level. The optimized number of these coefficients was found
to be six (i.e.,n ) 5) for each isotherm. The values for these
regression coefficients and the respective standard deviations
are given in Table 2, together with the standard deviations of
the fits. The strong positive deviations of viscosities comply
well with the reported10 large negative excess molar volumes
with extreme values located around the same composition (ca.
x2 ) 0.35).

The fact that the momentum transport mechanism connected
with the viscous flow depends on the extensive participation of
surrounding solvent18 led some authors to relate specific volumes
of hydrated solutes, calculated from experimental viscosity data
on one hand and density data on the other.19,20 The procedure
was first applied by Linow and Philipp19 to solutes such as
glycol and glycerine and some electrolytes to get information
on the hydration of the solute. Resorting to the mentioned
procedure, we have then used our viscosity data to calculate
specific volumes of the hydrated solute,Vη,2, by using eq 4. As
our experimental values are sparse in the water very-rich region,
we have also used the results obtained by Mather and co-
workers6 at the two lowest concentrations (xDEEA ) 0.0039 and
0.0080).

In eq 4,ηsp ) (η12 - η1
/)/η1

/ is the specific viscosity of the
solute, andc is its amount concentration expressed in gram of
solute per cm3 of solution. f ) 2.5 is the numerical factor of
the viscosity-concentration relation developed by Einstein and
expressed by eq 5 as

In this equation,η12, η1
/, and ηr are the solution, pure

solvent, and relative viscosities, respectively, andφ is the volume
fraction of the particle in solution. As it is known, this equation

is valid when the dispersed particles are unsolvated, uniform-
sized hard spheres.

On the other hand we have calculated the apparent specific
volumes of DEEA,Vφ,2 , using eq 6 and density data previously
reported10,11

In eq 6,m is the molality of the solute,M2 is its molar mass,
and F and F1

/ are densities of the solution and of the pure
solvent, respectively.Vη,2 and Vφ,2 values atT ) (298.15 and
303.15) K are plotted in Figure 2. As can be seen in this figure,
specific volumes based on viscosity values are much more
sensitive to hydration features, withVη,2 - Vφ,2 being a measure
of the volume of solvent bound per gram of solute. Maximum
values inVη,2 are noticeable in the water-rich region suggesting
important changes in the hydration scheme along this water-
rich region.

The combination of eqs 4 and 6 has been used to calculate
(Vη,2 - Vφ,2), which is related to the viscosity solute-solvent
interaction strength parameter, called Magazu` parameter,20 M

whereM1 is the molar mass of the solvent. Plots ofM as a
function of amount concentration,c, at the two experimental
temperatures are displayed in Figure 3. Extrapolation to infinite
dilution of the parameterM gives the hydration number,nh

η,
this being the number of moles of solute-bonded water
molecules present in the inner hydration sphere, per mole of
solute.

In this way, we obtainednh
η ) 4.0 and 3.5 atT ) (298.15

and 303.15) K, respectively. This result is consistent with
predominant solute-solvent H-bond interactions acting in this
water very-rich region, which indeed is expected to decrease
when temperature increases.

Mutual Diffusion Coefficients. Diffusion results for the
examined binary system, obtained in the mole fraction range
from x2 ) 0 to x2 ) 0.2, are reported in Table 4 atT ) (298.15
and 303.15) K and are plotted in Figure 4. The mutual diffusion

Table 2. Least-SquaresAk Coefficients of Eq 3 for the System
Water + 2-(Diethylamino)ethanol at T ) 298.15 K andT ) 303.15
Ka

Ak/mPa.s T ) 298.15 K T ) 303.15 K

A0 44.057 32.530
A1 -51.572 -36.904
A2 6.675 7.168
A3 37.778 21.461
A4 -34.677 -25.520
A5 9.343 11.513

σfit /mPa.s 0.04 0.02

a Standard deviations of the fits,σfit , are also given.

Figure 2. Specific volumes based on viscosity values,Vη,2, at(, T ) 298.15
K; O, T ) 303.15 K. Specific volumes based on density values,Vφ,2, at s,
T ) 298.15 K;0, T ) 303.15 K.

Vφ,2 )
F1
/ - F

mFF1
/M2

+ 1
F

(6)

M )
F(Vη,2 - Vφ,2)M2

M1
(7)

∆η/mPa‚s ) x1x2 ∑
k)0

k)n

Ak(1 - 2x2)
k (3)

Vη,2 )
ηsp

c ( 1
f + ηsp

) (4)

ηr )
η12

η1
/

) 1 + 2.5φ (5)
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coefficients,D12, were least-squares fitted to polynomial equa-
tions of the form

Best values for the regression coefficients,σfit , are given in
Table 3 together with the standard deviations of the fits.

To gain a deeper insight into the origin of significant changes
in mobility of the dissolved species, highlighted by the decrease
of D12 at low concentrations, we compared the observed
behavior of the diffusion coefficient with that found near a
consolute or pseudo-consolute point, where the size of the
aggregates formed can be represented by a correlation length,
ê.13 Using the classical relation of Stokes-Einstein for the

Brownian motion of a particle of radiusê, the mutual diffusion
coefficient can be approached by eq 9 as

wherek is the Boltzmann constant. Using this equation we have
calculated the correlation length atT ) (298.15 and 303.15) K
for the aqueous solutions of DEEA. The results are shown in
Figure 5 together with values for water+ (2-methyl-propan-
2-ol (TBA)).13 The latter system is referred to in the literature
as a mixture where aggregates would be formed.21,22 The lack
of a pronounced increase in the correlation length in water+
DEEA curves, such as that observed in TBA, does not suggest
the formation of hydrophobic-interaction driven aggregates.
Nevertheless, in thex2 available range the s-shaped curves
displayed in Figure 5 may correspond to the existence of
transition points related to mixing-scheme changes. Interest-
ingly, the maximum observed around DEEA mole fraction of
0.07, shown in Figure 5, closely matches the sudden change in
V2

E, observed aroundx2 ) 0.08 in Figure 5 of ref 10. A similar

Figure 3. Magazúparameter,M, as a function of concentration,c/g‚cm-3,
at two temperatures:b, this work atT ) 298.15 K;O, calculated with
viscosity data from ref 6 atT ) 298.15 K;2, this work atT ) 303.15 K;
∆, calculated with viscosity data from ref 6 atT ) 303.15 K. Full lines
represent polynomial fitting equations and dotted lines are extrapolations
of M to infinite dilution.

Table 3. Fitted Values for thebi Parameters of Eq 8 atT ) 298.15
K and T ) 303.15 Ka

T 1010b0 1010b1 1010b2 1010b3 1010b4 1010σfit

K m2‚s-1 m2‚s-1 m2‚s-1 m2‚s-1 m2‚s-1 m2‚s-1

298.15 6.83 -157.52 1665.39 -7722.78 12707.60 0.06
303.15 7.53 -177.35 2012.75 -10467.50 20531.87 0.1

a Standard deviations of the fits,σfit , are also given.

Table 4. Experimental Mutual Diffusion Coefficients D12 for the
Binary System Water (1) + 2-(diethylamino)ethanol (2) atT )
298.15 K andT ) 303.15 K

1010D12/m2‚s-1

x2 T/K ) 298.15 x2 T/K ) 303.15

0.00427 6.17 0.00278 7.11
0.01425 4.95 0.00524 6.50
0.03523 2.95 0.00781 6.39
0.05087 2.23 0.01032 5.82
0.05118 2.22 0.01281 5.63
0.07013 1.58 0.01536 5.39
0.09711 1.32 0.01779 4.82
0.10044 1.26 0.02026 4.54
0.14671 1.07 0.02731 4.06

0.03820 3.14
0.05024 2.55
0.07362 1.77
0.09846 1.53
0.12470 1.37
0.14757 1.29
0.18011 1.32

D12/m
2‚s-1 ) ∑

i)0

i)n

bix2
i (8)

Figure 4. Mutual diffusion coefficients for water (1)+ 2-(diethylamino)-
ethanol (2) atb, T ) 298.15 K; ∆, T ) 303.15.K. Full lines represent
polynomial fitting equations.

Figure 5. Correlation lengths,ê, for water (1)+ 2-(diethylamino)ethanol
(2) mixtures at - -,T ) 298.15 K;--, T ) 303.15 K; and for water (1)+
t-butanol (2)s, at T ) 298.15 K, calculated from data in ref 13.

ê ) kT
6πD12η12

(9)
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feature is also apparent in Figure 2 of ref 12, where the partial
molar refraction of mixing of DEEA,∆mixR2, shows a minimum
about this same composition. These singular features, which
are now confirmed by independent equilibrium and transport
properties, will probably correspond to changes in aggregation
patterns.

Surface Tension.Experimental surface tensions,γ, were
measured at five temperatures fromT ) (283.15 to 303.15) K
at T ) 5 K intervals. The values are reported in Table 5. The
composition variation of the surface tension at two of the
experimental temperatures is shown in Figure 6, where dashed
curves are drawn as guides for the eye. Although in a milder
way, when compared to a typical surfactant, surface tension at
low DEEA concentrations shows a striking dependence on
composition. The rapid decrease in surface tension indicates
that this solute accumulates preferentially at the air/water
interface. Furthermore, the tendency to a flattening out of the
curves with increasing solute concentration indicates the pres-
ence of some kind of aggregates, pointing out further evidence
of the aggregation tendency displayed by DEEA in aqueous

environment. To the end of a further clarification of this subject,
a quantitative analysis of the experimental data, based on derived
thermodynamic properties was made. To depict any particular
feature, we have plotted in Figure 7 experimentalγ values as a
function of ln xDEEA for the isotherms atT ) (283.15 and
303.15) K as examples. In this figure, we can observe a
noticeable change in the slope of the straight lines that least-
squares fit the points, just before and after the break points
shown. The corresponding concentrations were assumed to be
the onset of the critical aggregation concentration (CAC). CAC
values were then calculated from the interception of the straight
lines for all the experimental temperatures and are shown in
Table 6. Considering the associated uncertainties (standard
deviations calculated with the usual propagation error analysis),
the close matching of the tabulated CAC values with the
aforementioned feature in theV2

E curve aboutx2 ) 0.08 is
again quite significant. Other aggregation parameters, namely
aggregation Gibbs energy,∆GCAC, aggregation entropy,∆SCAC,
and aggregation enthalpy,∆HCAC, were calculated, resorting to
the usual pseudo-phase model, using eqs 10-12.

Thermodynamic properties of liquid/air interface such as the
solute relative surface excess,Γ2

(1), and the surface areas per
molecule,am, corresponding to saturated monolayers at the
interface, were calculated using eq 13, which represents the
relative Gibbs isotherm,23 and eq 14, respectively.

In dilute solutions, the solute activity coefficient,a2, can be
regarded as unity, and therefore in eq 13 the mole fraction can
be used instead of activivity.Γ2

(1) values at the five experi-
mental temperatures were thus calculated using the slopes of
the lines fitted below the breaking points of the plots,γ versus
ln xDEEA. In eq 14,NA is the Avogadro’s constant. All the above-
mentioned calculated values are presented in Table 6. The

Figure 6. Surface tension,γ, versus liquid composition for the water (1)
+ 2-(diethylamino)ethanol (2) system at9, T ) 283.15 K;∆, T ) 303.15
K. Lines are drawn as guides for the eye.

Table 5. Experimental Surface Tension Valuesγ for the Binary
System Water (1)+ 2-(diethylamino)ethanol (2) from T ) (283.15 to
303.15) K

γ/mN‚m-1

x2 283.15 K 288.15 K 293.15 K 298.15 K 303.15 K

0.00000 73.74 73.14 72.59 71.84 71.20
0.00104 62.91 62.06 61.43 60.80 60.06
0.00111 62.83 61.98 61.34 60.70 59.95
0.00130 62.32 61.47 60.62 59.88 59.24
0.00336 55.32 54.27 53.43 52.59 51.86
0.00503 54.03 53.11 52.35 51.41 50.47
0.00679 50.98 49.93 48.58 47.43 46.50
0.02372 43.65 42.61 41.89 40.85 39.92
0.03998 39.05 38.43 37.60 36.88 35.96
0.06011 37.17 36.56 36.00 35.23 34.47
0.07276 36.26 35.84 35.06 34.59 33.87
0.12527 34.78 34.38 33.88 33.18 32.48
0.17488 33.38 32.58 32.18 31.58 30.78
0.25031 32.74 32.22 31.82 31.21 30.81
0.35154 31.85 31.24 30.73 30.22 29.72
0.40180 31.32 30.72 30.23 29.73 29.34
0.50381 31.02 30.62 30.22 29.72 29.22
0.60800 30.63 30.23 29.73 29.23 28.83
0.71205 30.36 29.96 29.66 29.15 28.65
0.75029 30.08 29.69 29.29 28.80 28.30
0.85420 29.69 29.30 28.80 28.41 27.91
1.00000 28.79 28.39 27.99 27.60 27.20

Figure 7. Gibbs adsorption isotherms for aqueous solutions of 2-(diethy-
lamino)ethanol at9, T ) 283.15 K;∆, T ) 303.15 K.

∆GCAC ) RT ln xCAC (10)

∆SCAC ) -(∂(∆GCAC)

∂T )
P

(11)

∆HCAC ) ∆GCAC + T∆SCAC (12)

Γ2
(1) ) - 1

RT( ∂γ
∂ ln a2

)
T

(13)

am ) 1

NAΓ2
(1)

(14)
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decreasing or increasing trend with increasing temperature
displayed by some of the values shown in Table 6, such as CAC,
Γ2

(1), andam, are all in agreement with the general temperature
dependence exhibited by other nonionic amphiphiles in water.24-26

Negative∆GCAC values would mean that DEEA spontane-
ously forms some kind of aggregates in aqueous solution, and
positive ∆SCAC and ∆HCAC values are an indication that the
aggregation process is entropically driven as already stated by
other authors.25,26

The temperature dependence ofγ at fixed compositions was
used to further estimate surface entropy23,27

as well as surface enthalphy

For any given concentration of DEEA and in the temperature
range studied, the surface tension of the mixture was found to
decrease linearly with increasing temperature. Surface entropy
values were then obtained from the slopes of theγ versusT
linear plots at DEEA fixed compositions and are plotted in
Figure 8. The pattern found is identical with that displayed for
alcohol + water mixtures28 and isobutylamine+ water mix-
tures,29 where one or two maxima were observed in the water-
rich region. Despite the several competing processes ascribed
by the authors to explain this behavior, namely hydrophobic
hydration, formation of aggregates of solute molecules at the
interface, dimer formation, and others, relevance was given to
the fact that rapid structural changes occur at very low solute
concentrations. This seems to comply with our previous
supposition that important conformation changes in DEEA
molecules would take place at the water very-rich region,10

namely, that there would be a displacement of the equilibrium

between rotamers toward the predominance of gauche interac-
tions. The present results are also in line with those obtained
by Maham and Mather30 for aqueous solutions of alkylethanol-
amines with hydrophobic hydrocarbon tails very similar to that
of DEEA. As can be seen in Figure 8, where the results obtained
by these authors are also shown the variation of surface entropy
for our system is analogous to those found for water+
methyldiethanolamine (MDEA), and water+ dimethylethanol-
amine (DMEA). MoreoverSS values for the same composition
are in the order MDEA< DMEA < DEEA, which supports
the explanation already enunciated by Mather et al.31 that the
number and length of end alkyl groups have important effects
on the surface properties of these aqueous solutions. The absence
of maxima for water+ MDEA and water+ DMEA mixtures
is possibly due to the fact that they are located at composition
values lower than the lowest mole fraction obtained by the
referred to authors. Further evidence of the effect of the
hydrophobic tails can be observed in Table 7 where values of
the surface properties of pure MDEA, DMEA, and DEEA are
presented.

Finally, it should be mentioned that surface enthalpy values
obtained for water/DEEA mixtures are positive and follow the
pattern found for surface entropy. A sharp maximum atxDEEA

≈ 0.003 is followed by an effective stabilization.

Conclusions

By combining viscosity and density data obtained in the water
very-rich region, in this work we were able to calculate hydration
numbers,nh

η ) 4.0 and 3.5 atT ) (298.15 and 303.15) K,
respectively, for water+ DEEA mixtures. This decrease
observed with increasing temperature is in accordance with the
solute-solvent H-bond interactions in the very dilute region.

Additionally, by relating mutual diffusion coefficients and
viscosity data in the composition rangexDEEA ) 0 to xDEEA )
0.2, we have calculated correlation lengths that led us to confirm
transition points apparently related to changes in mixing
aggregation pattern by independent methods.

Furthermore, surface tension measurements strongly suggest
that phenomena in the bulk is reflected on the surface and
allowed us to obtain quantitative values for the critical aggrega-
tion concentration, CAC, as a function of temperature. Ad-
ditional analysis based on surface entropy and enthalpy values,
when compared with those already published in similar am-
phiphilic systems, emphasizes the importance of the role played
by the number and length of end alkyl groups on surface
properties.

Table 6. Aggregation Parameters and Thermodynamic Properties of the Liquid/Air Interface in the System Water+ DEEA

T ∆GCAC ∆SCAC ∆HCAC 106Γ2
(1) am

K CAC(xDEEA) kJ‚mol-1 J‚mol-1‚K-1 kJ‚mol-1 mol‚m-2 nm2

283.15 0.060( 0.02 -6.62( 0.03 2.86( 0.1 0.581( 0.02
288.15 0.057( 0.02 -6.86( 0.03 2.75( 0.1 0.605( 0.03
293.15 0.056( 0.03 -7.03( 0.04 35.9( 1.6 3.5( 0.5 2.63( 0.2 0.631( 0.04
298.15 0.055( 0.04 -7.19( 0.04 2.54( 0.2 0.654( 0.05
303.15 0.054( 0.04 -7.36( 0.04 2.48( 0.2 0.670( 0.05

Ss ) -(∂γ
∂T)x,P

(15)

Hs ) γ - T(∂γ
∂T)x,P

(16)

Figure 8. The entropy of surface formation plotted versus the concentration
of solute: (, DEEA this work in the temperature rangeT ) (283.15 to
303.15) K; ∆, DMEA; ×, MDEA ref 30 in the temperature rangeT )
(298.15 to 328.15) K. Lines are drawn as guides for the eye.

Table 7. Surface Thermodynamics of Pure DEEA,a DMEA, b and
MDEA b

γ/mN‚m-1 SS/mJ‚m-2‚K-1 HS/mJ‚m-2

(atT ) 298.15 K) (in exp. temp. ranges) (atT ) 298.15 K)

DEEAa 27.6 0.08 51
DMEAb 31.5 0.07 54
MDEAb 38.3 0.06 55

a Present work.b Ref 30.
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